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Chapter 1

Introduction

The term stent came from a dentist, called Dr. T.C. Stent. He developed in the late

1800’s a dental device to support and assist formation of teeth impression. This term

is used today for devices used to scaffold or brace the inside of tubular passages or

lumens, e.g. esophagus, biliary duct, and most importantly, a series of blood vessels,

e.g. coronary, carotid, iliac, aorta, femoral arteries, etc. A stent in a cardiovascular

system is most often used as a complement to balloon angioplasty. Balloon angioplasty

is a procedure where a balloon is placed in the diseased vessel and expanded in order to

re-open a clogged lumen. This disease is called stenosis. Stents are also used to support

grafts in the aneurysms treatment. An aneurysm is caused by the weakening of an

arterial wall, which presents a risk of rupture. In this case, surgery repairs are difficult.

With a endovascular approach (non-surgically) a graft is placed in the health part of the

artery through the aneurysm. Preventing the aneurysm from growth and rupture. There

are two kind of stents: balloons expandable stents, which have the ability to undergo

plastic deformation, maintaining the desired size after deployment and self-expanding

stents which should have sufficient elasticity to be compressed for delivery and then

expanding in the target area. An ideal stent, as described for numerous groups [1, 2, 3]

should have: low profile in order to be easily crimped into catheter; sufficient radial

hoop force and negligible recoil to overcome the forces imposed by the atherosclerotic

arterial wall; adequate radiopacity to assist the stent placement; thromboresistivity, the
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Chapter 1 Introduction

material must be blood compatible; drug delivery capacity and fatigue resistance.

A. Oelander, in 1932, has discovered superelasticity (or pseudoelasticity) on Au-Cd

alloy, as described by Otzuka and Wayman [4]. Greninger and Mooradian observed the

formation and disappearance of a martensitic phase by decreasing and increasing the

temperature of a Cu-Zn alloy. In the early 1960s, Buehler and his co-workers at the U.S.

Naval Ordinance Laboratory discovered the shape memory effect in TiNi. Since then

TiNi superelasticity has been used in medical application. TiNi material combines the

ideal stent cited properties, which turns it to the material of choice for many vascular

applications.

Conventionally - starting from a bulk material - fabricated stents show a relatively

large and homogeneous wall thickness exceeding 80 µm. The fabrication of smaller and

more flexible stents with optimized properties, e.g. prevention of restenosis, reduction of

the device profile allowing the access to small location, increase the durability, increase

the radiopacity, is a challenging and desired task. Deposited TiNi thin films are well

known for their comparable mechanical properties to TiNi bulk material [5] and to be

less thrombogenic compared to conventionally TiNi bulk material due to their extremely

pure composition [6].

The success of stents and other medical implants, which conventionally consist of

thin walled, laser structured tubes based on superelastic TiNi on the one hand, and the

limitations regarding the miniaturization of these medical devices on the other hand, has

motivated the application of thin film technology as an attractive alternative approach

for some applications, e.g. devices for small vessels.

In accordance with recent trends and meeting the demand for semi-finished products

based on thin film technology, this thesis describes a fabrication routine for thin walled,

structured cylindrical TiNi thin films in three steps, as well as the characterization of

structured cylindrical TiNi thin films. Magnetron sputtering was used to deposit

cylindrical superelastic TiNi films [7, 8]. The cylindrical deposition presents many chal-

lenges, e.g. film growth on non-planar surfaces, film composition, thickness distribution

and mechanical properties. All these issues are addressed in the course of this disser-
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tation. A cylindrical lithography device based on the synchronization of a planar

mask with the rotation of the cylindrical substrate were developed and characterized.

This device allows the patterning of complex geometries on the surface of a cylindrical

sample and was successfully employed to pattern cylindrical TiNi thin film. The last

fabrication process is wet etching. The influence of the etchant movement as well as

its composition were investigated and optimized in order to reduce the influence of the

wet etching isotropic behavior on the feature size resolution.

Mechanical properties of cylindrical TiNi films were investigated by tensile testing

and a self developed hoop force test. Cylindrical TiNi films showed a superelastic strain

up to 6.5 % in tensile testing experiments. The design limitation due to wet etching

isotropic behavior motivated the development of an alternative approach to fabricate

"thick" films with a very small mesh. This method is a promising substitute for the

conventional one, once the aspect ratio of this method is comparable to the 10:1 ratio

achieved by laser cut technology [9].
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Chapter 2

Fundamentals

2.1 Martensite phase transformation

2.1.1 Definition of martensitic transformation

Martensitic transformation is the term given, according to the German metallurgist

Adolf Martens (1850-1914), to a displacive and diffusionless first order transformation in

solids, where atoms cooperate between itself, often due to shear stress, in order to form

a new crystallographic structure as shown in figure 2.1. At first, Martens observed this

tranformation in different steels. Since then, martensitic transformation has been found

in many materials, i.e. shape memory alloys. The high temperature phase is called the

parent phase and the low martensite. The parent and martensite phase are separated by

a plane called habit. The transformation exhibits hysteresis and generally is adiabatic

and athermal.

Figure 2.1: Schematic diagram of martensite transformation

The phenomenological martensite transformation (MT) theory proposed by
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2.1 Martensite phase transformation

Wechsler et al. [10] and by Bowles et al. [11, 12] consider the invariant plane strain

(IPS) as a superposition of the following components: a lattice invariant shear (LIS), a

lattice strain (Bain strain) rotation and a dilatation. The martensitic transformation is

a first order transformation, consequently it proceeds by nucleation and growth. Since

martensitic transformation is associated with a shape change, a large strain arises around

the martensite when it is formed in the parent phase. The stress reduction is important

for nucleation and growth processes. Two ways are possible to reduce the latice stress:

introduction of twins or slip, as shown in figure 2.2. This twins and slip are called

lattice invariant shears, since neither process change the structure of the martensite.

The formation of twins is directly related to shape memory effect (SME), superelasticity

and stress induced martensite transformation.

Parent phase Martensite

Twins

Slip

Figure 2.2: Schematic diagram of martensite adjustment: twins and slip

2.1.2 Thermodynamic aspects on martensite transformation

The driving force (Df) for the spontaneous martensite transformation, as shown in

figure 2.3, is the difference in the chemical free energy between parent and martensite

phases. The transformation did not occur at the equilibrium temperature To. The

transformation requires an excess of free energy to overcome strain and interface energy

due to nucleation of the new phase. Thus, if the free energy is greater than the required

driving force, the transformation will then start.
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Chapter 2 Fundamentals
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Figure 2.3: Representation of Gibbs free energy curves for parent and

martensitic phases and their relations to the martensite transformation tem-

peratures.

If the specimen is not cooled to Ms (martensite start) below To, the nucleation of a

martensite will not start. A driving force is also necessary for the reverse transforma-

tion: the specimen must be overheated to Ps (parent phase start) above To in order

to reverse the transformation returning to the parent phase. The temperature range

between Ms and Mf (martensite finish) and Ps and Pf (parent phase finish) is related

to the thermoelasticity theory originally described by Kurdjumov and Khandros [13].

The temperature differences between the martensite nucleation and the parent phase

transformation represent the formation of hysteresis. Variants of martensite hysteresis

loop according to Paskal and Monasevich [14] are shown in figure 2.4.

The martensitic hysteresis loop under thermoelastic transformation is dominated by

elastic and dissipative energy. The thermoelastic hysteresis loop is formed when the

dissipative energy tends to zero and the elastic strain energy modifies the equilibrium

temperature between the martensite and the parent phase. Figure 2.4 (a) shows the

martensite hysteresis loop where only dissipative energy contributes to the transforma-

tion. The hysteresis width is characterized by the amount of the dissipative energy
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2.1 Martensite phase transformation
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Figure 2.4: Variants of martensite hysteresis loop after Paskal and Mona-

sevich [14]: (a) only dissipative energy (b) elastic and dissipative energy

contributions (dissipative > elastic) (c) elastic and dissipative energy con-

tributions (dissipative < elastic) (d) only elastic energy contributions.

contribution during the transformation, as shown in figure 2.4 (b) and 2.4 (c). Figure

2.4 (d) shows a complete thermoelastic transformation path, where variation on the

temperature produces a volume increase or decrease of the martensite.

2.1.3 Stress induced martensitic transformation and

superelasticity

As mentioned in section 2.1.2, martensitic transformation occurs by cooling below Ms

temperature, but it can also be induced above Ms by an applied stress. Usually, to

achieve the so called stress induced martensite transformation (SIM), the shape memory

alloy has to be in a stable parent phase. At a critical stress, the martensite is more stable

than the parent phase, thus the structure reverts to martensite and a plateau stress is

obtained. The stress will shift the transformation temperature and the variant formation
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Chapter 2 Fundamentals

will have the same orientation as the applied stress. It has been found [15] that above

Ms the stress required to induce the martensite transformation increases linearly with

the temperature.

This linearity can be described by the Clausius-Clapeyron equation [16].

dσ

dTMs

=
ρ ·∆Hp→m

εp→m · TMs

(2.1)

where σ is the applied uniaxial stress, ∆Hp→m is the mass entalphy of the transforma-

tion per unit of volume, εp→m is the transformation strain in the direction of the applied

stress and TMs is the martensite starting temperature. The strain will be induced in

direction of the applied stress.

If the temperature is above Pf and the stress decreases, the martensite shrinks and

the initial shape is recovered, this phenomenon is called superelasticity.

In general, pseudoelasticity refers to the non-linear unloading characteristics that are

observed, whereas superelasticity refers to materials which exhibit a stress plateau and

an inflection point upon unloading. An example of a superelastic stress-strain curve is

shown in figure 2.5.

max.

σ

S
tr

e
s
s

(σ
)

Strain (ε)

c

load

unload ε

Figure 2.5: Superelastic effect observed in shape memory alloys. σc is the

critical stress necessary to start martensite transformation.
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2.1 Martensite phase transformation

This curve shows the loading and unloading stresses as well as the critical stress σc and

the maximum strain εmax. The martensite transformation starts when the increasing

load achieves the critical stress σc. After the transformation is complete the martensite

can still be elastically deformed. If the applied stress is released before the martensite

is plastically deformed, the deformation will be totally reversed.

Superelasticity usually occurs within a very small temperature window between Pf

and T , T being the highest temperature that is possible to form martensite, as shown in

a stress-temperature diagram, figure 2.6. This temperature window is between 50-100

K wide [17]. Above T , the critical stress for inducing martensite is too high to move

dislocations and, thus, no more stress induced martensite can be formed. The reason is

that martensite becomes stable at temperatures above T .

temperature

S
tr
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L
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S
T

IC
IT

Y

Figure 2.6: Stress-temperature diagram [15], where Ms is the martensite

start, Pf parent phase finish and E highest temperature that is possible to

form martensite.

Martensite is most stable and is formed easily below Pf . This is the region where

the thermal shape memory effect is observed. Between Pf and E is where the supere-

lastic effect occurs. Above the critical stress required to induce martensite, no further

transformations occur. When a shape memory alloy is heated above its transforma-

tion temperature it becomes austenitic. If a stress is then applied to the alloy in this
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Chapter 2 Fundamentals

state, large deformation strains can be obtained and stress induced martensite is formed.

Upon removal of the stress, the martensite reverts to its parent phase. The deformation

characteristics of the non-linear stress induced martensite transformation show that if

T > E, then austenite is deformed plastically in slip. If T < Ms, deformation is due to

the motion of martensitic twin boundaries. For both cases, low recoverable strains are

obtained when unloaded.

2.2 Mechanical properties

2.2.1 Shape memory effect

A typical solid material presents two kinds of deformation: elastic and plastic. Elastic

deformation is a change in shape of a specimen that is reversible after the applied force

is removed. This case of deformation involves stretching of the bonds. Figure 2.7 (1)

shows the elastic region of a material upon applied stress.

σ

ε

T

1

2
3

4

5

6

7

plastic region (8)

e
la

s
ti

c
re

g
io

n
(1

)

1 - elastic region
2 - twinning
3 - elastic region
,

4 - by unload remaining strain

5 - heating

6 - reverse transformation to austenite

7 - by cooling no remaing strain
8 - plastic region

Typical solid material

Shape memory material

Figure 2.7: Schematic of classic solid material stress strain curve and

shape memory effect curve as function of stress, strain and temperature.

In the case of plastic deformation (2.7 (8)) the specimen is deformed permanently

and it is unable to return to its initial shape. The Shape Memory Effect (SME) is

a phenomenon where the specimen is deformed below Mf or at temperatures between
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2.3 TiNi shape memory alloys

Mf and Ps by an applied stress (tension, compression or bending) and returns to its

original shape upon heating to a temperature above Pf as shown figure 2.7. Figure 2.8

illustrates the crystallographic arrangement during martensitic transformation.

Deformation (2)

Heating (5-6)Cooling (7)

(Parent phase)

(Martensite - twinning) (Martensite - detwinning)

Figure 2.8: Crystallographic arrangement during martensitic transforma-

tion.

Figure 2.7 shows a SME stress-strain curve as a function of temperature. At first

the specimen shows an elastic deformation, figure 2.7 (1), until the critical stress is

achieved. The martensite transformation starts through the twinning, figure 2.7 (2).

After the seemingly complete plastic martensitic deformation, figure 2.7 (4), the spec-

imen is heated and the reverse transformation occurs, figure 2.7 (5-7), and the sample

completely recovers its initial shape.

2.3 TiNi shape memory alloys

NiTi shape memory effect was first observed in 1963 by Buehler et al. [18], who worked

at the Naval Ordinance Laboratory. As such NiTi is also known as NiTinol. NiTi

exhibits many properties common to other shape memory alloys, for example: the shape

memory effect, superelasticity and the two-way effect, but it also demonstrates unique
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Chapter 2 Fundamentals

characteristics: a low elastic anisotropy, the elastic constant decreases proportionately to

the increase in temperature, amorphisation during sputtering, high ductility, corrosion

resistance and biocompatibility [19]. The NiTi properties are dependent mainly on its

stoichiometry and thermohistory.

There are two possible transformation paths in NiTi shape memory alloys: from B2

cubic parent phase, called austenite, directly to monoclinic B19’ when NiTi is fully

annealed and from the B2 parent to the R-phase and then to the B19’ phase when the

specimen was thermo-mechanically treated. The Austenitic or B2 phase is the high

temperature phase in NiTi shape memory alloy and has a cubic centered structure and

space group Pm3̄m number 221, as shown in figure 2.9 (a).

x

x x

x

z [001] B2

y

x

[110] B2

[110] B2

(a) (b)

x Ti

Ni

x

x

x

[110] B2

x

90°

97.78°

Figure 2.9: (a) NiTi austenite unit cell structure (a = b = c = 0.3015 nm)

[20], (b) NiTi B19’ monoclinic unit cell structure, a = 0.2898, b = 0.4108,

c = 0.4646 nm and β = 97.78◦ according to Ohba [19]

The B19’ martensite has a monoclinic structure and it belongs to the space group

P21/m space group number 11. Lattice parameters for Ti49.2Ni50.8 atomic percent : a =

0.2898, b = 0.4108, c = 0.4646 nm and β = 97.78 and they are composition dependent.

Figure 2.9 (b) shows the NiTi B19’ martensite structure according to Ohba [19]. The

R-phase has a rhomboedric crystal structure and it belongs to the space group P3.

