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Abstract

TiNi thin films have attracted much attention in recent years as intelligent and functional materials because of their unique properties. TiNi
thin film based micro-actuators will become the actuator of choice in many aspects in the rapidly growing field of micro-electro-mechanical
systems (MEMSS). In this review paper, some critical issues and problems in the development of TiNi thin films are discussed, including
preparation and characterization considerations, residual stress and adhesion, frequency improvement, fatigue and stability, modeling of be-
havior as well as functionally graded or composite thin films. Comparison is made of TiNi SMA micro-actuation with other micro-actuation
methods. Different types of TiNi thin film based microdevices, such as microgrippers, microswitches, microvalves and pumps, microsensors,
etc. are also described and discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction is accompanied by significant changes in the mechanical,
physical, chemical, electrical and optical properties, such
Shape-memory alloys (SMAS) possess an array of desir-as yield stress, elastic modulus, hardness, damping, shape
able properties: high power to weight (or force to volume) recovery, electrical resistivity, thermal conductivity, thermal
ratio, thus the ability to recover large transformation stress expansion coefficient, surface roughness, vapor permeabil-
and strain upon heating and cooling, peudoelasticity (or su- ity and dielectric constant, etc. These changes can be fully
perelasticity), high damping capacity, good chemical resis- made use of the design and fabrication of microsensors and
tance and biocompatibilitd 2], just to name a few. Thisat-  micro-actuators. However, due to the lack of full under-
tracted much attention to the research of SMAs as smart (orstanding of the thin film SMAs together with the controlling
intelligent) and functional materia[8]. More recently, thin of the deposition parameters, they have not received as much
film SMA has been recognized as a promising and high per- attention in the MEMS technology as other micro-actuator
formance material in the field of micro-electro-mechanical technologies.
system (MEMS) applications, since it can be patterned with  In this paper, recent advances and development for TiNi
standard lithography techniques and fabricated in batch SMA thin films were reviewed. Different types of MEMS
procesg4-8]. Thin film SMA has only a small amount of  applications (such as microgrippers, micropumps, micromir-
thermal mass to heat or cool, thus the cycle (response) timeror, etc.) were reviewed and the prospects for future ad-
can be reduced substantially and the speed of operationvances in fabrication process and device development were
may be increased significantly. The work output per volume discussed.
of thin film SMA exceeds that of other micro-actuation
mechanisms. Application of SMA films in MEMS also
facilitate simplification of mechanisms with flexibility of
design and creation of clean, friction free and non-vibration 2. MEMS requirements for TiNi-based thin films
movement. The phase transformation in SMA thin film
Successful implementation of TiNi micro-actuators re-
quires a good understanding of the relationship among pro-
* Corresponding author. Tekt65-67904264; fax:+65-67911859. cessing, microstructure and properties of TiNi films. The
E-mail addressmygfu@ntu.edu.sg (Y. Fu). enabling technologies for TiNi films required include:
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1. low-cost, reliable and MEMS-compatible deposition the same time, this sensitivity provides tremendous flexibil-
methods with precise control of film composition and ity in engineering a combination of properties for intended
quality; applications.

2. reliable and precise characterization technologies for var-  Precise control of Ti/Ni ratio in TiNi films is of essential
ious properties (such as shape memory effect, superelasimportance, as has been documented since TiNi film studies
ticity and mechanical properties, etc.); started more than a decade ago. The intrinsic problems as-

3. an appropriate post-deposition annealing (for film crys- sociated with sputtering of TiNi films include the difference
tallization) or aging process compatible with MEMS pro- in sputtering yields of titanium and nickel at a given sputter-
cess; ing power density, geometrical composition uniformity over

4. precise etching and patterning of TiNi film compatible substrate and along cross-section thickness of the coating,
with MEMS process and the possibility of nano-size TiNi as well as wear, erosion and roughening of targets during
structures and actuators; sputtering[10]. To combat these problems, co-sputtering of

5. prediction and modeling of non-linear behavior of TiNi  TiNi target with another Ti target, or using two separate sin-
films as well as design and simulation of TiNi thin film gle element (Ti and Ni) targefd,10,12] or adding titanium
micro-actuators. plates on TiNi target are widely us§g,11,12] Substrate ro-

tation, good configuration of target position and precise con-

trol of sputtering conditions, etc. are also helpful. Varying
the target temperature can also produce the compositional

1. low residual stress to prevent deformation of MEMS modification: sputtering the heated TiNi target can limit the

Some basic requirements for TiNi films used in MEMS
applications are listed as follows:

structure; loss of Ti, thus improving the uniformity of film properties
2. high actuation speed and fast response with precise con{13,14] Since contamination is a big problem to good me-
trol of deformation and strain; chanical properties of the sputtered TiNi films, it is impor-
3. good adhesion on substrate (free of cracking, delamina-tant to limit the impurities, typically oxygen and carbon, to
tion and spallation); prevent the brittleness, deterioration or even loss of shape
4. durable and reliable shape memory effects; memory effect. For this reason, the purity of Ar gas and tar-
5. wide range choice of working temperatures (from below gets is essential, and the base vacuum of the main chamber
zero to several hundred degree Celsius); should be as high as possible (usually lower than’Torr).