The name R-phase was given to that phase because it is formed from a rohmboedric
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2.3 TiNi shape memory alloys

distortion of the parent lattice.
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Figure 2.10: (a) TiNi phase diagram [21], (b) TTT diagram describing

aging behavior for Ti52Ni48 after Nishida et al [22].

The phase diagram is an important tool to understand the shape memory property.

TiNi phase diagram (figure 2.10 (a)) shows that the Ni and Ti solubility in the NiTi

phase is very narrow, causing high property dependency of the stoichiometry. By in-

creasing the concentration of Ti the precipitation Ti2Ni will be formed. By increasing

the concentration of Ni in 0.5 atomic percentage, the precipitation TiNi3 will be formed.

Nishida et al [22] found that the phases Ti3Ni4, Ti2Ni3 and TiNi3, appear depending

upon aging temperature and time, as summarized by time-temperature-transformation

(TTT) in figure 2.10 (b). The formation of such precipitates helps to adjust the trans-

formation temperatures of the martensite transformation [19].

Several factors influence the martensitic transformation temperature. Figure 2.11

shows how the Ni content influences the martensite start temperature [23]. The trans-

formation temperature is not only influenced by the chemical composition, but also by

metallurgical factors as impurities (oxygen and nitrogen) and the grain size. These ef-

fects are much weaker than that of chemical composition. Table 2.1 shows the NiTi

mechanical and thermal properties.
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Figure 2.11: The predicted martensite transformation start (Ms) versus

Ni content [23].

Martensite Austenite

Thermal conductivity 0.086 W /cm . ◦C 0.18 W /cm . ◦C

Thermal expansion 6.6 x 10−6 / ◦C 11 x 10−6 / ◦C

Young’s Modulus 28 to 41 GPa 83 GPa

Table 2.1: NiTi mechanical and thermical properties [24].

2.4 Fabrication of thin films

In this chapter the fundamentals of fabrication and structuring of thin films by means

of magnetron sputtering technology, UV lithography and wet etching will be described.

2.4.1 Magnetron sputtering

Sputtering is the name given to the result of momentum transfer between gas ions and

a matrix atom (target). A plasma is initiated by applying a large voltage between two

electrodes placed in a low-pressure gas. Once a plasma is formed, ions in the plasma are

accelerated toward the negatively charged cathode (target). When the ions strike the

surface of the cathode, they set the cathode material free, as well as realease secondary

electrons, which are accelerated away from the cathode. They may collide with neutral
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2.4 Fabrication of thin films

gas species while crossing from a cathode to anode, ionizing further the gas. Figure 2.12

shows a simple model of some processes that may occur when an ion strikes a cathode

surface developed by Wehner and Anderson [25], where chemical effects were ignored

and the atoms were treated as spheres.

Secondary
electrons Sputtered

atoms
+

Reflected ions

Incident ions

SputteringImplantation

cathode
surface

Figure 2.12: Simple model of some processes that may occur when an ion

strikes a cathode surface developed by Wehner and Anderson [25].

The sputtering technique is usually divided into four categories: DC, RF, magnetron

and reactive. In the scope of this dissertation magnetron sputtering, DC and RF were

used. DC-sputtering is the oldest and simplest sputtering technique and it is limited

to electrically conducting materials. In a DC-sputtering a constant potential difference

between anode and cathode is applied. The potential difference applied between cathode

and anode drops completely in the first milimeters in front of the cathode. This cathode

voltage drop sustains the plasma by accelerating secondary electrons emitted for the

cathode. Thus, to sustain a DC-discharge, the electrodes have to be conducting. If

one or both are non-conductive, e.g deposition of dielectric films, the electrodes will be

charged up due to the accumulation of positive or negative charges and the discharge

will be extinguish. To over come this problem an alternative volage (RF-sputtering)

can be applied between cathode and anode, and the charge accumulated during half

cycle will be partially neutralized by the opposite charge accumulated during the next

half cycle. In addition to this two glow discharge techniques a magnetic field can also be

applied. The most well known type of sputtering characterized by magnetron discharge
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Chapter 2 Fundamentals

is called magnetron sputtering and can be divided in cylindrical, circular and planar

[26]. In planar magnetron sputtering an axisymetric magnetic field is applied with a

permanent magnet behind the cathode in such a way that the magnetic field lines start

and return at the magnet, as shown in figure 2.13. Thus, a ’magnetic ring’ is formed at

the cathode surface and will be responsible to ’trap’ the electrons that are accelerated

away from the cathode. These electrons will move in helices around the magnetic field

lines and they will travel a much longer path-length in the plasma than in conventional

glow discharges, increasing the ionization collisions and consequently the ion fluxes.

S N S

Vacuum pump

O ,N , Ar

RF or DC

++
+

+++
+

+

Ni Ti
Ni Ti Ni Ti Ni Ti

Ar+

Target (Cathode)

Object holder
(Anode)

Vacuum Chamber

Magnet

Substrate

2 2

Figure 2.13: Schematic of a magnetron sputtering device.

The sputter deposition rate depends on the ion flux to the target, as well as the

transport of the sputtered material across the plasma to the substrate. The ion flux

(Jion) in a DC plasma can be approximated by the Langmuir-Child relationship:

Jion ∝
√

1

mion

V 3/2

d2
(2.2)

where V is the voltage difference from the cathode to the elctrode, d is the dark space

thickness, which corresponds to the region near to the cathode with strong electric field,

and mion is the ion mass.

The sputter yields is the number of sputtered atoms divided by the number of inci-

dent particles and corresponds to the sputtering efficiency. It depends on the ion mass,

16



2.4 Fabrication of thin films

the ion energy, the target mass and the target crystallinity. The angular dependence of

the sputter yields is a strong function of the target material and the incident ion energy.

Generally, materials which have high sputter yields have little angular dependency and

materials with low sputter yields have high angular dependency [27].

In order to obtain superelastic NiTi films, it is most important to control the composi-

tion of the sputtered layer. The sputtering of alloyed NiTi targets reveals a characteristic

loss of titanium, as the sputtering yield of Ni is higher than for Ti. It has been shown,

that the composition of the sputtered flux may vary with the polar angle of ejection be-

cause of the different angular distribution of the sputtered components [28, 29, 30, 31].

Uniform deposition is important and required in many fields, e.g. microelectronics,

optical industry, etc. The film thickness distribution in magnetron sputtering, as de-

scribed by Soloviev et al. [32], is determined by the equation:

T =

∫ 2π

0

∫ R

0

Ψ(R)cosn(Θ)R/c2dRdϕ (2.3)

where c2 = a2 + b2, b2 = R2 +R2−2Rrcosϕ. The geometries are shown in figure 2.14.

The expression cosn(Θ) corresponds to the spatial distribuition of the sputtered atoms

flow and the cathode erosion ration is described by the function Ψ(R).

a

r

r
o

o
Target

Substrate

c

bR
φ

θ

Figure 2.14: Target-substrate geometrical parameters [32].

Sputtered NiTi thin films are commonly deposited in an amorphous state and require

a high-temperature annealing step to crystallize them. Their crystallization process is
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Chapter 2 Fundamentals

driven by the kinetic interplay of both nucleation and growth, and their resulting mi-

crostructure dictates the martensitic transformation behavior and actuation properties,

as described in the previous section.

Generally, deposition is considered as six sequential steps: (1) adsorption is the

approaching of a molecule on the surface, (2) surface diffusion is one of the most

important determinatns of the film structure because it allows the adsorbing species

to find each other, (3) reaction of the adsorbed species with each other and with the

surface to form the bonds of the film, (4) nucleation is the start of the aggregation of

the film material and it is strongly influenced by the substrate surface energy. Thus,

the film growth can be divided in three modes: Frank-Van der Merwe (layer), Volmer-

Weber (island) and Stranski-Krastanov. (5) as the film grows, it develops a structure

or morphology. Thornton [33] introduced a structure zone model (SZM), which

describes the microstructure of magnetron sputtering films based on the relation between

substrate temperature and the melting point of the sputtered material (Ts/Tm) and

also the variation of the inert sputtering gas pressure. Figure 2.15 shows a simplified

schematic representation of structure zone model by Thornton.

Ts/Tm

substrate

film

Z1 ZT Z2 Z3

Figure 2.15: Schematic representation of structure zone model by Thorn-

ton [33].

The structure zones are directly connected with the mechanical properties of deposited

films. Zone 1, where Ts/Tm is < 0.1 at 0.15 Pa to < 0.5 at 4 Pa, is a densely packed

zone and the deposited films show high hardness and little lateral strength. Zone T

(Ts/Tm = 0.1-0.4 at 0.15 Pa or 0.4-0.5 at 4 Pa) is the transition zone and is characterized

by high dislocation density and the deposited films showing high hardness and strength

18



2.4 Fabrication of thin films

but no ductility. Furthermore, Zone 2, where Ts/Tm is 0.4 - 0.7, is formed by columnar

grains and dense grain boundaries and the films are hard with low ductility. Finally,

zone 3 is formed by increasing the relation Ts/Tm to 0.6 to 1. The zone is formed by

large equiaxed grains and a bright surface. The films also show low dislocation density

and soft recrystallized grains [33, 34].

The film morphology and consequently their mechanical properties can be influenced

by the deposition angle, as discussed by Thornton [35]. Figure 2.16 shows the influence

of the incident angle on the film morphology. The film tends to grow forming islands.

When θ is zero the gaps between the insland are easily filled up with further deposition.

When the θ is higher than zero, the islands will act as obstacles, causing then the

shadowing effect, forming a void columnar microstrucutre.

substrate

deposition direction

substrate

θ

deposition direction

columnar growth

Figure 2.16: A schematic of thin film growth. Shadowing effect due to

deposition angle adapted from Thornton [35].

Finally, (6) diffusion interactions occur within the bulk of the film and the sub-

strate.

Residual stresses in a deposited thin film-substrate system is defined as a sum of

thermal stress, intrinsic stress and external stress and it is a potential source of problems

in many applications. The residual stresses can influence the film characteristics, e.g.

adhesion between film and substrate, thermodynamics of displacive transformation and
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superelasticity effects [36]. Considering the curvature of the film-substrate system, the

residual stress is classified as tensile or compressive, figure 2.17 (a) and (b) respectively.

(a) (b)

Figure 2.17: Residual stress classification: (a) residual tensile stress; (b)

residual compressive stress in film.

Residual stress can be controlled by regulating the energetic degree of the bombard-

ment. By using Stoney’s equation [34] (equations 2.4, 2.5) derived by the principle

shown in figure 2.18,

Stoney’s equation principle

L

RR - x

x

Figure 2.18: Residual stresses: Stoney

principle.

σ =
γs.t

2
s

6.(1− υs).tf
.(

1

R
− 1

Ro

) (2.4)

the residual stress can be determined. Where

γs is the substrate Young’s modulus, ts is the

substrate thickness, υs is the substrate Pois-

son’s ratio, tf is the film thickness. Ro is the

initial substrate curvature and R is the final

system curvature both given by

R =
L2

2x
(2.5)
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2.4 Fabrication of thin films

2.4.2 UV lithography

Lithography is based on the transfer of a desired pattern to a photoresist. The pho-

toresist can be coated on the substrate through the use of spin, dip and spray coating.

The selection of a suitable photoresist will be directly related to the desired lithography

resolution, the related coating technique and the etching technique. For an enhanced res-

olution, electron beam lithography (EBL) might be used to deliver feature sizes smaller

than 100 nm [37], using high energy electrons. Photolithography or UV lithography

involve a set of steps, as summarized in Figure 2.19.

(a)

(b)

(c)

(d)

substrate

film

Positive or negative
photoresist

Cr mask

Negative photoresist

UV source

Positive
photoresist

Figure 2.19: Summary of photolithography process steps: (a) thin film

deposition (b) photoresist coat (spin, dip or spray coation) (c) UV exposure

(d) photoresist development.

In the first step, the surface of the specimen is coated with a thin layer of an organic

polymer (photoresist), figure 2.19 (b). Spin coating is used if the specimen to be coated

is planar. The specimen is spun at high speeds, at these speeds centrifugal forces will

act on the polymer pushing it homogeneously to the edge. The photoresist thickness d

is the function of the polymer viscosity and rotational speed of the specimen. If the
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specimen is not planar a dip coating method can be applied. The thickness of the dip

coated photoresist, is a function of withdrawal speed, photoresist viscosity and sample

geometry, as described by Landau, Levich and Derjaguin [38]. The quality of the spin

and dip coating will define the density of defects transferred to the patterned device

at the end of the photolithography process. After the coating process, 15 % of the

solvent is still present on the photoresist and it may contain stresses. Thus, soft bake

is realized to reduce stresses, eliminate solvent concentration and promote a better

adhesion of photoresist to the functional film. After softbake the film is exposed to

UV light. Photoresist, as mentioned before, is an organic polymer which is sensitive to

ultraviolet radiation and can be classified according to its sensitivity. With positive

photoresists, figure 2.19 (c), the main and side chains of the polymer will be ruptured

during the exposion, becoming more soluble. With negative photoresists, figure 2.19

(c), the main and side chains are cross-linked and the resist becomes less soluble. A

Cr mask as shown in figure 2.19 (c) is usually a flat glass with an absorber desired Cr

pattern. Photolithography can either be realized by contact mode, where the Cr mask

is in contact with the photoresist or non-contact mode, where the Cr mask is slightly

raised above the specimen. Contact mode is divided into soft and hard mode depending

on whether the mask is pushed into more intimate contact to the specimen or not. The

major disadvantage of the hard contact mode is the increase in the defect density due

to the contact between the specimen and the Cr photomask. For this reason, contact

mode is mainly limited to research and non-contact mode to mass production. The

disadvantage of non-contact mode is the reduction in the resolution. Figure 2.20 shows

intensity as function of the gap (g) between mask and photoresist [39], considering a

mask with single aperture (W ) and monochromatic light source exposion. When the

gap is small such that

λ < g <
W 2

λ
(2.6)

the system is in the near field region of Fresnel diffraction [40]. If this gap is very

large, the image is severely degraded. Thus, we can define minimum feature size as
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2.4 Fabrication of thin films

Wmin ≈
√
k · λ · g (2.7)

where k is a constant depending on the photoresist process and typical values are close

to 1. For example, using a non-contact mode gap of 20 µm and a source wavelength

of 436 nm the minimum feature size achieved is about 3.0 µm. Current state-of-the-art

photolithography uses deep ultraviolet (DUV) light with wavelengths of 248 and 193 nm,

which allow minimum feature sizes down to 50 nm [41, 42].

a b

c d
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h

e

g

Cr mask

Photoresist

a
b
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d

e
f

g
h

1
5
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m

UV Light

Figure 2.20: Intensity as function of the gap (g) between mask and pho-

toresist [39].

The exposure time (in seconds), is calculated by the division of incident energy

(J/cm2) by incident light intensity (W/cm2). After exposure, the post bake is per-

formed to complete the photoreaction initialized by exposure. The photoresist will be
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selectively dissolved during the development step, figure 2.19 (d). Hard bake must

be realized to improve the resistance of the photoresist film. At this step, the photoresist

is baked at high temperature (120 ◦C) and for longer periods (20 to 30 minutes).