6. good resistance to surface wear and corrosion; Pre-sputtering cleaning of targets before deposition effec-
7. biocompatible and good corrosion resistance (in case oftively removes the surface oxides on targets, thus constitutes
application in bio-MEMS). one of the important steps in ensuring film purity. In order

to deposit films without columnar structure (thus with good

mechanical properties), a low processing pressure of Ar gas
3. TiNi thin film processing and characterization (0.5-5mTorr) is essentigb]. Application of bias voltage

during sputtering could modify the film microstructure, tex-
3.1. Sputtering deposition of high quality TiNi films ture and stress, thus is also important, but few studies have

been reported on this topic so far.

TiNi-based films are the most frequently used thin film
SMA materials and they are typically prepared using sput- 3.2. Post-sputtering annealing
tering method[4,5]. Laser ablation, ion beam deposition,
arc plasma ion plating, plasma spray and flash evaporation Depending on processing conditions, TiNi films can be
were also reported but with some intrinsic problems, such deposited at room temperature or high temperatures. TiNi
as non-uniformity in film thickness and composition, low films sputtered at room temperature are usually amor-
deposition rate, or non-batch processing, incompatibility phous, thus post-sputtering annealing (usually higher than
with MEMS process, etc. Transformation temperatures, 450°C) is a must because SMA effect only occurs in
shape memory behaviors and superelasticity of the sput-materials of crystalline form. However, Martensite trans-
tered TiNi films are sensitive to metallurgical factors (alloy formation and superelasticity of TiNi films are sensitive
composition, contamination, thermo-mechanical treatment, to post-annealing and/or aging temperature and duration
annealing and aging process, etc.), sputtering conditions[15,16], thus post-sputtering annealing should be handled
(co-sputtering with multi-targets, target power, gas pres- with care. It is suggested that the lowest possible annealing
sure, target-to-substrate distance, deposition temperaturepr aging temperature be used in a bid to conserve ther-
substrate bias, etc.), and the application conditions (load-mal processing budgets and more importantly minimize
ing conditions, ambient temperature and environment, heatthe reactions between film and substrft&]. Long-term
dissipation, heating/cooling rate, strain rate, efd.,p,9] post-annealing and aging process should be avoided since it
Systematic studies on the detailed effects of all the abovecould trigger dramatic changes in film microstructure (i.e.,
parameters are necessary. The sensitivity of TiNi films to all precipitation), mechanical properties and shape memory
these factors is seemingly an intrinsic disadvantage, but ateffects. Films deposited at a relatively high temperature
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(about 400C) is crystallized in situ, thus there is no need and electrical resistivity (ER) measurements are widely
for post-annealing. Films can be deposited at relatively used[4,25]. Some new methods based on MEMS testing
high temperatures (400-50Q) at initial sputtering to form [26], such as bulge testirf@7], TiNi/Si diaphragm28,29],
crystallized phase, then at a relatively lower temperature cantilever bending or dampinfg0] are more appropriate
(about 300C) to maintain a crystalline growth during the for micro-actuator applications, which are compatible with
later sputtering process. Films can also be deposited at asmall dimensions and high sensitivities. Nano-indentation
low temperature (about 30C) to get partial crystalliza-  testing with/or without changes of temperature could reveal
tion, then annealed at a higher temperature (&)0for a the different elastic and plastic deformation behaviors of
short time to promote further crystallizatig4]. austenite and martensite, thus is also promising for char-
Recently, a localized laser annealing method was studiedacterization of superelasicity, phase transformation, shape
for TiNi films in our group[18], where only certain areas of memory effect and mechanical properties of the constrained
the film are annealed by laser beam to exhibit shape memorythin films [31-33] Also indentation of Ti—Ni based films is
effect, and the other non-annealed areas remain amorphousstrongly dependent on the materials resistance to disloca-
thus acting as a pullback spring during cooling process. This tion, and dislocation is closely related to fatigue properties
method opens a new way for fabrication of microdevices of films, thus indentation characterization is particularly
[19]. The advantages of the localized laser annealing procesauseful for MEMS applications, where optimization of fa-
include: (1) precision in selection of the areas to be annealed tigue performance is critical.
as small as micrometer meter; (2) non-contact and efficiency; In our group, an AFM based in-situ testing method have
(3) free of restrictions on design and processing; (4) ease inrecently been applied to characterize the phase transforma-
integration in MEMS processes; (5) ease in cutting of the fi- tion behavior of the constrained film&ig. 1 shows two
nal structure using the laser beam. However, still some prob-micrographs of AFM surface morphology of TiNi films on
lems exist that include: (1) energy loss. TiNi film surface is Si at a low temperature (martensite) and a high tempera-
usually smooth and reflection loss of laser beam energy is ature (austenite), respectively. The surface roughness of the
big problem. Possible solutions include selection of excimer martesnite phase is much higher than that of the austen-
laser beam, choice of suitable parameters (e.g. wavelengthite. With the change of temperature, the surface roughness
of laser) and surface treatment or roughening of film sur- values change drastically when transforming between the
face to improve laser adsorption. (2) Difficulty in duration marteniste and the austenite phases, thus clearly reveal the
control. Crystallization of film structure is a thermodynamic occurrence of phase transformation (5ég 2). The advan-
process, and it is necessary to maintain sufficient treatmenttages of this method are its nondestructive nature and appli-
time for crystallization to complete. However, over-exposure cability to very small size films (down to nanometers). More-
easily causes surface damage of the thin films. (3) Need ofover, the optical reflection changes caused by the changes in
protection environment such as Ar gas or vacuum condition, the surface roughness and reflective index can also be used

which adds complexity and cost to the process. to characterize the transformation behaviors of TiNi films.
There are usually some discrepancies in transformation
3.3. Characterization of TiNi films temperatures obtained from different characterization meth-

ods [4,34]. The possible reasons include: (1) the phase

For freestanding TiNi films, conventional methods, such transformation and mechanical behaviors of the constrained
as differential scanning calorimetry (DSC) and tensile TiNi films could be different from those of free-standing
tests (stress—strain curves) are quite applicable to char-films, due to substrate effect, residual stress, strain rate ef-
acterize the shape memory effects. The stress—strain andect, stress gradient effect and temperature gradient effect;
strain—temperature responses of freestanding films are com4{2) the intrinsic nature of testing method (thus the response
monly evaluated using tensile te$820,21] Results show  of changes in physical properties will not start at exactly the
that the stress—strain—temperature relationship, the elongasame temperatures); (3) differences in testing conditions, for
tion, fracture stress and yield stress are at least comparableexample, heating/cooling rate; (4) non-uniformity of film
to (if not better than) those of bulk materials, because of composition over whole substrate and along cross-section
the grain size effect (micrometer or sub-micrometer size thickness of coating. Therefore, it is necessary to identify
in thin films as compared with tens of micrometers for whether the application is based on the free-standing film or
bulk materials)[22—-24] The difficulties in tensile testing  constrained film/substrate system, so that a suitable method
of TiNi thin films include: (1) to obtain free-standing films can be chosen.
without pre-deformation; and (2) to clamp tightly the films In film characterization, there are still many important
on a tester grips. For MEMS applications, the TiNi films issues unresolved: (1) Nucleation and growth mechanisms
are usually deposited on Si or other related substrates. Oneof TiNi thin films and substrate effects; (2) effects of pre-
of the important issues in characterization of the TiNi films cipitation [35], point defects and dislocations; (3) grain
for MEMS applications is how to correctly evaluate the size effect, nano-grain and nanocrystalline structure on
shape memory effects and mechanical properties of the con-shape memory effect and phase transformaf®8]. The
strained thin films on substrates. For this purpose, curvaturerefinement of grain size can strongly modify the struc-
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Fig. 1. AFM surface morphology of TiNi films: (a) low temperature in martensite state; (b) high temperature in austenite state.
tural and thermodynamic properties, and improvement of
24p - mechanical properties of SMAs; (4) film thickness effect
L -\ . heating (since a minimum thickness is required for the optimized
ob '*n\-%-\_/ \- — shape memory effect). Surface oxide and oxygen diffusion
—_ | " "'\ layer will have dominant effect if the TiNi film is too thin
£ ] \ '\_ [37]; (5) formation of film texture and its control, and the
£ r L ' 1 effects on shape memory effd@8]; (6) internal and exter-
© i '\ nal stress on the arrangement of martensite variants, stress
o 12p . “ induced martensite and its shape memory phenomenon,
b \.\ i etc. [39,40] (7) surface chemistry, surface adsorption and
sk —— . biocompatibility of TiNi films with small grain size.
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3.4. Residual stress and stress evolution

Temperature (°C)

Residual stress and stress evolution in the films could
Fig. 2. Surface roughness evolution vs. temperature for TiNi thin film POS€ potential problems in applications, as it may influ-
obtained from AFM analysis.

ence not only adhesion between film and substrate, but also
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Fig. 3. Residual stress evolution with the temperature heating up to 923K Fig. 4. Stress evolution TiNi film with different Ti/Ni ratios deposited at
for as-deposited amorphous TiNi filfd2]. a temperature of 723 k42].