2.4.3 Etching process

Etching is a process based on the transformation of solids into liquids or into a gaseous

phase. Etching is classified into: wet chemical etching and dry etching. The wet

chemical etching method is a process by which material is transformed from solid to

liquid phase. The great advantage of wet etching is the high selectivity and the high

etching rates. Selectivity is the ability to control which reaction will take place during

the etching process. The great disadvantage is the isotropic etching behavior. Isotropic

etching means that there is no etching preference of any direction and the etch rate is

the same in all directions, as shown in figure 2.21 (a). An undercutting effect can be

observed on the isotropic etching, i.e., material under the photoresist mask is etched. In

this case, the horizontal etching rate (Ėh) is the same as the vertical etching rate (Ėv).

functional layer functional layer

Cr Mask

E = E
. .

h v E  ≠ E
. .

h v

Isotropic etching Anisotropic etching

(a) (b)

Figure 2.21: Round and vertical sidewalls generated by (a) isotropic and

(b) anisotropic etching.

Three processes define wet etching: movement of the etchant to the surface specimen,

chemical reaction and movement of the reaction products away from the surface speci-

men. For this reason the etchant has to somehow be agitated to assist the movement of
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2.4 Fabrication of thin films

the etchant and its reaction products. The etch rate (Ė) is the main physical quantity

for the etching process and is described by

Ė =
material(thickness)

etching(time)
(2.8)

All etching methods by which material is transformed from solid to gas phase is called

dry etching. Some types of dry etching are: plasma chemical etching, reactive ion

etching sputtering, sputter etching, ion milling, ion beam assisted chemical etching and

reactive ion beam etching [43]. In contrast to wet etching, dry etching methods show

anisotropic etching behavior. Anisotropic etching means that the etching preference

is restricted to one direction only, preferentially normal to the surface direction. This

preference can be caused by: direction of attack or crystallographic properties of the

material. Anisotropic etching shows no undercutting, i.e, the horizontal etching rate is

different to the vertical etching rate, as shown in figure 2.21 (b). The table 2.2 compares

wet and dry etching methods [37, 43, 27].

Table 2.2: Comparison wet etching versus dry etching

Wet etching Dry etching

Method Chemical Solution Ion Bombardment

Environment/ Atmosphere, Bath Vacuum Chamber

equipment

Advantage Low cost, easy to implement, Capable of defining small

high etching rate and good feature size (< 100 nm)

selectivity for most materials

Disadvantage Inadequate for feature High cost, low etching rate

size < 1 um and poor selectivity

Directionality Isotropic Anisotropic

25



Chapter 2 Fundamentals

2.5 Production and limitations of standard TiNi

stents

Superelastic shape memory materials are of special interest in medical applications due

to the large obtainable strains, the constant stress level, fatigue resistance and their

biocompatibility. Figure 2.22 summarizes the relevant properties of TiNi comparing

relative limitation and body of knowledge.

Limitation

K
n

o
w

le
d

g
e

corrosion, biocompatibility

radial stiffness

fatigue

degradability

cost

visibility

raw material:
availability and tolerances

post processing

alloy engineering

Finite Element modeling

wear

Figure 2.22: Summary of the relevant properties of TiNi with regard to

their relative limitation and knowledge [1].

Some NiTi properties have been studied for years, but some concerns must still be

addressed. In the case of corrosion and biocompatibility several studies have proved

the good resistance of NiTi [44], but some points remain unclear and need to be im-

proved, e.g the influence of the finishing method, galvanic coupling, mechanical damages

and freetting and wear. The radial stiffness is a limitation for some applications, e.g

calcified lesions, once TiNi stents elastic modulus varies from 28 to 83 GPa. Fatigue
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2.5 Production and limitations of standard TiNi stents

studies [45, 46, 47, 48] demostrate that NiTi devices are able to achieve the required

cycles at strain amplitudes lower than 0.8 %. Due to NiTi special properties, e.g, non-

linear, hysteresis, strong temperature dependency, etc., Finite Element Modeling for

NiTi is much more complex to model than a typical material. However, the constant

improvement of modeling techniques does not turn this technique a limitation for medi-

cal applications. There are several NiTi compositions available for medical application,

but some issues cannot be adressed e.g. production of ternary alloys to increase ra-

diopacity. The fabrication of TiNi medical devices typically follows the process shown

in figure 2.23.

Raw TiNi material
(tube or sheet)

Laser Cutting Unfinished not
expanded stent

Expansion through

thermal treatment

Unfinished
expanded stent

E
le

ctro
fin

is
h

in
g

Finished
expanded stent

Coating processCoated
expanded stent

Crimping

Catheter

Assembled
stent system

Final finishing Mandrel removal Cold drawing
(several steps)

NiTi tubes
reduction

NiTi tubes production
(gun drilling)

Figure 2.23: Standard stent production process flow.

TiNi stents production depends on TiNi raw material suppliers. There are several

suppliers available in the market, but only a few are able to deliver TiNi tubes with

the desired wall thickness tolerances, which will consequently reduce the tight wall

tolerance of the finished device. Medical TiNi tubes with outer diameter in the range of

0.25-6 mm , generally, are reduced by a cold drawing process. Initially, the hollow NiTi
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tubes are prepared by gun drilling and have an outer diameter between 12.5-30 mm.

To reduce the outer diameter to the desired dimension a cold drawing process is used.

During cold drawing, a non-deformable or a deformable mandrel is used to maintain the

internal tube diameter, as shown in figure 2.24 (a) and (b). For non-deformable mandrel

process, a metal/alloy of low melting point is used as mandrel. After cold drawing,

the mandrel is removed by melting. For deformable mandrel process the mandrel is

constantly reduced with the tube diameter. After drawing and heat treatment the

mandrel is then streched to a reduced diameter to facilitate its removal [49].

mandrel

TiNi tube

die

mandrel

TiNi tube

die

(a) (b)

Figure 2.24: TiNi tube drawing process (a) non-deformable mandrel, (b)

deformable mandrel.

The stent patterning is realized by high accuracy laser cutting and its tolerance is a

few µm depending on the laser source used in the process. The standard laser cutting

aspect ratio, defined by the relation between wall thickness and cutting width, is 10:1 [9].

The interaction between laser and NiTi material generates a thermal effect which is

responsible for the formation of the Heat-Affected Zone (HAZ) at the cutting edges.

This zone is characterized by the formation of a resolidified layer of material which

has different mechanical properties from the base material and contains high residual

stresses. These two characteristics are responsible for a possible premature material

failure [50]. After the laser cutting process, the stent is expanded to the desired internal

diameter, using a pin process together with thermal treatment. Then, the stent is electro

polished to improve the surface finish, enhance fatigue and corrosion resistance [51]. The

stent can be coated with medication, depending on the application or be directly crimped

into a catheter. Figure 2.25 shows two examples of stents prepared with the conventional
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technology by Admedes company.

Figure 2.25: Example of stent device prepared with the conventional tech-

nology by Admedes company [Admedes Presse].
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2.6 State-of-art on cylindrical deposition/lithography

Vapor deposition on cylindrical substrates are of great technological interest, i.e. coat-

ing of fibers with metallic alloys to create metal matrix composites [52], to synthesize

solid state fiber batteries [53], filling of low resistivity metals for microeletronic inter-

connection [54], deposition of metal-aluminium nitride cermet on glass tubes as a solar

absorbing layer [55], carbide coatings for cutting tools [56], coating of medical implants

such as stents [57, 58], and decorative and functional coatings on complex shapes [59].

Several cylindrical deposition techniques have been developed for over 30 years. In

1955 Lipset and Faraday developed an apparatus to deposit gold thin film on cadmium

single crystal of 1.0 mm diameter, as shown in figure 2.26. This development was based

on cathodic sputtering, where a glass tube was used as a chamber. They achieved a

homogeneous deposition rate of 300 nm/h [60].

Glass insulator Cadmium wire 1 mm diameter

Aluminum or steel anode

Glass tubing

Gold foil cathode

Lead foil shield

Anode

earth

negative

Figure 2.26: Lipset and Faraday arrangement of the sputtering chamber

[60].

In 1974 Thornton and Hedgcoth [61] presented results obtained using hollow cathode

sputtering, wherein substrates were mounted on the axis on an tubular source, providing

a solution for complex shape deposition, as shown in figure 2.27. A lot of effort was

invested in the development of cylindrical deposition methods for industrial production,

where target utilization, uniformity growth of the films, process stability and efficiency
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were taken in consideration.

Water cooled substrate holder Hollow cathode

Hollow cathode

Figure 2.27: Hollow cathode setup by Thornton and Hedgcoth [61] .

Siegfried et al. [59], have demostrated how the hollow cathode technique can be

applied in large substrates, using a cathode with outside diameter 19 cm and length 21

cm, as shown in figure 2.28. They estimated and compared the cost for a typical drill bit

coated with TiN using planar magnetron and the cost of the same drill bit coated with

cylindrical magnetron. They concluded that the use of cylindrical magnetron reduced

the material cost by a factor of five and additionally provided an uniform coating on

large samples without substrate rotation.

Figure 2.28: Hollow cathode setup applied in large substrates by Siegfried

et al [59].
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A number of advanced PVD methods for metalcutting are available. Depending on the

intended application (monolayer or multilayer) different PVD technologies are used, i.e.

electron beam evaporation, cylindrical sputtering and arc evaporation. Ward-Close and

Partridge [62] described a fiber coating process based on an electro beam evaporation

technique for coating 100 µm diameter SiC fiber, as shown in figure 2.29. A 10 kW

electron-beam heated double evaporation source from the company Temescal was used,

the fibers were rotated at 300 rpm and the deposition rate was approximately 5 to 10

µm/minute.

FibersRotating fiber
carrier

Line-of-sight
deposition

Electron
Beam

Rod
drive

Source drive

Water-cooled
Cu hearth

Molten pool

Figure 2.29: Electron-beam heated double evaporation source setup by

Ward-Close and Partridge [62].

Chemical Vapor Deposition (CVD) allows uniform coating thickness on a fiber due

to the flux being uniformly distributed over the sample surface. However, this method

required the use of an expensive precursor material and the depositon of metallic alloys

is very difficult. Hass et al. [63] studied an approach called Direct Vapor Deposition

(DVD), as shown in figure 2.30. They used a continuos electron-beam in a low vacuum

environment to deposit aluminium on a 380 µm diameter, 13 cm long stainless steel

fiber with a deposition rate of approximately 3 µm/minute. They studied the influence

of the kinetic energy of the gas jet and vapor atoms on the thickness uniformity around
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the fiber surface, conlcuding that low kinetic energy of the vapor atoms led to a high

uniformity.

Figure 2.30: Direct vapor deposition coating system by Hass et al [63].

Ducros et al. [64] described a novel method to deposit CrN/TiN and TiN/AlTiN

multilayer on cemented carbide cutting tools by means of arc evaporation in order to

improve flank wear and cutting time. An industrial size cathodic arc evaporation device

equipped with four targets is used to deposit such multilayers. This device is equipped

with a threefold rotating substrate holder with variable rotation speed. The deposition

rate achieved varies between 1 to 2 µm/hour.

Zhang et al. [55] presented a novel method to coat glass tubes with metal-aluminium

nitride for solar collector tubes by means of commercial scale direct current magnetron

sputtering system, where the vacuum chamber of 1.8 m high and an inner diameter of

0.8 m was equipped with 3 cylindrical targets of 1.5 m long and 37 mm diameter, as

shown in figure 2.32. The targets were separated by a screen to prevent contamination.

During the sputtering the permanent magnet is rotated in order to ensure uniform target

erosion.

Two groups in Japan (Buenconsejo et al. [65] and Komatsubara et al. [66]) have
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Figure 2.31: Industrial size cathodic arc evaporation device equipped with

four targets by Ducros et al [64].

Cu target

SS targetAl target

N2

AlN

Ar + N2 Ar

Figure 2.32: Industrial size direct current magnetron sputtering system by

Zhang et al [55].

used planar magnetron sputtering to sputter TiNi microtubes. They developed, as

also developed in this dissertation, a rotational device which is mounted in a vacumm

chamber and provides movement to the substrate. The work presented by Komatsubara

et al. is a description of the rotational device, they did not test the properties of the

sputtered TiNi cylindrical films. Buenconsejo et al. deposited 6 µm TiNi on a 50 µm

Cu substrate. They studied the influence of the substrate speed on the film growth,

concluding that microtubes fabricated under higher speed (15 and 30 rpm) exhibited

high fracture stress and a maximum 3 % strain.

Cylindrical lithography, in comparison to cylindrical sputtering is not very well
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developped. S. Snow et al. [67, 68] presented a novel method of structuring sputtered

fibers of 55 µm diameter by means of laser and electron beam, as shown in figure 2.33.

(b)(a)

Figure 2.33: Cylindrical lithography presented by S.Sow et al. [67], [68]

(a) with laser exposure (b) with electron beam.

Throughout this dissertation, a new cylidrical lithography method based on UV lithog-

raphy and synchronization of the planar Cr mask with the rotation of the cylindrical

substrate has been developed and published [69]. Details will be presented in sec-

tion 4.3.1.
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Chapter 3

Experimental Techniques

During this dissertation several standards of experimental techniques were used. This

chapter will approach and briefly describe the standard experimental characterization

techniques, as well as three fabrication techniques: magnetron sputtering, UV lithogra-

phy and rapid thermal annealing.

3.1 Standard characterization techniques

3.1.1 Scanning Electron Microscope - SEM and Energy

Dispersive X-ray Spectroscopy - EDX

As mentioned in section 2.3, the Ti and Ni solubility in the TiNi phase is very narrow

causing high property dependence of the compositon. Thus, composition of as-deposited

amorphous films was determined by Energy Dispersive X-ray Spectroscopy (EDX: Ox-

ford instruments INCA 3.04) within a scanning electron microscope (SEM FEI - Helius),

which was also used to analyse surfaces, as well as breaking edges of a sample after ten-

sile and fatigue tests. A precise standard Ti50Ni50 at % was used as reference material

for all TiNi stoichiometry characterization. In this method, the sample is excited by an

incident electron creating a hole in the K shell, this hole is filled by an electron from

an outer shell, which lowers its energy. X-ray is then emmited. Kα is produced if the
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electron transition occurs between L and K shells and Kβ from M to K. The differ-

ence between the involved levels is the X-ray energy or wavelength and each material

in the periodic table has its own characteristic X-ray energies. The lateral and vertical

resolution of the technique is approximately 1 µm.

3.1.2 Differential Scanning Calorimetry - DSC

This method can be defined as a thermoanalytical method in which the difference in

heatflux between the sample and the reference are measured as a function of temperature

and was used to measure the phase transformation temperature in TiNi shape memory

alloys. The DSC is illustrated schematically in figure 3.1. The sample is prepared in

such a way that it is in good contact with the furnace. The sample pan is sealed and

placed in one side of the holders, in the other side an inert reference material is placed.

Sample Chamber

Sample
 Reference

Heater

Temperature Difference
Detector Circuit

Computer Plotter

Thermocouples

Temperature
Controller

Sample holders

Figure 3.1: Schematic diagram of DSC device.

Thermocouples placed at the base of each side of the holder will measure the temper-

ature difference between sample and reference material as a function of the furnace tem-

perature. The temperature of the furnace and the heat sensitive plate is also measured

by a second series of thermocouples [70]. Figure 3.2 shows a schematic DSC curve of a

TiNi thin film shape memory alloy. When the martensitic transformation takes place,
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numerous physical properties are changed. During the transformation, latent heat asso-

ciated with the transformation is absorbed or released depending on the transformation

direction. The forward, austenite-to-martensite transformation is accompanied by the

release of heat corresponding to a change in the transformation enthalpy (exothermic

phase transformation). The reverse, martensite-to-austenite transformation is an en-

dothermic phase transformation accompanied by absorption of thermal energy. For a

given temperature, the amount of heat is proportional to the volume fraction of the

transformed material.
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Figure 3.2: Schematic heat flow curve of a TiNi shape memory alloy.