deformation of MEMS structure, mechanics and thermo- and shear-variant boundary motion, etc. The stress gener-
dynamics of transformation and superelasticity effects, etc. ation and relaxation behaviors upon phase transformation
[25,41] Large residual stress could lead to either film crack- are significantly affected by film composition, deposition
ing or decohesion under tension, or film delamination and and/or annealing temperatures, which strongly control the
buckling under compressidt0,42]. A wide range of resid-  formation and evolution of intrinsic stress, thermal stress
ual stress levels (either tensile or compressive) were found inand phase transformation behavif48,45] An example is
the sputtered films. Deposition conditions, post-deposition shown inFig. 4. The difference in residual stress for films
thermo-mechanical treatment and composition in TiNi films with different Ti contents can be attributed to the differ-
could have important consequences with respect to the de-ences in phase transformation behavior, intrinsic stress in
velopment of residual stre443,44] For a film—substrate  the films, and/or precipitates in the filni42].
system, possible origins of stress in thin films can be divided  Substrate effect is also significant in the stress generation
into three groups, i.e., thermal stress, intrinsic stress andand evolution, because the difference in thermal expansion
phase transformation stredsg. 3 shows the stress evolu- coefficients between substrate and TiNi films significantly
tion for an amorphous TiNi films during annealifdg]. At affects the thermal stress. The film intrinsic stress is also
room temperature, compressive stress exists in film. With in- critically dependent on the mismatch between film and sub-
crease in temperature, the compressive stress existing in thetrate. So far, most studies have been focused on Si based
amorphous film decreases due to relaxation of thermal stresssubstrates for MEMS applications. TiNi deposited on other
However, this trend slows down above 400 K, probably due substrates (with different coefficient of thermal expansion)
to the beginning of the densification of the film. The devel- could have different stress state (compressive or tensile) and
opment of compressive stress ends at a temperature aroundtress—temperature evolution behaviors, thus detailed stud-
650K, after which the rapid development of tensile stress ies of substrate effect and stress state on shape memory ef-
can be found due to densification of TiNi films. There is a fect, phase transformation and mechanical properties of TiNi
transient spike in stress due to the densification of films at a films deserve more and systematic effi@i®].
crystallization temperature of 723 K. When the crystalliza-  In order to minimize the residual stress in TiNi films, it
tion event completes, the development of compressive stresss necessary to: (1) precisely control the Ti/Ni ratio; (2) de-
occurs again as a result of the relaxation of thermal stress.posit films at a possible lower pressure; (3) select a suit-
Cooling from high temperature results in the development able deposition temperature or annealing temperature, with
of tensile stress. Upon cooling below Ms, the tensile stressa compromise between thermal stress and intrinsic stress;
relieves significantly due to the martensitic transformation. (4) use some interlayers (with possible compressive stress)
In crystalline TiNi films, large tensile stress is gener- to reduce large tensile stress in some TiNi films; (5) perform
ated during heating due to the phase transformation from post-annealing, ion beam post-modification, or in-situ ion
martensite to austenite, while during cooling, the marten- beam modification during sputtering in order to reduce in-
sitic transformation occurs and the tensile stress dropstrinsic stress, (6) select suitable substrate to reduce thermal
significantly from the formation and alignment of twins stress.
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3.5. Frequency response could have significant adverse effect on adhesion and shape
memory properties. TiNi film adheres well to silicon sub-
Applications of micro-actuators require not only large strate provided it is clean and pre-chemically etched. TiNi
recovery stress and large transformation deformation, butfiims deposited on a glass substrate can be easily peeled
also high frequency and fast response (narrow transforma-off, which is quite useful to obtain free-standing films. In
tion hysteresis). One of the challenges for the successfulMEMS processes, there is a need for an electrically and
application of TiNi films is effective reduction of hysteresis thermally insulating or sacrificial layer. Thermally grown
and increase in operating frequency. External heat generaSiO, is often used as this sacrificial layer. However, the
tion and dissipation are necessary in generating phase transadhesion of TiNi film on Si@ layer (or on glass and poly-
formation and actuation, and the response speed of NiTimer substrate) is poor owing to the formation of a thin
micro-actuators is mainly limited by their cooling capaci- intermixing layer and the formation of a fragile and brittle
ties. The binary Ti—Ni alloy films have a large temperature TiO» layer [50]. In a significant deformation or during a
hysteresis of about 3@, and TiNi films with small hystere-  complex interaction involving scratch, this layer is easily
sis are preferred for faster actuation response. The hysteresidroken, thus peel off. Wolf et a[6] proposed a two-step
could be slightly reduced by decreasing the cyclic temper- deposition method to solve this problem: pre-deposition of
ature amplitude and/or increasing working stress. R-phase0.1um TiNi film on SiO, at 700°C to promote interdiffu-
transformation usually has a very small temperature hys- sion of elements, followed by bulk film deposition at room
teresis, which is useful for MEMS applications. However, temperature. Adhesion of TiNi film on other substrates
the problem is that the strain and stress (or force) generated'such as SiNg4, polysilicon, etc.) is important for its suc-
are too small to be of many practical uses. Addition of Cu cessful MEMS applications, but few studies have been done
in TiNi films is effective in reducing the hysteredis,47]. so far.
Compared with TiNi binary alloy, TiNiCu alloys also show
less composition sensitivity in transformation temperatures, 3.7. Performance degradation and fatigue consideration
lower martensitic yield stress, and superior fatigue property,
etc., which makes them more suitable for micro-actuator  Stability and fatigue have always been concerns in de-
application. However, the transformation temperatures of velopment of TiNi thin films for applications. Fatigue of
TiNiCu films decrease slightly, and the transformation be- TiNi films is referred to the non-durability and deteriora-
comes weaker with the increase of Cu contents, in terms oftion of the shape memory effect after millions of cycles.
recovery stress, maximum recovery strain and heat generaThe repeated phase changes will alter the microstructure
tion, etc. Also the film becomes brittle when Cu content is and hysteresis of the transformation and in turn will lead
higher than 10 at.9p47]. to changes in transformation temperatures, transformation
Generally speaking, the constrained films have smaller stresses and strains. The performance degradation and fa-
hysteresis as compared with freestanding films, and thetigue of thin films are influenced by a complex combination
film with large compressive stress could have much smaller of internal (alloy composition, lattice structure, precipi-
(even almost zero) hysteresis compared with films with tation, defects, film/substrate interface) and external pa-
large tensile stresRl6]. Therefore, selection of a suitable rameters (thermo-mechanical treatment, applied maximum
substrate (with larger thermal expansion coefficient than stress, stress and strain rate, the amplitude of temperature
TiNi film) could help generate large compressive stress, cycling frequency) after long term thermal-mechanical cy-
thus a smaller hysteresis. Another way is to use externalcles. For freestanding films, there are some studies using
heat sinks. TiNi-based films can be deposited on a suitabletensile tests to characterize the fatigue problems. Results
substrate with good thermal conductivity, like Cu plate, thus indicated that there need tens of cycles before the stability
significantly improving thermal dissipation and working of shape memory effec{8]. Ref.[4,51] studied the fatigue
frequency. However, this brings in more critical issues, such of the constrained TiNi films using the changes of recovery
as integration and compatibility with MEMS batch process, stress during cycling, and the recovery stress of TiNi films

residual stress and adhesion. from curvature measurement decreased dramatically in the
first tens of cycles, and became stable after thousands of
3.6. Adhesion and interfacial analysis cycles (with one example shown iRig. 5. This reduc-

tion of the recovery stress is believed to result from the
When TiNi films are deposited on Si substrate, there dislocation movement, grain boundary sliding, void forma-

exist interfacial diffusion and chemical interactions at the tion, or partial de-bonding at the film/substrate interfaces,
interface whereby titanium and nickel silicides may form non-recoverable plastic deformation, changes in stress, etc.
during high temperature deposition or post-deposition an- [4]. Transformation temperatures also changed dramatically
nealing. These interfacial reaction products could be com- during cycling. The repeated phase changes will alter the
plex, heterogeneous and metastd&49] Since the TiNi microstructure and hysteresis of the transformation and in
film thickness required in MEMS applications is usually turn lead to changes in transformation temperatures, stresses
less than a few micrometers, a relatively thin reaction layer and strains.
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410.0 optimization of technical factors such as structural configu-
ration, geometry and processing procedures and further im-
provement in the overall performance of TiNi thin film based

320.0 | micro-actuatord55]. There are two levels of simulations.

< The first level is the simulation and modeling of thermome-
% chanical behaviors of TiNi films, and the second is the design
;— 230.0 of geometry and structures as well as performance of TiNi
» —+—1Cyc mocroactuators. There are many models describing the con-
g —#—20Cye stitutive behaviors based on thermodynamics and continuum
(7] —4—100 Cye mechanicg56], but only a few have been used in engineer-
140.0 :::fggoc écc ing practice. It is difficult to obtain an accurate constitutive
——2000 Czc relationship for stress—strain of a TiNi film. The intrinsic hys-
teresis, nonlinearity and history dependent behaviors make
50.0 it more difficult to accurately predict the response of a TiNi
290 310 330 350 370 390 thin film micro-actuator. At present, only phenomenological

models appears to be realistic for engineers, and the trans-
formation can be assumed as either a linear or a sine/cosine
Fig. 5. Hysteresis evolution of Ti52.5Ni film on Si substrate after thermal function[57-59] There are several special issues in simula-
cycling in different cycles and become stable after 2000 cycles. tion of TiNi films as compared with bulk TiNi materials: (1)
smaller grain size in TiNi films and constraint effect on sub-
o ] ) ) ) strates; (2) large film biaxial stress after deposition and stress
3.8. TiNi-based films with varied transformation evolution during phase transformation process; (3) possible
temperatures textured structure in the thin films. RgB0—62] reported
) o o different thermodynamic modeling for TiNi thin films. Jin
The working principle of TiNi micro-actuators renders  gnq \Weng63] developed a relaxed self-consistent model to
them very sensitive to environment. The maximum trans- gimy|ate the thermomechanical behavior of TiNi films, and
formation temperature of binary TiNi thin films is usually it is confirmed that thermally induced phase transformation
less than 100C. However, a lot of MEMS applications re-  pag a narrower range of transformation temperatures for the
quire higher temperatures: in automobile applications, the fjms and the work hardening characteristics is lower than
transformation temperature required is up to 16Gand in the bulk material due to geometrical relaxation. For TiNi thin
high-temperature gas chromatography the operation tempersjim hased microdevices, the non-uniform stress and temper-

ature is up to 180C, etc. Ternary system is the solution:  a4re distribution could affect the prediction of deformation
adding a varying amount of a third element, such as Pd, 54 |ead to inaccurate position control.

Hf, Zr, Pt, Au, etc., into the binary alloys easily adjusts
the transformation temperatures from 100 to 600TiNiPd
and TiNiH films are also effective in decreasing the tem- 4 MEMS applications of TiNi films
perature hysteresis, thus promising for quick movement at
higher temperatures2]. The potential problem is that all Table 1 compares the properties of some common
these high temperature ternary thin films are high cost with icro-actuation mechanisms. The main advantages of TiNi
poor shape memory effect and thermal stability, as well as hin fiim include high power density, large displacement
brittleness problem3]. Small amount of Pd or Pt addition 54 actuation force, low operation voltage, etc. The main
(less than 10at.%) could reduce martensite transformationprob|ems include: (1) low energy efficiency, low dynamic
temperatures rather than increase tH{g#]. TiNiCu films response speed and large hysteresis; (2) non-linearity and
with Cu content of 5-12at.% is promising for biomedical ¢omplex thermomechanical behavior and ineffectiveness for
devices used in human body because the film transforma-precise and complex motion control and force tracking; (3)
tion temperatures are near body temperature and also theigh cost of TiNi films and difficulty in control of compo-
hysteresis is quite smgW7]. Slight increase in Ni content  gjtion and mechanical properties; (4) potential degradation
in film can dramatically decrease the phase transformation 5, fatigue problems. Even with the above disadvantages,
temperatures. TiNi thin film is still considered as a core technology for
actuation of some MEMS devices, where large force and
3.9. Accurate modeling and optimal design of TiNi thin stroke are essential and in conditions of low duty cycles or
film micro-actuators intermittent operation, and in extreme environment, such as
radioactive, space, biological and corrosive conditions.
Numerical modeling and computer simulation of behav-  Freestanding films usually show intrinsic “two-way”
iors of TiNi films and their micro-actuators, in combination shape memory effect, with large displacement, but relatively
with experimental characterization efforts, will lead to the small force in actuation. This is applicable in microsen-