A DSC device from the company Perkin Elmer was used. Differential scanning

calorimetry data were recorded between -60 and 150 ◦C with a typical rate of 10 K/min.

In order to start the DSC measurements at a well-defined state, samples were heated

well above the formation temperature of austenite (T > AF ) and kept at a temperature

of 150 ◦C for 3 min before starting the measurement.

3.1.3 X-ray Diffraction - XRD

X-ray diffraction was employed to determine the crystalline structure of the sputtered/annealead

TiNi thin film. A Seifert XRD 3003 X-ray diffrectrometer was used. Figure 3.3 shows
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the data used on XRD analysis of TiNi thin films.
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Soc. Symp. Proc. Vol.276 (1992) 183-188

Figure 3.3: Data used on XRD analysis of TiNi thin films.

This technique uses X-rays of known wavelength in order to determine the unknown

spacing crystal plane. Monochromatic radiation is used and measurements can be per-

formed either on single crystals or polycrystalline specimens.

The crystalline structure of the measured thin film on this work were measured based

on the Bragg-method, where the sample is placed in such a way that the reflecting planes

make an angle θ with the incident beam and the detector is set at the angle 2θ, as shown

in figure 3.4.
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Detector

2θ
θ

X-ray source

Figure 3.4: Schematic Bragg-method.

3.1.4 Transmission Electron Microscopy - TEM

TiNi thin film microstructures were analysed: as sputtered and after heat treatment

by using a transmission electron microscope Philips CM 30. The TEM samples were

prepared by means of Focuses Ion Beam technology (FIB) installed in a FEI scanning

electron microscope - Helius.

Transmission electron microscopy uses high electron energy to irradiate very thin

specimens of around 0.1 µm or less in thickness. The electrons are transmitted and form

a specimen image of the specimen magnified in several steps with the aid of electron-

optical lenses. The entire image can be observed directly on the fluorescent screen.

The electrons emitted from the electron gun are acelerated to an energy up to 100 keV.

The condenser lens are reponsible to control the beam emitted shape. The objective lens

produces a first image, which is then further magnified by the intermediate and projector

lens and finally projected onto the fluorescent screen. The image contrast is generated

in the following way: the incident electrons are elastically scatered or diffracted in the

specimen by small angles. Only those electrons which penetrate the specimen without

scattering are used for image formation. Figure 3.5 shows the TEM imaging modes. In

bright-field (BF) imaging, 3.5 (a), a small apperture is employed and centered onto the

optical axis so that in effect only the directly transmitted beam pass through. In the

dark-field (DF) images, 3.5 (b), the image is generated not by the direct beam but by
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the intensity of scattered electrons [71].

specimen

objective lens

objective aperture

first image

(a) (b)

Figure 3.5: TEM imaging modes: (a) bright-field (BF) imaging, (b) dark-

field (DF) images.

3.1.5 Profilometer

Thin film depostion rate, as well as the etching rate and photoresist thickness were

controlled by an Ambios profilometer XP-2. The principle of this method is called Stylus,

and consists of mechanical contact between the sample and a needle. The difference in

height, between sample and needle, is measured and a step height profile is generated.

This equipment is equipped with a motorized stage, a vacuum chuck, and its step height

resolution is 10 Å.

3.1.6 Tensile test

Tensile test is the most commonly used mechanical test. A specimen is extended under

a uniaxial tensile force until the separation occurs. The force required to deform the

specimen is recorded as a function of extension and from these data a number of intrisic

properties maybe derived, e.g. modulus of elasticity, yield and ultimate tensile strengths,

ductility and critical stress on martensite transformation.

Tensile testing of freestanding films was performed in an universal tensile test device

(Messphysik UTM Beta EDC 100N) with the sample being located within a temperature
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chamber (Shimadzu TCL-N382). To measure superelaticity the temperature must be

set above As temperature, as described in section 2.1.3. A pre-load of 0.2 N is applied

in order to assure that the film is pre-stretched and well fixed. A constant strain speed

of 0.4 %/min is applied.

3.2 Fabrication techniques

3.2.1 Magnetron sputtering

An Alcatel 450 magnetron sputtering device was used to produce TiNi thin films. This

device is equipped with a DC (600W) and RF (600W) magnetron power supply. The

system consists of a main chamber with three 100 mm diameter cathodes and a load lock.

The substrate holder is equipped with a heater, which reaches a maximum temperature

of 500 oC. The base pressure of the vacuum chamber is approximately 1x10−7 mbar.

The distance between sample holder and cathode can be regulated between 4.5 cm and

10 cm.

3.2.2 UV lithography

UV exposure was performed with a Karl Suss mask aligner (MJB4). The device is

equipped with a near UV Hg lamp of 200W which generates an uniform intensity of

28 mW/cm2 over an area of 100 mm (diameter). The intensity was measured using an

intensity meter Model 1000 (Suss. MicroTec, Germany).

3.2.3 Rapid Thermal Annealing - RTA

The heat treatment was carried out ex situ by means of a rapid thermal annealing (RTA)

system from the Createc company. The halogen lamp driven heating chamber enables

typical heating ramps of 50 K/s in a vacuum environment of about 10−6 to 10−7 mbar.

The annealing temperature time and temperature steps were varied to understand their

influence on the film crystallization, as well as on its mechanical properties.

42



Chapter 4

Results and Discussion

4.1 Fabrication and characterization of planar thin

films

4.1.1 Sputtering device characterization

As mentioned in section 3.2.1, an Alcatel 450 magnetron sputtering device was used to

produce thin films. The deposition homogeneity and deposition rate along a 4 inch

silicon wafer was analyzed as a function of the sputtering mode (RF or DC), power and

distance between target (cathode) and substrate. The Si wafer 4 inch substrate was

prepared before the deposition with ten Si pieces (5 x 5 mm) distributed every 12 mm

along the x and y axis. These pieces were used as a mask and after the deposition

the steps created between deposited thin film and Si substrates in both directions were

measured using a profilometer (see section 3.1.5).

At first, the deposition homogeneity from RF and DC sputtering process was analyzed

and compared, as shown in figure 4.1 (a). A "quadratic function" on the film thickness

distribution can be observed, where the maximum is in the middle of the 4 inch Si wafer

substrate for both processes and corresponds to the point zero on the graphic x-axis.

The distribution of the film thickness using the RF sputtering process is smoother than

the distribution achieved by the DC sputtering process.
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Figure 4.1: (a) Comparison of deposition homogeneity between RF and

DC sputtering processes on a 4 inch Si wafer, (b) Influence of the distance

between target and substrate on the deposition homogeneity. Sputtering pa-

rameters: target used Ti53.2Ni46.8 at %, Power = 500 W, vacuum pressure

= 2.3 x 10−3 mbar, Ar flow = 20 sccm, time = 15 minutes and distance

between target and substrate = 6 cm.

To investigate the influence of the distance between target and substrate on the depo-

sition homogeneity, two sets of Si wafers were deposited with various distance between

target and substrate. Figure 4.1 (b) shows that the wafer deposited at a large distance

has a smooth distribution on the film thickness.

The observed film thickness distribution matches the function described by Soloviev

et al. [32], which depends on the chamber geometry and the magnetic field, see section

2.4.1. The magnet ring placed above the target, as explained in section 2.4.1, is respon-

sible for the increase in the ionization rate by further increasing the emitted secondary

electron rate. Due to this magnet ring an irregular/circular material loss on the target

is observed, forming a sputtering trench, as shown in figure 4.2. The irregular material

loss is responsible for waste of more than 80 % of a target and also for the irregular depo-

sition distribution, shown in figure 4.1 (b). To reduce the irregular deposition thickness,

the substrate must be placed as far as possible from the target. The Alcatel device is

equipped with a movable substrate table which allows the adjustment of the distance

between target and substrate, from 10 to 4.5 cm.
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Sputtering trench

Cu bonding plate
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Figure 4.2: Irregular/circular material loss on the magnetron sputtering

target.

Deposition rates of a Ti53.2Ni46.8 at % target as a function of two different magnetron

power supplies (RF and DC), power and distance between target and substrate were

analyzed.
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Figure 4.3: (a) Comparison of deposition rate of a Ti53.2Ni46.8 at % tar-

get as a function of applied power supply (RF and DC) (b)Influence of the

distance target/substrate on the deposition rate. Vacuum pressure and Ar

flow were identical in all experiments: 20 sccm Ar and 2.3 x 10−3 mbar.

Figure 4.3 (a) shows an increase of the deposition rate average with enhancement of

the applied power, while the distance between substrate and target was kept constant.
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The DC power supply shows an average deposition rate two times higher than the RF

power supply. The error bars correspond to the standard deviation from the homogene-

ity deposition results. Figure 4.3 (b) shows the decrease of the deposition rate with

the reduction of the distance between target and substrate, while the power was kept

constant. With a higher power, the ionization of argon is enhanced, leading to more

ions bombarding the target. Thus, the kinetic energy of the ions increases resulting in

a higher deposition rate. TiNi targets used during this research were manufactured by

cast melting at the Mechanical Engineering Department of the University of Bochum

[72]. Table 4.1 lists the deposition rate of the materials used in this research and their

deposition parameters.

Table 4.1: Planar deposition rate list of the materials used in this work

and their deposition parameters

Deposition Parameters

Target Deposition Deposition

rate DC rate RF Power Pressure Ar Flow Distance T/S

[nm/s] [nm/s] [W] [mbar] [sccm] [cm]

TiNi 2.32 1.13 500 2.3 x 10−3 20 7

TiNi 3.05 1.52 500 2.3 x 10−3 20 6

TiNi 3.97 2.12 500 2.3 x 10−3 20 5

TiNi 4.44 2.35 500 2.3 x 10−3 20 4.5

Cu 3.18 2.3 400 4.0 x 10−3 20 7

Cr 2.62 1.3 400 4.0 x 10−3 20 7

Au 0.93 - 100 4.0 x 10−3 20 7

Pt 1.1 - 200 4.0 x 10−3 20 7

Mo 1.4 - 500 4.0 x 10−3 20 7

One of the aims of this research is the fabrication of thin films with greater thick-

ness. Thus, a compromise between the deposition parameters was assumed in order to
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4.1 Fabrication and characterization of planar thin films

achieve the highest possible deposition rate, also considering the thickness distribution.

Distance between target and substrate 7 and 6 cm were adjusted for planar deposition

DC magnetron sputtering. As described in section 2.4.1, the sputter yield is the number

of sputtered atoms divided by the number of incident particles and is a criterion for

efficiency of sputtering.

The sputtering of TiNi reveals a characteristic loss of Ti, as described in section 2.4.1.

To investigate the influence of the distance between target and substrate on the TiNi

thin film stoichiometry, as well as the Ti loss, two Si 4 inch wafers were deposited

using DC magnetron, target Ti53.6Ni46.4, 500 W power, 2.3 x 10−3 mbar pressure and

20 sccm Ar flow. The distance between target and sample was varied (6 and 7 cm). The

homogeneity of the stoichiometry was measured by means of EDX within a scanning

electron microscope (see 3.1.1) in the x and y axes, as shown in figure 4.4. Error bars

were determined by standard deviation of repeated measurements and minimized by the

use of a certified TiNi standard.
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Figure 4.4: (a) EDX measurements along x and y axis of a TiNi thin film

deposited on a Si 4 inch wafer at 7 cm distance to a Ti53.6Ni46.4 at % target.

(b) EDX measurements along x and y axis of a TiNi thin film deposited on

a Si 4 inch wafer at 6 cm distance to a Ti53.6Ni46.4 at % target. Power,

vacuum pressure and gas flow were identical for both depositions.

Figure 4.4 (a) shows EDX measurements along x and y axes of a TiNi thin film
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deposited on a Si 4 inch wafer at 7 cm distance to a Ti53.6Ni46.4 at % target and figure

4.4 (b) shows EDX measurements along x and y axes of a TiNi thin film deposited on a Si

4 inch wafer at 6 cm distance to a Ti53.6Ni46.4 at % target. The deposition parameters

were kept the same for both analyzed samples. Within a radius of approximately 45 mm,

the sputtered films at 7 cm, revealed an almost constant composition of Ti49.1Ni50.9.

This corresponds to an average loss rate of 4.5 at % Ti between target and film. The

sputtered film at 6 cm revealed an almost constant composition of Ti49.0Ni51.0, within

a radius of approximately 40 mm. This corresponds to an average loss rate of 4.6 at %

Ti between target and film. The radial distribution effect observed is derived from the

differential angular distribution of Ti an Ni, leading to an increase of Ti content of the

film up to Ti52Ni48 at % at the board of the 4 inch wafer. Thus, the substrate size must

be reduced in order to assure the homogeneity stoichiometry along the whole substrate

or the distance between target and substrate must be increased.

4.1.2 Thin film ex situ crystallization and characterization

As described in section 2.3, Nishida et al. [22] found that the phase Ti3Ni4 appears

depending upon aging temperature and time. The formation of such precipitates helps to

adjust the transformation temperatures of the martensite transformation [19]. Thus, it is

very important to understand the influence of the annealing on the phase transformation

and mechanical properties of TiNi thin film shape memory alloy. TiNi thin film ex

situ annealing was carried out with RTA (see section 3.2.3) and mechanical properties

were characterized with tensile tests, see section 3.1.6. Two series of TiNi thin films

were deposited at room temperature on Si stress-strain substrates (50 x 3 mm). The

deposition parameters used were: Ti53.6Ni46.4 at % target, 500 W power (DC), 2.3 x 10−3

mbar pressure, 20 sccm Ar flow and 7 cm distance between target and substrate. The

film thickness was approximately 7 µm. EDX analysis for both samples shows the same

stoichiometry Ti49.3Ni50.7 at %. The first film was annealed for one hour at 500 ◦C. The

second film was annealed in two steps: 1/2 hour at 650 ◦C and a further 1/2 hour at

450 ◦C. Differential scanning analysis was carried out to investigate and determine the
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4.1 Fabrication and characterization of planar thin films

transformation temperatures. Tensile tests were performed to investigate the influence

of the crystallization on the mechanical properties of the films. Figure 4.5 (a) and (b)

show DSC analysis and tensile test of the film annealed for one hour at 500 ◦C, while

Figure 4.5 (c) and (d) show DSC analysis and tensile test of the film annealed in two

steps.
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Figure 4.5: (a) DSC analysis and tensile test (b) of a film annealed for

one hour at 500 ◦C (c) DSC analysis and tensile test (d) of a film annealed

in two steps: 1/2 hour at 650 ◦C and further 1/2 hour at 450 ◦C.

Figure 4.5 (a) shows the DSC result of TiNi films annealed for 1 hour at 500 ◦C. During

heating, a two-stage transformation is observed, from martensite phase to R-phase and

from R-phase to austenite, where the R-phase peak is 7.9 ◦C and the Austenite peak is
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16.3 ◦C. During cooling, a two-stage transformation is also observed, from austenite to

R-phase and from R-phase to martensite, where the R-phase peak is 13.2 ◦C and the

Martensite peak is -33.6 ◦C. The tensile test (figure 4.5 (b)) realized on this film shows

a linear elastic increase with an E modulus of 32 GPa at a strain of 1.5 %. A plastic

deformation is observed at 670 MPa and the film is broken.

Figure 4.5 (c) shows the DSC result of TiNi films annealed in two steps. During

heating, an one-stage transformation is observed, from martensite to austenite phase,

where the Apeak is 28.7 ◦C. During cooling, a two-stage transformation is observed,

from austenite to R-phase and from R-phase to martensite, where the R-phase peak is

22.4 ◦C and the Martensite peak is -17.2 ◦C. The tensile test, figure 4.5 (d), realized on

this film shows a start superelastic plateau of approximately 450 MPa and a closed loop

hysteresis with a maximum of 5 % strain. The shift of the austenite peaks from 16.3

to 28.7 ◦C is caused by the formation of Ti3Ni4 precipitates, as described in section

2.3, and the removal of intrinsic stresses within the material. Zhang et al. [73] clarified

this phenomenon. They found that alternating the heat treatment temperature causes

a change in the B2 matrix composition. Thus, the precipitation reaction phenomenon is

used to fine adjust the TiNi matrix composition giving a precise control of temperature

transformation.

As, the aim of this dissertation is production, development and characterization of

superelastic TiNi thin film for medical application, the film must be superelastic at

body temperature (36 - 37 ◦C). Thus, the films were mechanically tested at 36 ◦C. As

described in section 2.1.3, superelasticity is the ability of the shape memory alloys to

completely recover from an apparently martensitic plastic deformation just by unloading

the applied stress at a temperature above Af . In the case of the film annealed for one

hour at 500 ◦C, 36 ◦C is far away from the austenite finish. Thus, the film has a very

stable martensite phase, which explains the ultimate tensile strength of 670 MPa and a

film failure at 2 % strain. 36 ◦C is just above the austenite finish for the film annealed

in two step, thus the martensite phase is not stable enough and the stress of 450 MPa

is sufficient to induce the martensite transformation achieving a 5 % strain and a close
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loop hysteresis.

To demonstrate the superelastic effect within freestanding films, tensile testing was

carried out at different temperatures [74, 75] on TiNi thin films with 10 µm thickness .

Freestanding NiTi films showed a typical martensitic behaviour at -10 ◦C (figure 4.6 (a)).

A strain of 5 % was achieved after application of 220 MPa stress which led to a permanent

plastic deformation of 3.5 % strain. Upon heating, the plastic deformation recovers and

superelastic behaviour appears. Figure 4.6 (b) and (c) show typical superelastic curves

repeatedly exceeding an elastic strain of 6.5 % at body temperature, as well as at 57 ◦C

whereas no stress induced martensitic transformation is achieved when the temperature

exceeds Af . The stress-strain diagram of the pure austenitic state at 120 ◦C is presented

in figure 4.6 (d), which shows as a typical result an ultimate tensile strength of 960

MPa. The same experiment carried out below Af is shown in figure 4.6 (e) indicating

superelastic strain and an ultimate tensile strength of 1180 MPa at a maximum strain of

11.5 %. Both values are among the highest numbers ever published for binary TiNi thin

films obtained by magnetron sputtering. Moreover, first fatigue tests were carried out.

Tensile testing experiments up to a maximum number of six cycles were performed at

37 ◦C (figure 4.6 (f)). After the first cycle a slight decrease of the stress at the beginning

of the superelastic plateau was obtained, which then remained constant within the next

five cycles of testing.
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Figure 4.6: Temperature influence on TiNi film superelastic effect [74, 75].

Part of the aim of this disseration is the patterning of cylindrical TiNi thin films

by photo lithography and wet etching. The patterned film must contain the same

mechanical properties as the one showed by the films before structuring. Thus, the

effect of edge quality and the influence of the etchant, e.g. hydrogen embrittlement, on

the film properties was analysed. Figure 4.7 shows the tensile tests realized in four TiNi

stress-strain films which were deposited and patterned with different geometries. The

thickness of the stress-strain TiNi film samples was 11 µm and its dimension was 30 mm

length and 4 mm width for all four samples.

Figure 4.7 shows tensile tests realized on 11 µm thickness TiNi thin films structured

by lithography and wet etching, with different feature sizes: (a) from 300 to 500 µm,

(b) from 100 to 250 µm, (c) from 100 to 200 µm, and (d) 100 µm. In this analysis, the

geometry in the stress calculation was not considered, because the aim of the analysis
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4.1 Fabrication and characterization of planar thin films
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Figure 4.7: Tensile tests realized on 11 µm thickness TiNi thin films struc-

tured by lithography and wet etching, with different feature sizes: (a) from

300 to 500 µm, (b) from 100 to 250 µm, (c) from 100 to 200 µm, and (d)

100 µm.

was the characterization of the film properties after structuring and not the influence of

the geometry. A closed loop hysteresis is shown in all four structured samples, with a

remarkable 9 % strain and a superelastic plateau. No sample contamination or influence

of the wet etching process was observed. Thus, mechanical properties achieved after

TiNi films structuring are comparable with properties of the film without structuring,

as shown in figure 4.5.

53



Chapter 4 Results and Discussion

4.2 Fabrication and characterization of cylindrical

thin films

The success of stents and other medical implants, which are conventionally fabricated

of thin-walled, laser structured tubes based on superelastic TiNi and the limitations

regarding the miniaturization of these medical devices, has motivated the application

of thin film technology as an attractive alternative. It was developped during this

dissertation a way of producing TiNi thin films by magnetron sputtering. This method

and characterization of the films will be described in the following section.

4.2.1 Sputtering device characterization

Compared with planar deposition, described in the last section, the cylindrical deposition

presents many challenges, e.g. film growth on non-planar surfaces, film composition,

thickness distribution and mechanical properties. All these issues were addressed, in the

course of this dissertation.

A

C

B

Section view

A

C

B

Sputtering direction

Figure 4.8: Analyzed sample regions. (A) top (B) lateral (C) bottom re-

gion.

To understand the film growth on a cylindrical substrate, TiNi thin film was sput-

tered on a non-rotating cylindrical glass substrate that was firstly covered with sacrificial
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4.2 Fabrication and characterization of cylindrical thin films

layers. Deposition parameters used were: Ti53.2Ni46.8 at % target, 500 W power (DC),

2.3 x 10−3 mbar pressure, 20 sccm Ar flow, and distance between target and substrate

= 6 cm. The thin film surface microstructure and stoichiometry were analyzed and

measured for each side of the sample, as shown in figure 4.8, by means of SEM and

EDX. Figure 4.9 shows the stoichiometry and the surface microstructure of a TiNi film

sputtered on a non-rotating glass cylinder - (A) top region, (B) lateral region, and (C)

bottom region.
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Figure 4.9: Stoichiometry and microstructure of a TiNi film sputtered on

a non-rotating glass cylinder - (A) top region, (B) lateral region, and (C)

bottom region.
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The top region (figure 4.9) (A) showed a dense microstructure and a stoichiometry

average of 50.6 ± 0.5 at % Ni, while the lateral region (B) (fig. 4.9) of the sample

showed a columnar microstructure and a stoichiometry average of 50.8 ± 0.5 at % Ni

along the side. The bottom region (C) (fig. 4.9) showed a dense microstructure and a

stoichiometry average of 36.3 ± 0.5 at % Ni.

The microstructure of the thin film showed a non-homogeneous growth along the

different sides of the sample, which can be explained by the different deposition angles,

as described in section 2.4.1. To prove this assumption a dynamic process was developed

based on a specific device which allows an in situ rotation of the substrate during the

sputtering process.

1µm

slit aperture

TiNi target

plasma

sample

Figure 4.10: Rotational device installed on the Alcatel 450 sputtering ma-

chine.

The rotational device was developped to rotate 7 substrates at the same time with

different diameters, which can be between 1 to 5 mm. The rotation can be set up,

from 10 to 150 rpm, using a vacuum proof electric motor placed inside of the vacuum

chamber. Figure 4.10 shows the rotational device installed on the Alcatel 450 sputtering

machine during a deposition process and figure 4.11 shows its engineering sketch, where

the numbers from 1 to 7 correspond to the sample position.

To confirm the necessity of a dynamic process a cylindrical glass substrate, covered

with sacrificial layers beforehand, was mounted on the rotational device and deposited

with TiNi. A Focus Ion Beam (FIB) cross section was realized to understand the TiNi
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4.2 Fabrication and characterization of cylindrical thin films

1
2 3

4 5
6

7

(b)

bottom viewtop view

(a)

Figure 4.11: Rotational device engineering sketch: (a) slip aperture (b)

seven possible substrate position.

thin film microstructure and the stoichiometry homogeneity distribution was measured

by means of EDX along the sample, as shown in figure 4.12. The sample was placed in

position 3 of the rotational device and deposited using a Ti53.2Ni46.8 at % target, 500 W

(DC), vacuum pressure = 2.3 x 10−3 mbar, Ar flow = 20 sccm, distance between target

and substrate = 6 cm and substrate rotational speed = 4 rpm.
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Figure 4.12: Stoichiometry homogeneity distribution and microstructure

of an amorphous TiNi film deposited on a cylindrical glass substrate using a

rotational device. Cross section realized by Focus Ion Beam (FIB)
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The microstructure of the thin film showed a non-homogeneous growth, which is a

result of the sum of the four regions of the previous static deposition (figure 4.8), and a

non-homogeneous composition distribution.

To minimize the influence of the deposition angle a shutter was introduced between the

magnetron cathode and the cylindrical substrate which was placed as close as possible

to the substrate, as shown in figure 4.11. The introduction of this shutter concept allows

a homogeneous particle flow normal to the rotating surface. The sample was placed in

position 3 of the rotational device and it was deposited using the same parameters as

for the previous deposition.

Figure 4.13 shows the stoichiometry homogeneity distribution and microstructure of

an amorphous TiNi film deposited on a cylindrical glass substrate using a rotational

device and shutter introduced between the magnetron cathode and the cylindrical sub-

strate. The film showed very homogeneous growth and composition distribution due to

the introduction of the shutter, which controls the deposition angle allowing homoge-

neous deposition normal to the rotating surface.
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Figure 4.13: Stoichiometry homogeneity distribution and microstructure

of an amorphous TiNi deposited on a cylindrical glass substrate using a

rotational device and a 0.8 mm shutter introduced between the magnetron

cathode and the cylindrical substrate. Cross section realized by Focus Ion

Beam (FIB).
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4.2 Fabrication and characterization of cylindrical thin films

In order to understand the influence of the shutter width on the deposition rate

and stoichiometry three cylindrical glass substrates, � 5mm and length of 100 mm,

were assembled into the rotational device in the positions 3, 4 and 5 and deposited with

TiNi for 1 hour. At each position a shutter with different width was assembled (1.5, 1.0

and 0.8 mm). Subsequently, one cylindrical glass substrate, � 5 mm and length of 100

mm, was assembled into the rotational device in position 3 and covered with TiNi for

1 hour without shutter. For both experiments the deposition parameters were identical

as for the previous experiment. After deposition the films were scratched along the

sample length each 10 mm and the steps between glass and TiNi film were measured by

profilometer, see section 3.1.5.
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Figure 4.14: (a) Influence of the shutter width on the deposition rate and

the deposition distribution along the sample. (b) Deposition rate and the

deposition distribution along the sample sputtered without shutter.

Figure 4.14 (a) shows the influence of the shutter width on the deposition rate and

the deposition distribution along the sample, while figure 4.14 (b) shows the deposition

rate and the deposition distribution along the sample sputtered without a shutter. An

average sputtering rate of 0.2 nm/s was achieved by using a 1.5 mm shutter width.

Decreasing the shutter width to 0.8 mm reduces the sputtering rate to 0.1 nm/s. The

homogeneity thickness distribution along the sample sputtered with a shutter is much

better than the film sputtered without a shutter.
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Chapter 4 Results and Discussion

The introduction of a shutter decreases the deposition rate by a factor of 15, in the

case of 0.8 mm shutter width, due to the reduction of the deposition area. However, the

film thickness homogeneity (figure 4.14) and the composition distribution (figure 4.13)

improve along the sample.

The influence of the shutter width on the film microstructure was analyzed by scan-

ning electron microscopy. Figure 4.15 (a) shows TiNi deposition on cylindrical glass sub-

strates without shutter, (b) TiNi deposition on cylindrical glass substrates with 1.5 mm

shutter, (c) TiNi deposition on cylindrical glass substrates with 0.8 mm shutter.

(a)

1 µm

(b)

1 µm

(c)

1 µm

Figure 4.15: (a) TiNi deposition on cylindrical glass substrates without

shutter, (b) TiNi deposition on cylindrical glass substrates with 1.5 mm

shutter, (c) TiNi deposition on cylindrical glass substrates with 0.8 mm shut-

ter. Parameters: Ti53.2Ni46.8 at % target, 500 W (DC), vacuum pressure

= 2.3 x 10−3 mbar, Ar flow = 20 sccm, distance between target and sub-

strate = 6cm, and substrate speed = 4rpm.

The surface of the film sputtered without shutter is very rough compared with the films

deposited with 1.5 and 0.8 mm shutter width. This phenomenon, as described before is
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4.2 Fabrication and characterization of cylindrical thin films

related to the deposition angle. The influence of the substrate rotational speed on the

film microstructure, deposition rate and stoichiometry were also analyzed. Comparing

the results obtained, no significant difference was observed on sputtering rate, thickness

distribution, film composition and morphology. However, the mechanical wear from the

high speed substrate is much higher than the low speed.

The strong dependence of TiNi thin film mechanical properties on the substrate sur-

face quality is already known from the literature [76]. The necessity of miniaturization

forces the film surface quality to achieve a good smoothness level. Thus, the influence

of substrate roughness and its sacrificial layers on the TiNi thin film growth were

analyzed. A cylindrical borosilicate glass was chosen as substrate because of its high

degree of smoothness and low concentration of defects.
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Figure 4.16: Surface temperature path of a cylindrical borosilicate glass

substrate deposited with TiNi. Sputtering parameters: Ti53.2Ni46.8 at % tar-

get, 500 W (DC), vacuum pressure = 2.3 x 10−3 mbar, Ar flow = 20 sccm,

distance between target and substrate = 6cm, substrate speed = 4rpm, and

shutter width 0.8 mm.

The fabrication of thin films, specially shape memory alloys, requires the remotion

of the deposited thin film from the substrate, for several reasons i.e. characterization,

patterning, annealing, application, etc. As a well known technology, sacrificial layer

technique is applied and consists of the deposition of a layer or multilayer between the
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Chapter 4 Results and Discussion

substrate and the functional layer. The sacrificial layers are then selectively wet etched

in order to get freestanding films. In this dissertation, sacrificial layer technology was

applied because glass (substrate) and TiNi are not selective wet etched. Although amor-

phous TiNi thin films are deposited at room temperature, substrates temperature can be

as high as 190 ◦C depending on the sputtering conditions due to the deposition energy.

Figure 4.16 shows a surface temperature path of a substrate during 10 hours sputtering.

A K-type thermoelement was placed inside the deposited cylindrical borosilicate glass

substrate. This temperature was taken into consideration for the optimization of the

sacrificial layers, once sacrificial layers such as Copper, can recrystalize, increasing its

grain size and changing the roughness of the surface.