Temperature (K)
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Table 1

Comparison of micro-actuation mechanisfss]

Micro-actuation effect Maximum energy density (W $jm Maximum frequency (Hz) \oltage (V) Efficiency,
TiNi SMA 2.5 x 10 <100 2-5 0.01
Electrostatic 1.8x 10° <10000 5-500 0.5
Electromagnetic 4.0¢ 10° <1000 ~20 <0.01
Piezoelectric 1.2 10° <5000 5-100 0.3
Bimetallic 40x 10° <100 ~5 104
Thermopneumatic 5.& 10° <100 ~10 0.1
Conductive polymer 3.4 10° <1000 ~5 0.6

sors, microswtiches or micropositioners. The nature of this is needed because silicon structure can separate the working
“two-way” shape memory effect could be due to: (1) in- liquid from SMA film completely.

trinsic residual stress in TiNi filmBi5]; (2) compositional

gradient through film thicknesf4,65} (3) existence of 4.1.2. Microgrippers

R-phase; (4) hot shaping and aging of TiNi film resulting in Grasping and manipulating small or micro-objects with
TisNig4 precipitated66]. The constrained film/substrate ac- high accuracy is required for a wide range of important appli-
tuators could provide large actuation force, but sacrifice the cations, such as the assembly in microsystems, endoscopes
deflection (or strain). The substrate may act as an effectivefor microsurgery, and drug injection micromanipulators for
biasing force, thus creating a mechanical “two-way” shape cells. There are some basic requirements for microgrippers,

memory effect. for example, large gripping force, sufficient opening distance
for assembling works, etc. TiNi films are promising in these
4.1. Micro-actuators applications. So far, two types of TiNi film based microgrip-

per designs are available. The popular design is out-of-plane
Since TiNi films can provide large forces for actuation bending mode, mostly with two integrated TiNi/Si cantilever
and large displacement, therefore, most applications of TiNi (or other substrate, such SU-8 or polyimide, etc.) with op-
films in MEMS are focused on micro-actuators, such as mi- posite actuation directions (s&&y. 6(a) [73,74] Fig. 6(b)
cropumps, microvalves, microgrippers, springs, microspac- shows the patterned TiNi electrodes on silicon cantilevers.

ers, micropositioners, and microrappers, etc. When the electrodes are electrically heated, the cantilever
bends up due to the shape memory effects of TiNi films, thus
4.1.1. Micropumps and microvalves generating gripping force. These types of gripper designs

MEMS based micropumps and microvalves are attrac- usually need further bonding process to combine two can-
tive for many applications such as implantable drug deliv- tilevers to form gripping movement. The force and displace-
ery, chemical analysis and analytical instruments, etc. TiNi ment generated can be very large. A novel micro-wrapper as
thin films are suitable for building microvalves and pumps. shown inFig. 7was fabricated using freestanding TiNi films
There are different designs for TiNi film based micropumps with out-of-plane movemen75]. The overall dimension of
or microvalves, and most of them use TiNi membrane (or the micro-wrapper arms is 1Qn, approximately the diam-
diaphragm, microbubble, etc.) for actuatigh67—69] Both eter of a human hair. The micro-wrapper has a small current
freestanding TiNi films and constrained TiNi films are used. passing through it to maintain the flat shape. Upon removal
Although freestanding TiNi film has intrinsic two-way ef- of the current, the small arms close to form a cage. This
fect, in order to maximize this effect, extra process, such as micro-wrapper can be used to manipulate micro-organisms
3-D hot-shaping of TiNi film (membrane) and externally bi- or possibly in minimally invasive surgery to remove anoma-
ased structure (such as a polyimide lafj#d], or a bonded lies such as tumors. Refi76] reported a novel microelec-

Si cap[29] or glass caf71]) have often been applied. Ref. trode with TiNi clipping structure, which can be used for
[68] also reported a design using two active TiNi mem- minimally invasive microelectrodes to clip a nerve cord or
brane films to improve actuation. All of these extra pro- other living organisms. The TiNi film is actuated when a
cesses could result in complicated structure and difficulty in current is applied to the electrode. The clipping force of the
MEMS processing. Another concern is the effective thermal electrode to the nerve is enhanced by a hook structure and
isolation between the heated TiNi films and the fluid be- two C-shaped probes as showrHig. 8(a) and (h)Another
ing pumped. TiNi/Si bimorph membrane based micropumps gripper design is in-plane mode, in which the deformation of
and valves are more commonly reported. The advantages ofwo arms (using freestanding TiNi films or TiNi/Si beams)
using TiNi/Si membrane as the driving diaphragm include is within a plane realized by compliant structure degigf.
[72]: (1) large actuation force; (2) simplicity in process and Ref.[78] reported a microtweezer structure, in which resid-
no special bias structure needed because the silicon subual stress in TiNi film is used as a bias force load. This
strate can provide bias force; and (3) no isolating structure can eliminate the need for providing bias force for device
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Fig. 6. TiNi/Si microgripper with cantilever structure with out-of-plane ben
cantilevers.

operation. However, the force from the deformation of the

free-standing films is not large enough to grasp large objects.
The other problem in this type of design is how to prevent

out-of-plane bending, beam deformation and fracture during
operation caused by intrinsic film stress.

4.2. Micro-sensors, microswitches and microrelays

TiNi thin films are sensitive to environmental changes
such as thermal, stress, magnetic or electrical fields thus
should be ideal for applications in microsensors. However,
only a few studies and applications are reported in this re-
spect. Possible reasons for the lack of studies include: (1)
the sensing function is limited only within the appropriate

temperature range; (2) low response speed and frequency

inherent to the thin film SMA. TiNi film was reported as a
gate of metal-on-silicon (MOS) capacity sensor, for detect-
ing the increase in capacitance of TiNi films during heating
and cooling[79]. Other potential applications as switches

o2

200HM

Fig. 7. The micro-wrapper made of freestanding TiNi fil{@§].
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(b)

ding mode: (a) microgrjgpetb) the patterned TiNi electrodes on silicon

C-shape probes
for recording

¢100 pm wire

(b)

Fig. 8. (a) A TiNi electrodes with the hook structure is returned to
its memorized shape when it is heated, while two C-shape probes for
recording are not heated; (b) the microelectrode clipping a wire (90
after the hook structure is heatgb].
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or microrelays include on-chip circuit breakers against over- frared radiation (FIR) imaging sensor based on a TiNi film

heating caused by short circuit or overload, probe tips for cantilever. One side of the cantilever is coated with a FIR

automatic test equipment, fiber optics switching, automotive absorbing layer, and the other side is coated with a reflecting
fuel injectors, micro-lens positioner, e{80]. However, the layer of gold. Upon adsorption of FIR, the temperature of

environment stimulus must reach to a critical temperature TiNi cantilever changes, causing the large tilting effect. The

value to trigger the operation. Also the exact relationship detection of the mechanical movements in the cantilever is
between external heat or electrical current and movement isrealized by illuminating the reflective gold side with a laser

difficult to control.
When TiNi film undergoes a phase transformation, both

beam.Fig. 9 shows a TiNi micromirror structure, in which
a Si cap acts as top mirror, and the arms for actuating Si cap

its surface roughness (corresponding to light scattering) and(40pm) were fabricated with TiNi/Si beam structure. The

its refractive index chand81,82] The reflection coefficient

TiNi/Si beams can be actuated using joule heating of TiNi

of the austenite phase is higher than that of the martensiteelectrodes, thus causing the beam bending and tilting the Si

phase by more than 45%, thus it is possible to use TiNi films
as a light valve or on—off optical switch for spatial light
modulators[82]. TiNi film can also be used as a lever to
move optical lens up or down (instead of left or right), thus
forming an out-of-plane micro-actuator for optical switches
[83]. The potential areas of applications include field emis-
sion flat panel displays technology, in which TiNi film based

mirror. The problem is that the tilting angle is rather lim-
ited, because silicon cannot be deformed more than about
1-3% strain before fracture. The other problems existing for
these optical applications include: (1) low speed, hystere-
sis and nonlinear deformation of TiNi films, although this
can be improved by appropriate design; (2) the sensitivity
of optical reflection on film composition, light wavelength,

micro-actuators can erect a large number of micromachinedsubstrate temperature, distance from fiber optic tip to TiNi

spacers between the pix¢&3]. Ref.[84] reported a far in-

x60 500um

(@)

(b)

Fig. 9. TiNi micromirror structure with a Si cap acts as top mirror and
the arms fabricated with TiNi/Si beam structure: (a) top view; (b) bottom
view.

film surface, etc.; (3) control of stress to prevent undesirable
deformation.

5. Futuredirectionsfor TiNi films and micro-actuators
5.1. Functionally graded and composite TiNi-based films

To further improve the properties of TiNi films,
multi-layer, composite or functionally graded TiNi-based
films can be designed. So far, there are different design
models for the functionally graded TiNi thin films. The first
type is through the gradual change in composition (Ti/Ni
ratio), crystalline structures, transformation temperatures,
and/or residual stress through film thicknd66,85] As
the Ti or Ni content changes in the micrometer-thick film,
the material properties could change from pseudo-elastic
(similar to rubber) to shape memory. The seamless integra-
tion of pseudo-elastic with shape memory characteristics
produces a two-way reversible actuation, because residual
stress variations in thickness will enable biasing force to be
built inside the thin film. These functionally graded TiNi
films can be easily prepared by slightly changing the target
powers during depositiofi25]. Another novel way is to
vary the target temperature during sputter[a8,14] and
the films produced by hot targets have compositions similar
to that of the target while films produced from cold target
are Ti deficient. In order to successfully develop function-
ally graded TiNi thin films for MEMS application, it is
necessary to characterize, model and control the variations
in composition, thermomechanical properties and residual
stress in these films.