Cr ~ 20 nm
Cu ~ 500 nm

Glass

1µm

Cr ~ 20 nm

(a)

1µm

(b)

TiNi ~ 5.6 µm Cu ~ 200 nm
Cr ~ 20 nm

TiNi ~ 5.6 µm

Cu ~ 200 nm
Cr ~ 20 nm

Cr ~ 20 nm

Glass

Figure 4.17: Sacrificial layer smoothness optimization (a) SEM image of a

glass substrate sputtered with Cr 20 nm, Cu 500 nm, Cu 20 nm and 5.6 µm

TiNi and (b) SEM image of a glass substrate sputtered with a multilayer

Cr/Cu/Cr/Cu/Cr, Cr 20 nm, Cu 200 nm and 5.6 µm TiNi.

Two common sacrificial layers were chosen for this investigation: Copper (thermal

expansion = 16.5 x 10−6 / ◦C) and Chromium (thermal expansion = 4.9 x 10−6 / ◦C).

It was observed during previous practical studies, that the sacrificial layers should have

at least 500 nm total thickness, in order to get free standing cylindrical films. Figure
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4.2 Fabrication and characterization of cylindrical thin films

4.17 shows TiNi surface morphology deposited on: (a) multilayer Cr/Cu/Cr, Cr 20 nm,

Cu 500 nm, Cu 20 nm and (b) multilayer Cr/Cu/Cr/Cu/Cr, Cr 20 nm and Cu 200 nm.

Cr layers were deposited to increase the adhesion and to prevent the diffusion of Cu

into NiTi thin film [77]. The Cu sacrificial layer roughness is directly related to its

thickness [78] and substrate temperature, which in the case of TiNi is approximately

190 ◦C. Thus, to decrease the Cu thickness, reducing the surface roughness, multilayer

of Cu and Cr were used. The reduction on the TiNi surface roughness is clearly observed

in figure 4.17 (a) and (b).

4.2.2 Cylindrical thin film ex situ crystallization

As shown in section 4.1.2, phase transformation and mechanical properties of TiNi thin

film shape memory alloy depend on the crystallization time and temperature. It is known

that long-term post-annealing and the aging process could cause dramatic changes to film

microstructure, mechanical properties and shape memory effects. The crystallization

mechanism in a planar TiNi thin film released from its substrate is well known and

depends on the film thickness, thermal history and residual stress [79, 80, 81, 82].

Development of hybrid medicine devices combines conventional production methods

(see section 2.5) with thin film technology [83]. As described in section 2.3, to crystallize

TiNi thin films temperatures up to 650 ◦C and annealing times up to 30 minutes are

necessary. These high temperatures/times will change the properties of the conventional

TiNi device. Thus, it is necessary to reduce the annealing time in case of a hybrid device

development. The crystallization mechanisms as a function of film thickness, annealing

time and substrate were analyzed in cylindrical deposited TiNi thin film.

Four series of samples were prepared for this study. All four cylindrical amorphous

TiNi thin films were deposited on a 100 mm long, 3.5 mm diameter and 0.6 mm wall

thickness polished Cu rod using a 0.8 mm shutter channel width, as described in the

previous section. Polished Cu substrate was used due to the need to get the cylindrical

TiNi thin film, without patterning, free from the substrate. Two substrates were

deposited with 3.5 µm and two with 8 µm TiNi film, and cut each into 5 pieces, as shown
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Chapter 4 Results and Discussion

in figure 4.18. The deposition parameters were kept alike varying only the deposition

time (Ti53.2Ni46.8 at % target, 500 W (DC), vacuum pressure = 2.3 x 10−3 mbar, Ar

flow = 20 sccm, distance between target and substrate = 6 cm, and substrate speed

= 4 rpm).

a b c d e

100 mm

10 mm

Figure 4.18: Sketch of sample preparation for annealing: 100 mm long

polished Cu substrate deposited with TiNi film.

After cutting, one Cu rod with 3.5 µm TiNi film and one with 8 µm were etched

using a 1:1 solution HNO3 and DI water in order to get free standing films. The films

were annealed using a rapid thermal annealing (RTA) system. The temperature was the

same for all samples, based on the results of the planar film crystallization, see section

4.1.2, only the annealing time was changed. Table 4.2 shows the annealing time for

different samples.

Table 4.2: Annealing time for each cut sample. The samples label (a to e)

corresponds to the labels in figure 4.18

sample temperature ◦C time temperature ◦C time

a 650 30 450 30

b 650 5 450 5

c 650 2.5 450 2.5

d 650 1 450 1

e as deposited - amorphous

Room temperature XRD tests were conducted in four groups of samples (a - d):

3.5 µm thickness with substrate, 3.5 µm without substrate, 8 µm with substrate and
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4.2 Fabrication and characterization of cylindrical thin films

8 µm without substrate. Figure 4.19 shows the influence of the annealing time, thickness

and substrate on the crystallization process of cylindrical TiNi thin films, where (a)

corresponds to XRD spectra of a cylindrical TiNi films annealed in two steps, 650 ◦C

for 30 minutes and 450 ◦C for further 30 minutes, (b) 650 ◦C for 5 minutes and 450 ◦C

for further 5 minutes, (c) 650 ◦C for 2.5 minutes and 450 ◦C for further 2.5 minutes and

(d) 650 ◦C for 1 minute and 450 ◦C for a further 1 minute.
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Figure 4.19: Influence of the annealing time, thickness and substrate on

the crystallization process of cylindrical TiNi thin films. XRD patterns of

four sample groups: 3.5 µm with substrate, 3.5 µm without substrate, 8 µm

with substrate and 8 µm without substrate. (a) Annealing time 30 minutes,

(b) 5 minutes, (c) 2.5 minutes and (d) 1 minute.
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The peaks of the crystalline films can be observed in all sample series after annealing

time of 30 minutes and 5 minutes. At 2.5 minutes only the sample with the configuration

- 8 µm film thickness, annealed without substrate - do not show a sharp crystalline peak.

This feature indicates that TiNi thin film exhibited partial crystallization. At 1 minute

annealing time the films are not crystallized. Figure 4.20 shows a close zoom on the

XRD patterns presented previously (figure 4.19 (c)), where the main influences observed

on the cylindrical TiNi film crystallization process are presented.
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Figure 4.20: Zoom of 4.19 (c) XRD patterns.

TEM (Transmission Electron Microscope) technique was used to understand the mi-

crostructure and texture of the 8 µm film annealed without substrate for 2.5 minutes.

Thus, four samples were prepared and analyzed: (1) 30 minutes annealed without sub-

strate TiNi cylindrical thin film, (2) 30 minutes annealed with substrate TiNi cylindrical

thin film, (3) 2.5 minutes annealed without substrate TiNi cylindrical thin film, (4) 2.5

minutes annealed with substrate TiNi cylindrical thin film.

TEM images 4.21 (a) and (b) reveal inhomogeneous microstructures which can occur

due to multiple nucleation and growth, some nucleation and growth from surface and

some from center of the sample, each one with different kinetic parameters [84] [85] [86].

No difference between the 30 minutes annealed samples with substrate and without

substrate was observed.
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Cu - substrate

1 µm

(a) (b)

Figure 4.21: TEM cross section of a TiNi cylindrical thin film 8 µm thick-

ness(a) 30 minutes annealed without Cu substrate (b) 30 minutes annealed

with Cu substrate.

Figure 4.22 compares the microstructure of two TiNi cylindrical thin film of 8 µm

thickness: (a) 2.5 minutes annealed without Cu substrate, (b) 2.5 minutes annealed

with Cu substrate.

(a) (b)

1µm

Cu substrate

Figure 4.22: TEM cross section of a TiNi cylindrical thin film 8 µm

thickness (a) 2.5 minutes annealed without Cu substrate (b) 2.5 minutes

annealed with Cu substrate.

The sample which was annealed for 2.5 minutes without substrate showed an in-
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complete nucleation, while the one annealed with Cu substrate showed no crystalline

structure, confirming the XRD results. In the first case, crystallization has not reached

the film surface and amorphous regions remain between crystalline and film structure.

There are two possible reasons for this crystallization: (1) Due to radiation heat pro-

vided by the RTA process (see section 3.2.3) the film annealed without substrate tends

to absorb more heat than the film annealed with Cu substrate as described in the spe-

cific heat capacity theory [87]. Thus, 2.5 min seems to be enough time to start the

nucleation in the film without substrate. (2) Grummon et al. reported that compressive

stresses enhance the crystallization, because the crystallized film reduces its volume and

the compressive stress helps the reduction of the crystallized volume [36]. It seems a

reasonable explanation for the partial crystallization of the 8 µm thickness film annealed

for 2.5 min, which should have higher intrinsic stress than the non-crystallized 3.5 µm

thickness film annealed for 2.5 min at two steps, 650 ◦C and 450 ◦C. Further TEM anal-

ysis in another region of the partial crystallized sample showed a different crystallization

evolution. The crystallization in this sample region started from the free surfaces unlike

the middle crystallization from the other region. Thus, we can conclude that the crys-

tallization of the sample which was annealed for 2.5 minutes without substrate showed

a non-complete heterogeneous nucleation.

One aim of this study was the reduction of the annealling time due to the development

of hybrid medicine devices. We can conclude, based on XRD/TEM analysis that 10

minutes is the minimum time required to crystallize cylindrical TiNi thin films using

two steps annealing proceedure: 5 minutes at 650 ◦C and 5 minutes at 450 ◦C.

4.2.3 Mechanical characterization of cylindrical thin films

Two methods were utilized to investigate TiNi cylindrical thin films mechanical proper-

ties: Tensile test and a developed hoop force test used to qualitatively characterize

TiNi stents devices.

Once the parameters were optimized, as shown in section 4.2.1, the cylindrical films

must be characterized. The tensile test is a well known method of determining me-
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4.2 Fabrication and characterization of cylindrical thin films

chanical properties of a material. Tensile tests of freestanding films were performed

in a universal tensile test device (Messphysik UTM Beta EDC 100N) with the sample

being located within a temperature chamber (Shimadzu TCL-N382), as described in

section 3.1.6. Thin walled geometries need a very complex tensile test holder. Thus,

an alternative method was developed based on lithography and wet etching technology

(see sections 2.4.2 and 2.4.3). At first, the sample was deposited using the optimized

parameters described in section 4.2.1. After sputtering the sample was structured using

cylindrical lithography. This new lithographic approach will be described later. The pat-

terning sketch is shown in figure 4.23. Samples were prepared in radial (r) and axial (a)

directions in order to compare the mechanical properties of the film in both directions.

(r)(a)

glass substrate

photoresist patterning

TiNi thin film

Figure 4.23: Structured photo resist using cylindrical lithography, before

TiNi wet etching and crystallization. (r) radial direction sample, (a) axial

direction sample.

After lithography, the TiNi thin film was etched with a HF etchant solution for ap-

proximately 10 minutes. The sacrificial layers were etched setting the TiNi film free

from the substrate. The TiNi films were then crystallized following the same param-

eters as for the planar TiNi thin films described in section 4.1.2. A pre-load of 0.2 N

was applied in order to assure that the film is pre-stretched and well fixed. A constant

strain speed of 0.4 %/min was applied. The film dimensions were 11 x 3 mm and 6.5

µm thickness. Figure 4.24 shows the tensile test of a TiNi thin film structured in axial

direction. Figure 4.25 shows the tensile test of a TiNi thin film structured in the radial

direction. Tensile test parameters were identical for both experiments.
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Figure 4.24: Tensile test and microstructure of a TiNi thin film cylindrical

sputtered, patterned in axial direction.
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Figure 4.25: Tensile test and microstructure of a TiNi thin film cylindrical

sputtered, patterned in radial direction.

The cylindrical TiNi films deposited show in axial and radial direction comparable

mechanical properties with TiNi planar films, see section 4.1.2. Superelastic plateau,

closed loop hysteresis and a strain up to 6 % were observed. The microstructure of the

breaking edges for both samples showed a ductile and dense microstructure.

Hoop force or radial force is a pressure applied in any cylindrical structure, as

shown in figure 4.26 [88]. Both the applied pressure and the resulting hoop stress have

units of force per unit area, but differ in direction.
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t

Pressure [p]

Hoop force : fθ

Figure 4.26: Hoop or radial force concept.

In thin-walled cylindrical objects such as stents, the pressure (p) and tensile hoop

stress (σ) are related by

σ =
p · r
t

(4.1)

where r is the stent radius and t is the stent thickness. The hoop force Fθ can be

described in a vessel wall as:

Fθ = σtL = prL (4.2)

where L is the stent length. It is more convenient to define hoop force per unit of

length. Thus, we can describe hoop force (fθ) as:

fθ =
Fθ
L

= σt = pr (4.3)

Based on the hoop force principle, we developed a method (figure 4.27) to measure

stent diameter changes as a function of the applied pressure and temperature. A heater

chamber, figure 4.27 (a), was mounted between an optical micrometer (Keyence LS

7030R) with a 0.05 µm resolution, figure 4.27 (b). A stent was mounted over a latex

tube, 4.27 (e), which was fixed between two steel tubes. A valve was installed at the

outlet tube, figure 4.27 (c), and an air pressure calibrator (USF Wallace and Tiernan
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DPR 20C) with a 0.001 bar resolution was installed at the inlet, figure 4.27 (d). The

optical micrometer and the pressure calibrator were controlled by self developed software,

where the desired pressure, wall thickness and diameter were entered.

(a)

(b)

(c)

(c)

(d)

(e)

Figure 4.27: Radial force device components: (a) heating chamber, (b) op-

tical micrometer from Keyence (LS series), (c) outlet tube - valve, (d) inlet

tube - air pressure calibrator, (e) latex tube + stent.

The aim of hoop force characterization was to compare qualitatively a conventional

TiNi stent and a TiNi thin film stent. Figure 4.28 shows a hoop force test on a conven-

tional TiNi stent - 70 µm thickness.

At first, the hoop force of a thin walled silicon reference, 3.7 mm diameter and 0.3 mm

thickness, as reference was measured at 36 ◦C. The reference curve shows a "superelastic"

plateau, which was expected for a rubber material. After that a conventional TiNi stent,

3.5 mm diameter and 70 µm thickness was placed over the same thin walled silicon and

tested. The system (thin walled silicon + stent) hoop force increases in relation to the
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Figure 4.28: Hoop force test on a conventional TiNi stent - 70 µm thick-

ness. A thin walled silicon of 3.5 mm diameter and 0.3 mm thickness was

used as reference.

reference and the superelastic plateau is still observed. The real stent hoop force is the

subtraction between the reference and the measured stent hoop force curve.
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Figure 4.29: (a) Hoop force test on a steel coil and (b) Hoop force test on

a silicon reference.

To be sure that the superelastic plateau is from the TiNi superelastic property, a hoop

force measurement was realized on a steel coil, as shown in figure 4.29. The test carried
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out on a steel coil showed a higher hoop force, no plateau and a remmained plastic

deformation, which validated the use of a thin walled silicon reference. A TiNi thin film

stent of 5 µm thickness was produced using the optimized parameters described in the

section 4.2.1 and tested using the hoop force method. At first, the hoop force of a thin

walled silicon (2.9 mm diameter and 0.1 mm thickness) was measured as reference at

36 ◦C and then a TiNi thin film stent, as shown in figure 4.30.
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Figure 4.30: Hoop force test on a TiNi thin film stent. A thin walled

silicon of 2.9 mm diameter and 0.1 mm thickness was used.

The real hoop force is smaller than the conventional stent, as expected, because of

the difference on the stent thickness, but the superelastic effect still can be observed.

The hoop force test method, developed in this research, demonstrated itself to be a

qualitative tool to characterize TiNi thin film stents devices.
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4.3 Structuring cylindrical TiNi thin films

4.3 Structuring cylindrical TiNi thin films

As shown in section 4.2 the use of magnetron sputtering together with the developed

rotational device is capable of fabricating superelastic cylindrical TiNi thin films. This

section will describe a technology, developed during this research, based on lithography

and wet etching responsible for pattern cylindrical thin films.