The second type of functionally graded films involves
new materials and functions other than TiNi films. Recently,
we [86,87] explored the deposition of a functionally graded
TiN/TiNi layer to fulfill this purpose. The presence of an
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adherent and hard TiN layer (300 nm) on TiNi film (3.B1) terfaces (martensite variant interfaces, like twin boundaries,
formed a good passivation layer (to eliminate the potential phase boundaries, lattice defects), thus a large amount of en-
Ni release), and improved the overall hardness, load bearingergy is dissipitated upon cycling. The changes of damping
capacity and tribological properties without sacrificing the capacity of TiNi films have been used to study their phase
shape memory effect of the TiNi film. Also TiN layer is able transformation behaviof80]. Damping capacity is temper-

to restore elastic strain energy during heating and to reset theature and frequency dependent and peaks in the vicinity of
martensite phase on subsequent cooling, forming a two-waythe martensitic transformation temperature, thus these fac-
SMA effect. In order to improve biocompatibility and adhe- tors can be explored for the design of anti-vibration damp-
sion of TiNi films, a functionally graded Ti/TiNi/Ti/Sigraded  ing structures. In hard disk drives, the positioning accuracy
layer could be proposed. A thin layer of surface Ti layer of the read/write heads strongly depends on the inherent dy-
can improve biocompatibility (prevent potential Ni allergic namic characteristics of the head actuator assembly (i.e., vi-
reactions), while the Ti interlayer is used to improve film brations of the head actuator assembly system). TiNi film
adhesion. Using co-sputtering with multi-targets, or control- with large damping property is promising in minimizing the
ling the gases during sputtering, these graded film designsvibrations during the operations of the hard disk drive. How-
can be easily realized. ever, fabrication of the actual damping devices must take

Some surface modification methods, such as irradiation into account factors of economics, reliability, versatility and
of TiNi films by electrons, ions (Ar, N, He, Ni or O ions), construction needs. Also important to be considered are film
laser beams, neutrals can be used (1) to modify the surfacestress and potential distortion of structures.
physical, mechanical, metallurgical, wear, corrosion and Good wear resistance is an important property required of
biological properties for application in hostile and wear en- some MEMS and biomedical applications, such as pumps,
vironment; (2) to cause lattice damage and/or alter the phasegrippers, valves, etc. It was reported that bulk TiNi alloys
transformation behaviors along thickness of film, forming in austenite exhibit good wear resistance (due to its rapid
novel two-way shape memory actuatif@8—90] The prob- work hardening and pseudo-elastic properti€)]. How-
lems of these surface treatments are high cost, possibleever, poor wear resistance of B{thartensite) and high co-
surface or ion induced damage, amorphous phase forma-efficient of friction are potential problems. In the case of
tion, or degradation of shape memory effel@8]. Surface SMA films, interfacial adhesion, large coefficient of friction
oxidation of TiNi bulk materials have often been reported to and potential stress are other major concerns for their tribo-
prevent the Ni ion release and improve its biocompatibility logical applicatiorf96,97] Functionally graded layer design
[91,92] and it is possible to do the same process for TiNi (TiN/TiNi) or surface modifications as discusseddaction
films with the sacrifice of shape memory effect. 5.1 could provide viable solutions.

Other functionally graded or composite designs include  Bulk TiNi is a common and well-known material for the
the combination of TiNi films with piezoelectric, ferromag- medical industry{98]. At present, increasing attention has
netic, or magnetostrictive thin filmf3]. Response time  also been paid to use TiNi thin film into minimally inva-
of the piezoelectricity mechanisms (PZT films) is fast (see sive surgery, microstents and bioMEMS applications. Some
Table 1), but the displacement is relatively small. TiNi film, micro-actuators made from TiNi thin films may be used to
on the other hand, has a large force-displacement, but withinfuse drugs, or placed in strategic locations in the body to
slow response frequency. By coupling TiNi and PZT films assist circulation. Glass, silicon and polymers are the mostly
to fabricate a new hybrid heterostructure composite or func- common used substrates for biological applications. How-
tionally graded films, it is possible to tune or tailor the static ever, high deposition or annealing temperatures for prepa-
and dynamic properties of TiNi thin films, which may gener- ration of TiNi films and the poor adhesion on these sub-
ate a larger displacement than conventional piezoelectric orstrates pose the potential problems. Superelasticity of TiNi,
magnetrostrictive thin films and have an improved dynamic a non-linear peudoelasticity as much as 7-10% strain, has
response compared with that of single layer TiNi films. Both already found many applications for bulk materials, but few
PZT and TiNi films can be prepared by sputtering methods, explorations are carried outin MEMS applications so far us-
or PZT film by sol-gel methods and TiNi film by sputtering. ing thin films. TiNi thin film SMA in its super-elastic state is
Either TiNi or PZT films can be the bottom layer. However, promising for some compliant elements in MEMS devices.
the complexity of the fabrication processing, the interfacial ~ Since thin films with nanometer grains (about tens or hun-
diffusion and adhesion, and dynamic coupling of dissimilar dreds of nanometers) still show shape memory effect, it is
components remain tough issues for these types of compospromising to fabricate nano-scale SMA thin film structures

ite thin films. with the aid of precision tools (such as focused ion milling
or FIB). These structures may be able to perform physical
5.2. Potential new applications actuation (push, pull, etc.) at nano-scale. Possible difficul-

ties of TiNi films in nanoscale structures may include: (1)

High passive and active damping capacity is considered large amount of oxygen and carbon adsorption on TiNi sur-
as one of the important functional properties of SM84]. face due to the extremely reactive nature of Ti elements, and
Since the process involves the hysteresis movement of in-the oxide and oxygen diffusion depth could be as large as
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tens of nanomete$0]; (2) the difficulty in fabrication and

manipulation of these nanostructure, although laser beam,

or FIB is promising.

6. Summary

Development of TiNi-based SMAs thin films and

mciroactuators witnessed a considerable progress in recent
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