4.3.1 Cylindrical lithography

Figure 4.31 shows the entire processes flow for fabrication of cylindrical structured TiNi

thin films devices, from sputtering to wet etching: (1) cylindrical sputtering, (2) dip

coating, (3) cylindrical lithography, (4) TiNi wet etching, (5) sacrificial layers wet etch-

ing. At first, a thin layer of an organic polymer (photoresist) is used to coat the surface

of the cylindrical specimen by means of dip coating.

Sacrificial
layers etching

TiNi
etching

Cylindrical
lithographyDip coat

Cylindrical
sputter

Glass Cu Cr TiNi Photoresist

Figure 4.31: Process flow, from sputtering to wet etching: (1) cylindrical

sputtering, (2) dip coating, (3) cylindrical lithography, (4) TiNi wet etching,

(5) Sacrificial layers wet etching.
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The thickness h of the dip coated photoresist, is a function of withdrawal velocity, pho-

toresist viscosity and sample diameter, as described by Landau, Levich and Derjaguin

[38],

h ≈ r ·
(
η · V
γ

) 2
3

(4.4)

where η is the liquid viscosity, γ the surface tension, V the withdrawal velocity and r

cylindrical specimen radius. Figure 4.32 shows the principle of the Landau, Levich and

Derjaguin (LLD) theory. The region where the film is formed is called meniscus, with

thickness h and length λ.

V

2r

λ

h

Figure 4.32: LLD fluid coating theory on a cylindrical specimen.

The photoresist thickness and its homogeneity are very important for the final feature

resolution of the lithography process as described in section 2.4.2. Thus, photoresist

thickness and its homogeneity were analyzed. For cylindrical lithography method a

positive photoresist, AZ1518, from the company Microchemicals was used . The viscosity

of this photoresist at 25 ◦C is 34.2 x 10−6 m2/s and its sensitivity is 55 mJ/cm2 per 2 µm

photoresist thickness. Figure 4.33 shows the influence of the substrate withdrawal rate on

the photoresist thickness in two substrates with diameter 3.0 mm (a) and 1.5 mm (b).

The error bars correspond to the standard deviation from the thickness homogeneity

along the substrate, figure 4.34.
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Figure 4.33: Influence of the substrate withdrawal rate on the photoresist

thickness in two substrates with diameter 3.0 (a) and 1.5 mm (b).
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Figure 4.34: Thickness homogeneity as a function of withdrawal rate and

substrate diameter. (a) 3 mm diameter substrate (b) 1.5 mm diameter

The photoresist showed thickness variation smaller than 0.5 % along the sample in all

withdrawal speed and for both substrates. For the further development of cylindrical

lithography a withdrawal rate of 5.4 mm/min and a soft bake of 8 minutes at 105 ◦C

were set, based on the previous results 4.33 (a) and (b).

Cylindrical lithography is based on the synchronization of the planar mask with

the rotation of the cylindrical substrate as sketched in figure 4.35.

To achieve a high resolution a slit aperture (shutter) is used so that only the part
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Figure 4.35: Basic principle of cylindrical UV lithography. Where Vm is

the Cr mask lateral speed, Sw the width of the slit aperture, fs the rota-

tional frequency of the cylindrical substrate and dout the outer diameter of

the cylindrical sample.

of the cylinder facing toward the Cr mask is exposed to UV light. Critical parameters

are the lateral speed of the Cr mask (Vm), the rotational frequency of the cylindrical

substrate (fs), and the width of the slit aperture (Sw). A set of optimum parameters

has to be adjusted for each different outer diameter of the cylindrical sample (dout),

taking into account the required exposure time (te) of the individual photoresist. These

synchronized movements can be set up using the following equation:

Vm =
Sw
te

(4.5)

To keep the movement of the cylindrical substrate and the Cr mask synchronized, the

substrate has to rotate with the following frequency fs:

fs =
Vm
πdout

=
Sw

πdoutte
(4.6)

To realize this set-up a standard Suess (MJB4) Microtec Lithography device was

adapted in such a way that it can be operated in combination with a self-developed

rotational device shown in figure 4.36. The rotational device was constructed in order
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4.3 Structuring cylindrical TiNi thin films

to expose substrates from 0.5 to 5 mm diameter using two linear motors, a rotational

one with a 0.01 ◦ resolution and a linear one with a 6.3 µm resolution mounted on a x-y

linear table.

Cr mask
rotational motor

linear motor

substrate holder

shutter

(a) (b)

Figure 4.36: Engineering sketch of the rotational device for cylindrical UV

lithography. (a) closed shutter b) open shutter .

A substrate holder allows a vertical adjustment of the cylindrical substrate in relation

to the Cr mask with a precision of 1 µm. This vertical adjustment allows the exposure

of substrates with different diameters and is an important parameter to define the fea-

ture size resolution. Further parameters are the UV wavelength and optical properties.

Figure 4.37 shows the cylindrical UV lithography device mounted on the Suess (MJB4)

Microtec Lithography device.

As described in section 2.4.2, the resist feature size resolution (W ), according to the

near field or Fresnel diffraction, is defined by:

W = (λg)1/2 (4.7)

where λ is the wavelength and g the gap between resist surface and Cr mask. For

cylindrical lithography a soft mode contact due to the dynamic movement between Cr

mask and substrate is adjusted.
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Figure 4.37: Cylindrical UV lithography device mounted on the Suess

(MJB4) Microtec Lithography device. (a) corresponds to the linear horizon-

tal motor, (b) to the Cr mask, (c) to the shutter, and (d) to the rotational

motor.

The feature size resolution study was realized comparing the resolution of standard

planar UV lithography with circular UV lithography. For this comparison a planar TiNi

thin film with 2 µm thickness was deposited on a 4 inch Si wafer with the parameters

described in section 4.1. After the sputtering process, the film was spin coated with

photoresist AZ1518 of 1.5 µm thickness. The soft bake was performed on a hotplate at

105 ◦C for 2 minutes followed by rehydration in a controlled atmosphere for another 2

minutes. A chromium covered quartz mask with a feature resolution of ± 500 nm was

used for the soft contact photolithography. The exposure time was 2 s and the resist was

developed using a AZ716 MIF solution for 30 s. Cylindrical thin films were sputtered on

a glass tube of 1.5 mm outer diameter by employing the rotational device. Deposition

parameters are described in section 4.2.1. The cylindrical sample was dip coated and

a withdrawal rate of 5.4 mm/min was chosen in order to obtain a constant photore-

sist thickness of 1.5 µm throughout the sample, as shown figure 4.34. The cylindrical

sample was soft baked at 105 ◦C for 8 minutes and afterwards it was rehydrated in a

controlled atmosphere for another 2 minutes. The lateral speed of the Cr mask (Vm)

used was 0.025 mm/s, the rotational frequency of the cylindrical substrate (fs) used was

1.8181 ◦/s, and the width of the slit aperture (Sw) was 50 µm. The exposure time was
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4.3 Structuring cylindrical TiNi thin films

2 s and the photoresist was developed using a AZ716 MIF solution for 30 s. For the

resolution comparison a Cr mask containing circular patterns with different diameters

was used. An example of this pattern is shown in figure 4.38 (a) and (b). The feature

size varies between 5 and 60 µm.

(a) (b)

Figure 4.38: Example of a photoresist patterning. The scanning electron

microscope images show circular patterns with feature sizes ranging from 30

µm to 60 µm diameter (a) and from 5 µm to 10 µm (b).

Figure 4.39 shows two light-optical micrographs, which were overlapped for better

comparison. Figure 4.39 (a) represents the pattern of a circular substrate (1.5 mm

diameter) and (b) the pattern of a planar substrate, both with a feature size of 5 µm.

No significant difference between the patterned geometries can be observed.

Figure 4.39: Photoresist patterns with feature sizes of 5 µm (a) in a cylin-

drical sample of 1.5 µm diameter and (b) in a planar sample.

Eleven internal diameters of patterned samples (planar/cylindrical) were measured

and compared, as presented in Table 4.3.
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Table 4.3: Feature size comparison of cylindrical and planar substrates

Geometry Cr Mask Cylindrical Planar

Nr. [µm] [µm] [µm]

1 5 4.8 4.6
2 10 9.8 9.2
3 20 18.5 19.1
4 40 37.9 38.9
5 60 58.9 60.2
6 80 79.4 79.8
7 100 100.1 99.5
8 140 141.3 140.7
9 180 181.9 180.9
10 200 201.2 201.7
11 400 402.9 402.0

For all analyzed geometries - the patterning of the cylindrical substrates shows a

lateral resolution comparable to the planar patterning.

Mismatch resolution in two directions, tangential (∆XN) and axial (∆y), was also

analyzed, as shown in Fig. 4.40.

Δ

Figure 4.40: Tangential (∆XN ) and axial (∆y) mismatch resolution.
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Three errors were observed: angular misalignment,

< ∆y >M (4.8)

rotational frequency of the cylindrical substrate (fs) misalignment,

< ∆X(i = 1, ...N − 1) > −XMask (4.9)

and the substrate radial tolerance,

< ∆XN −∆X(i = 1, ...N − 1) > (4.10)

To understand these mismatchs a Cr mask was developed to be used on a 3.5 mm

diameter substrate, with a circular measurement (2πr) equal to 10.99 mm. The substrate

had a diameter tolerance of ± 0.1 mm. A starting point was patterned to control the

overlap region. The distance between two geometries, figure 4.40 (a), is constant and all

geometries are aligned vertically as presented in figure 4.40. As illustrated in table 4.4

measurements using an optical microscope were taken in order to compare the feature

size between the Cr mask and the feature size achieved after the exposure. Two regions

of the sample were chosen, one at 90 degrees and the second at 360 degrees.

Table 4.4: Feature size comparison of two sample regions: at 360 and 90

degree.

Geometry from figure 4.38 b c

Cr mask [µm] 510 590

Measured structured photoresist at 90 degree [µm] 510 595

Measured structured photoresist at 360 degree[µm] 449 529

Thus, the tangential resolution (∆XN) in this example is 61 µm which is mainly

related to the radial tolerance and to some extent to the resolution of the linear motor
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(6.3 µm). Fig. 4.41 shows a Scanning Electron Microscope image of an overlapped

patterning on a 3.5 mm diameter substrate.

Figure 4.41: SEM image of an overlapping pattern on a 3.5 mm diameter

substrate.

The distance between the geometry (figure 4.40 (a)) at 360 degrees and 90 degrees

was measured using a surface profilometer. The results are presented in figure 4.42.

-25 0 25 50 75 100 125 150

substrate surface

90 degrees
360 degrees

100µm

length [µm]

95µm

Cr mask distance = 101µm

Photo resist Photo resist

Figure 4.42: Profilometer measurements: Comparison of the distance be-

tween two geometries at 360 degree and 90 degree.

Figure 4.43 shows a 3 µm axial mismatch of an overlapped exposed sample.
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3 µm

Axial mismatch

360 °

mark

200 µm

Figure 4.43: SEM image of an axial mismatch of an overlapped exposed

sample.

We have developed a rotational UV lithography device based on the standard photo

lithography process to pattern cylindrical samples of different diameters and lengths

with a feature resolution down to 5 µm and an axial resolution (∆y) of 3 µm. The

axial resolution mainly depends on the alignment between Cr mask and sample and can

be enhanced by placing a reference mark on the Cr mask. The tangential resolution

(∆XN=61 µm) is affected by the substrate radial tolerance and the linear motor toler-

ance. The resulting divergence can be minimized using a substrate with a small radial

tolerance and a motor with a precision better than 6.3 µm. The developed rotational

UV lithography device allows the patterning of complex geometries on the surface of

a cylindrical sample and was successfully employed to pattern TiNi thin film tubes as

shown in figure 4.44.

4.3.2 Wet etching

After the photoresist exposure the film is wet etched. The wet chemical etching process

is an isotropic process, as described in section 2.4.3, which causes some design limitation

in relation to the desired thickness and feature widths. The optimization of the etchant
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Figure 4.44: SEM image of stent like structure patterned with cylindrical

UV lithography.

and the film morphology are basically very important in reducing the isotropic behavior

thereby increasing the etching resolution.

This section will present results of the influence of etching parameters: movement

of the etchant and etchant composition on the etching rate and lateral ratio. As

described in section 2.4.3, the lateral ratio is the relation between horizontal etching rate

(Ėh) and the vertical etching rate (Ėv). The ratio for a complete isotropic process is 1.

The wet etching optimization towards a partially anisotropic behavior was performed

using sputtered planar amorphous TiNi thin films. The films were sputtered on 30 x

30 mm silicon wafer. The deposition parameters were identical for all samples. A Cr

mask with a stent like geometry, as shown figure 4.45 was used and a profilometer (3.1.5)

was used to measure the feature size and the etching rate.

Figure 4.45: Generic stent design.
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The influence of the etchant movement on the etching rate was analyzed. A starting

etchant composition was used based on previous results [89] [90]: H2O (490 ml), HF

(26.4 ml), HNO3 (82.8 ml) and NiSO4 (30 g). Two wet etching experiments were

performed: using a magnetic stirring to move the etchant and without magnetic stirring.

Figure 4.46 (a) shows the depth as a function of etching time.
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Figure 4.46: (a) Depth profile as a function of etching time, (b) etching

rate as a function of time . Sample 1 wet etched without stirring, sample 2

wet etched with magnetic stirring.

The sample 1 etched without a magnetic stirring shows lower depth than the sample

2 etched with a magnetic stirring, consequently an inhomogeneous etching rate along

the time, as shown in figure 4.46 (b). The reason for this effect, as described in 2.4.3 is

the movement of the etchant which allows the transport of the reaction products away

from the surface of the specimen.

In a first experiment, the composition of the etchant was varied with respect to the HF

concentration. The total amount of etchant was reduced to 40 ml and the concentration

of H2O, HNO3 and NiSO4 was kept constant: 81.7 ml, 13.8 ml and 4 g respectively.

The influence of the HF concentration on the etching rate was analyzed. The HF

concentration was varied in five steps: 2 ml, 3 ml, 4.4 ml (start solution), 5 ml and 6

ml and the depth was measured, using profilometer, three times every 5 minutes. A

magnetic stirring was used. Figure 4.47 (a) shows the depth as a function of etching

time in all five concentrations.
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Figure 4.47: (a) Depth as a function of etching time, (b) etching rate as

a function of time HF concentrations steps variation: 2 ml, 3 ml, 4.4 ml

(start solution), 5 ml and 6 ml.

All five compositions showed a "linear function" of the depth profile in relation to the

etching time. Increasing HF concentration enhances the depth profile and consequently

the etching rate, as shown figure 4.47 (b). The influence of the HF concentration on the

lateral ratio was analyzed. To calculate the lateral ratio, the feature size was measured,

subtracted from the original size and then divided by the depth. This procedure was

conducted three times for each depth. The error bars are the standard deviation of the

profilometer measurements. Figure 4.48 shows a lateral ratio as a function of the HF

concentration. The start solution (4.4 ml HF) showed a lateral ratio of 0.87, while the

etchant with 6 ml HF showed 0.78. The decrease of the lateral ratio with the increase of

the HF concentration is associated with the bathing time. Reducing the bathing time

will reduce the etching of material under the photoresist mask.

Using a fixed 6 ml HF as standard concentration, in a second optimization series the

concentration of NiSO4 was varied. Figure 4.49 (a) shows the depth as a function of

etching time in all five NiSO4 concentrations.

It was observed that increasing NiSO4 concentration reduces the depth and con-

sequently the etching rate, as shown in figure 4.49 (b). The influence of the NiSO4

concentration on the lateral ratio was analyzed. Figure 4.50 shows a lateral ratio as a
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Figure 4.48: Influence of the HF concentration on the lateral ratio as a

function of time. HF concentrations steps variation: 2 ml, 3 ml, 4.4 ml

(start solution), 5 ml and 6 ml.
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Figure 4.49: (a) Depth as a function of etching time, (b) etching rate

as a function of time. NiSO4 concentrations steps variation: 5 g (start

concentration), 10 g, 15 g and 20 g.

function of the NiSO4 concentration.

The same effect as for the HF optimization was observed in the variation of the NiSO4

concentration in the etchant solution. With the enhancement of the concentration the

etching rate reduces, figure 4.50. Thus, the sample has to be emerged in the bath for a

long time allowing etching of the material under the photoresist mask. Table 4.5 shows

the optimized TiNi etchant solution (100ml) and its properties.

As mentioned before, the lateral ratio reduction of an isotropic etching will enhance the
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Figure 4.50: Influence of the NiSO4 concentration on the lateral ratio

as a function of time. NiSO4 concentrations steps variation: 5 g (start

concentration), 10 g, 15 g and 20 g.

Table 4.5: Optimized TiNi etchant solution (100ml) and its properties.

H2O HF HNO3 NiSO4

[ml] [ml] [ml] [g]

80 6 14 ≈ 5

etching rate: 0.64 µm

lateral ratio: 0.76

resolution of the final device. Figure 4.51 shows a schematic comparison of the isotropic

theory and our optimized TiNi etchant solution, where (a) is an optical micrograph from

a photoresist structured with a stent like structure 55 µm feature size, (b) is A-A system

cross section, (c) the isotropic etching - final feature size 35.5 µm, and (d) the optimized

solution - final feature size 40.3 µm.

The optimized etchant solution for planar films was used for cylindrical TiNi thin films.

The same effect as for the planar film was observed when the etchant solution was not

stirred. In addition to the reduction of etching rate and strong under etching, etching

inhomogeneity along the sample was also observed. Thus, an etching rotational device
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4.3 Structuring cylindrical TiNi thin films

Photoresist geometry
Cross section A-A

A

A

TiNi

55.5 µm

Isotropic theory
Cross section A-A

TiNi

35.5 µm

Optimized solution
Cross section A-A

TiNi

40.3 µm

2 µm

10 µm

(a)

(b) (c) (d)

Figure 4.51: Schematic comparison of the isotropic theory and our op-

timized TiNi etchant solution. (a) Optical micrograph from a photoresist

structured with a stent like structure 55 µm feature size, (b) A-A system

cross section, (c) Isotropic etching - final feature size 35.5 µm, (d) Opti-

mized solution - final feature size 40.3 µm.

was developed to rotate the cylindrical substrate, moving the etchant to the specimen

surface and moving away the reaction products, reducing the cited effects. Figure 4.52

shows a schematic drawing of the etching rotational device (a) electric motor, (b) Teflon

recipient and (c) sample holder.

This etching rotational device solved the etching inhomogeneity effect, as shown in
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(a)

(b)

(c)

Figure 4.52: Etching rotational device (a) electric motor, (b) Teflon re-

cipient and (c) sample holder.

figure 4.53. Figure 4.53 (a) shows 1.5 mm diameter TiNi cylindrical thin film which

was static wet etched before sacrificial layer etching and figure 4.53 (b) shows 1.5 mm

diameter TiNi cylindrical thin film which was dynamic wet etched before sacrificial layer

etching.

The etching inhomogeneity was also observed when the thickness along the sample is

not homogenous. It was shown in section 4.14, that the use of a shutter during sputtering

increases the film thickness homogeneity, thereby decreasing the etching inhomogeneity

effect.

Using the same sputtering, photo lithography and wet etching a crystalline TiNi

cylindrical thin film and an amorphous one were wet etched in order to compare the

dependency of lateral ratio within the film morphology. Figure 4.54 shows a SEM picture

of a structured (55 µm feature size) TiNi cylindrical crystalline thin film wet etched.

The lateral ratio is very high, approximately 2.84, and the final feature size decrease

from 55 to 26 µm.
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4.3 Structuring cylindrical TiNi thin films

(a) (b)

500 µm 500 µm

Figure 4.53: (a) shows 1.5 mm diameter TiNi cylindrical thin film which

was static structured before sacrificial layer etching and figure (b) shows

1.5 mm diameter TiNi cylindrical thin film which was dynamic structured

before sacrificial layer etching.

A

A
5 µm

26.6 µm

Section A-A

Figure 4.54: Wet etched crystalline TiNi cylindrical thin film, 5 µm thick-

ness.

Figure 4.55 shows a SEM picture of a structured (55 µm feature size) TiNi cylindrical

amorphous thin film wet etched. The film did not show a significant undercutting as it
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was found in crystalline samples.

300 µm

3 µm

B

B
5 µm

50.2 µm

Section B-B

Figure 4.55: Wet etched amorphous TiNi cylindrical thin film, 5 µm thick-

ness.

There are two explanations for this behavior: first the binding energy of Ti and Ni in

an amorphous state is lower than in a crystalline state, thus it is easier to etch TiNi film

in amorphous state. Second, the grain boundary etching, which on crystalline TiNi will

occur first allowing the uncontrolled etching. Many devices, with different diameters

and thickness were produced in the course of this research project.

Figure 4.56 shows a 1.5 mm diameter structured TiNi thin film stent like device

fabricated by means of magnetron, cylindrical lithography and wet etching.
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4.3 Structuring cylindrical TiNi thin films

Figure 4.56: 1.5 mm diameter structured TiNi thin film stent like device by

means of magnetron, cylindrical lithography and wet etching. A Cu capillary

was used to hold the sample in the SEM sample holder.

95



Chapter 4 Results and Discussion

SEM figure 4.57 shows a 3.5 mm diameter structured TiNi thin film stent like device.

The thickness of this device was 10 µm and its length 30 mm.

400 µm

Figure 4.57: 3.5 mm diameter structured TiNi thin film stent like device

by means of magnetron sputtering, cylindrical lithography and wet etching

process. A Cu capillary was used to hold the sample in the SEM sample

holder.

As described in section 2.5, crimping is the last production step of a TiNi stent

production process flow and consists of outer diameter reduction through applied radial

compression. Thus, a crimping simulation was performed in a 1.5 mm diameter TiNi

cylindrical structured thin film device, using a glass cone with final diameter 0.6 mm.

Crimping simulation test principle is illustrated in figure 4.58.

Glass cone
final diameter = 0.6 mm

1.5 mm diameter structured TiNi thin film

(a) (c) (d)

Figure 4.58: Crimping simulation test principle. The sequence (a), (c)

and (d) corresponds to the optical micrograph test figure 4.59.
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4.3 Structuring cylindrical TiNi thin films

This simulation test was carried out to confirm the mechanical properties of the cylin-

drical structured TiNi thin films. The generic stent design (see figure 4.45) was used

to structure the tested cylindrical TiNi thin film. It is well known that the crimping

process depends on the material property as well as the device design [88]. Thus, this

simulation was conduced to test the self expansion material property. Figure 4.59 shows

optical micrographs from the crimping simulation, (a) TiNi thin film stent was intro-

duced in a 0.6 mm final diameter glass filler, (b) and (c) device was moved in using a

pincer, (d) device returns to its original shape after passing trough the filler aperture.

200 µm 200 µm

200 µm 200 µm

(a) (b)

(c) (d)

Figure 4.59: Optical micrographs from the crimping simulation realized

on a 1.5 mm diameter TiNi thin film stent device, (a) TiNi thin film stent

was introduced in a 0.6 mm final diameter glass filler, (b) and (c) device

was moved in using a pincer, (d) device returns to its original shape after

passing trough the filler aperture.

The crimping simulation test, together with stress-strain and hoop force tests (see
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section 4.2.3) confirm the exceptional mechanical properties of cylindrical TiNi thin

films fabricated by magnetron sputtering, cylindrical lithography and wet etching.

4.3.3 Method used to fabricate fine structured TiNi "thick"

films by magnetron sputtering

A design limitation due to wet etching isotropic behavior was also observed when the

feature mesh is smaller than 20 µm and the film thicker than 10 µm. In order to address

this issue, a method to fabricate "thick" films with very small mesh was developed and

registered in May 2009 as a patent, based on UV lithography and wet etching technology.

This method was sucessfuly applied to planar films. Figure 4.60 shows a schematic flow

of the developed method.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

TiNi

Cu

photoresist

substrate

Figure 4.60: Method flow, (a) after sputtering of Cu sacrificial layer and

NiTi thin film photoresist is spin coated (b) patterning of photoresist by

means of UV lithography (c) TiNi thin film wet etch (d) sacrificial layer wet

etching (e) removing photoresist (f) deposition thick TiNi film (g) sacrificial

layer wet etch.

The first step of this method is the deposition of a Cu sacrificial thin film layer, figure

4.60 (a). After the sacrificial layer deposition, TiNi thin film with 1.5 µm is deposited,

figure 4.60 (b). Lithography is used to structure the film. The 1.5 µm TiNi thin film

was then wet etched with an HF solution, figure 4.60 (c). The sacrificial layer is then

wet etched using a standard BASF Selectipur Chromium Etch, an ammonium cerium
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4.3 Structuring cylindrical TiNi thin films

(IV) nitrate based etchant, which does not etch TiNi thin film, figure 4.60 (d). A

"mushroom"-like structure is formed, due to the isotropic behavior of the wet etching

process. This structure allows the growth of the film on top of the pre-structured mesh,

avoiding connection between the films. The photoresist is removed, figure 4.60 (e), and

the TiNi "thick" film is deposited using the same parameters as before, figure 4.60 (f).

To get the film free from the substrate the sacrificial layer is then completely wet etched,

figure 4.60 (g). Figure 4.61 shows a TiNi structured thin film of 1.5 µm thickness, after

sacrificial layer wet etching. This step corresponds to the schematic step 4.61 (e). The

"mushroom"-like structure can be observed.

Cu

TiNi

Cross Section
A-A

(b)

(a)

(b)

(a)

500 µm

Figure 4.61: TiNi structured thin film of 1.5 µm thickness, after sacrificial

layer wet etching and removal of the photoresist.

Figure 4.62 shows a Scanning Electron Microscope (SEM) image after the deposition

of 25 µm TiNi film. A channel is formed between the film on top of the patterned

structure.

The final step is to get the film free from the substrate which means the wet etching
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Figure 4.62: Example of the method step (f) after deposition of 25 µm

TiNi film.

of the sacrificial layer. The etchant will then be able to etch the sacrificial layer due to

the channel created between the film on top of the patterned structure and the bottom.

Figure 4.63 shows a SEM image of a 24 µm thick TiNi film with a mesh width of 25 µm.

24 µm

Figure 4.63: Example of the method step (g) after sacrificial layer wet

etched.

This method is a promising substitute for the solid state laser technology, as the aspect

ratio of this method is comparable to the 10:1 ratio achieved by laser cut technology. In
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4.3 Structuring cylindrical TiNi thin films

addition, it does not produce small burrs, as well as a heat affected zone or micro cracks.

This method further avoids a possible contamination of the TiNi material with carbides.

Figure 4.64 shows that using this method it is possible to achieve film thickness up to

50 µm.

50 µm

Figure 4.64: TiNi structured thin film with 50 µm thickness and 20 µm

mesh.
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Summary

This dissertation described for the first time the fabrication and characterization of

structured cylindrical TiNi thin films by magnetron sputtering, lithography and wet

etching based on previous developments of superelastic shape memory thin films. The

TiNi thin films devices fabricated in this work have high potential for application as

vascular implants, e.g. stents.

The deposition of TiNi thin films on a cylindrical substrate employs a specific device

which allows an in situ rotation of the substrate during the sputtering process and the

use of a slit aperture to control the deposition angle. Axial and radial directions of the

film were tested under tensile load. Both film directions showed comparable mechanical

properties to TiNi planar films. Superelastic plateau, closed loop hysteresis and a strain

up to 6 % were observed.

The crystallization mechanisms as a function of film thickness, annealing time and

substrate were analyzed in cylindrical deposited TiNi thin film. XRD and TEM analysis

have shown that 5 minutes annealing time at 650 ◦C first step and 450 ◦C second step is

enough to crystallize the cylindrical TiNi thin films, which is essential for the fabrication

of hybrid devices (e.g. combination of thin film stents and conventional TiNi devices).

Figure 5.1 shows a hybrid device developed with the use of the methods developed

during this dissertation [91].

A rotational UV lithography device based on the standard photolithography pro-
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Figure 5.1: Hybrid device fabricated with the use of the methods developed

during this dissertation.

cess was developed and characterized for patterning of cylindrical substrates of different

diameters and lengths with a feature resolution down to 5 µm and an axial resolution

(∆y) of 3 µm. Wet etching technology was used for the pattern transfer to the cylin-

drical TiNi films. The influence of etching parameters: movement of the etchant and

etchant composition on the etching rate and lateral ratio (relation between horizontal

etching rate (Ėh) and the vertical etching rate (Ėv)) was also analyzed and optimized

during this research. Thus, this wet etching analysis allowed us to optimize the etchant

solution thereby achieving a lateral ratio of 0.76.

A deposition method was developed and patented to fabricate "thick" films with

a very small mesh, based on UV lithography and wet etching technology. This method

is a promising substitute for the solid state laser technology, as the aspect ratio of this

method is comparable to the 10:1 ratio achieved by laser cut technology. In addition,

it does not produce small burrs, as well as a heat affected zone or micro cracks. This

method further avoids a possible contamination of the TiNi material with carbides.

A medicine device validation on e.g. stents, requires not only the mechanical feasibility

but also several in vivo experiments. The group of Prof. Dr. med. Martin Heller,

University Medical Center Schleswig Holstein, have started the first in vivo experiments,

using TiNi thin films devices fabricated during this work. A radiopacity test was realized
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Chapter 5 Summary

to assure the visibility of the thin film device after introduction. Figure 5.2 shows first

results obtained with the use of an ultrasound equipment, which confirms the radiopacity

of a 10 µm cylindrical TiNi thin film. Further experiments e.g. rats experiments, etc.

are scheduled to be realized in the near future.

2

(a) (b)

Figure 5.2: Radiopacity experiment using a ultrasound equipment, (a)

frontal view, (b) lateral view.

As described in this dissertation, the deposition rate achieved on cylindrical deposition

is reduced by a factor of 15 due to the slit aperture introduced to control the deposition

angle. Using thin film deposition equipment dedicated for planar substrates this was

essential to achieve the required mechanical and superelastic properties of the cylindrical

TiNi thin films. The resulting maximum film deposition of approximately 1 µm/h limits

the achievable wall thickness in practice to values bellow 15 µm. Furthermore, this

approach is very cost-effective both in terms of labor and target costs. Thus, in view

of possible commercialization of these new devices the development of a new deposition

equipment using e.g. hollow cathode or multiple target arrangement, resulting in much

higher deposition rates, is the essential next step, have to be developed and characterized

in order to fabricate cylindrical films with higher wall thickness.
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