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ABSTRACT

In order to create shape memory alloy (SMA) bimorph
microactuators with high-precision features, a novel fabrication
process combined with electron beam (E-beam) evaporation,
lift-off resist and isotropic XeF, dry etching method was
developed. To examine the effect of E-beam deposition and
annealing process on nitinol (NiTi) characteristics, the NiTi thin
film samples with different deposition rate and overflow
conditions during annealing process were investigated. With the
characterizations using scanning electron microscope and x-ray
diffraction, the results indicated that low E-beam deposition
rate and argon employed annealing process could benefit the
formation of NiTi crystalline structure. In addition, SMA
bimorph microactuators with high-precision features as small as
5 microns were successfully fabricated. Furthermore, the
thermomechanical performance was experimentally verified
and compared with finite element analysis simulation results.

Key words: shape memory alloy, bimorph, electron beam
evaporation, lift-off resist, XeF, dry etching, annealing, x-ray
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INTRODUCTION

Over the years, microactuators have already been widely
applied in diverse applications, such as in aerospace (Kudva

), biomedical field (Petrini and Migliavacca ), and
microrobotics (Song et al. ), which require delicate
handling of micro-objects and high-precision coordination in
limited microenvironment. Especially for three decades, the
rapid advancements of microelectromechanical system
(MEMS) technique has enabled the research of an extensive
range of miniaturized microactuators using MEMS fabrication
methods. Microactuators can be classified depended on the
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actuation principles into electrostatic (De Jong et al. ),
piezoelectric (Liang et al. ), electromagnetic (Lin et al.

), thermal and shape memory alloy (SMA). SMA has such
attractive advantages compared to other actuation mechanisms
as high power density, large actuation force, large displacement
range, low cost, resistance to corrosion, and biocompatibility
(Barbarino et al. ), which make this kind of smart material
one of the preferred microactuators in various specific
applications, particularly in biomedical field (Nisar et al.
and Erismis et al. ), such as endovascular surgery, neural
interfaces, drug delivery and intestinal obstruction. Among
various SMA materials, a nickel titanium (NiTi) SMA
composition is commonly used.

However, SMA actuators have also been often described as
having a slow response speed, which is seen as a major
hindrance for the broad implementation (Loh et al. ). The
main limiting reason for its slow response speed is the heating
and cooling speed of the SMA (Velazquez and Pissaloux ).
To overcome this drawback, NiTi thin film SMA in MEMS has
been studied since 1990, when it was presented by Walker
( ), not only because the NiTi thin film can provide larger
forces over longer displacements, but also since the challenges
of slow response speed can be overcome significantly by NiTi
thin film due to the larger surface area to volume ratio. As a
result, the advancements of microactuators formed by NiTi thin
film have further achieved with various applications, which
have been developed in MEMS field. For example, Takeuchi
and Shimoyama ( ) as well as Fu et al. ( ) fanricated a
microgripper, Makino et al. ( ) as well as Sassa et al. ( )
presented a micropump, and Chung and Chan ( ) fabricated
a micro imaging sensor. To date, the NiTi thin film has been
fabricated by several deposition techniques, namely, radio
frequency (RF) or direct current (DC) magnetron sputtering,
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Figure 1. Fabrication process using E-beam evaporation

pulse laser deposition, plasma enhanced chemical vapor
deposition, and flash evaporation (Mohammad et al. ). The
most common deposition method is sputtering. In the paper
(Wongweerayoot et al. ), a bimorph microgripper was
fabricated by depositing NiTi thin film on a freestanding copper
using DC sputtering. According to this research, the
microgripper could grasp and hold a plastic ball up to 0.5 mg
weight. However, this NiTi thin film deposition technique poses
a challenge in term of controlling element composition
resulting from deviation in sputtering yields from original target
material (Hae et al, ). During the deposition process,
parameters such as temperature, pressure, post-annealing
conditions, power applied and so on should be precisely
controlled to obtain the expected stoichiometry, which has a
large effect on the transformation temperature. To obtain better
uniformity of NiTi composition, Hae ( ) used electron
beam evaporation method to fabricate NiTi thin film instead of
the sputtering, which can be explained by the elimination of
oxidation loss by employing high power to result in a shorter
evaporation time, as well as better vacuum conditions.
However, microstructure formed by NiTi thin film was not
particularly studied in this paper. On the other hand, very
uniform micro-patterns of NiTi thin film are required in many
specific applications (Chun et al. ). Based on the sputtering
deposition method, one common fabrication process of NiTi
thin film micro-patterns is wet etching, which utilizes a dilute
solution of hydrofluoric acids, nitric acids, and DI water (Fu et
al. ). But this kind of fabrication process produces non-
uniform micro-patterns with severe undercuts. To achieve
micropatterns with smooth edges, an anisotropic dry etching
method has been proposed (Zamponi et al. ). But a large
drawback of this method is the slow etching rate, which is
unacceptable in many cases. As a result, until now, it has been

difficult to micromachine NiTi thin film with high-precision
features as small as 5 microns, which is quite meaningful in
extremely microenvironment applications. Hence, there is a
huge demand to develop a new approach to fabricate SMA
microactuators formed by NiTi thin film with small features to
meet specific requirements in various fields.

In this paper, SMA bimorph microactuators with NiTi thin
film and aluminum (Al) have been developed using a novel
fabrication process. This kind of SMA microactuators with
high-precision features as small as 0.5um were fabricated by
combining with electron beam evaporation, lift-off resist and
isotropic XeF, dry etching method. This paper demonstrated
the feasibility to fabricate NiTi SMA microstructure using E-
beam deposition method and analyzed characterizations of NiTi
SMA material when the conditions of deposition and annealing
process were varied. The effect of the conditions mentioned
above on the characterizations, which were performed using
isotropic XeF, dry etching machine, scanning electron
microscope (SEM), and x-ray diffraction (XRD), were
highlighted. =~ Moreover, the simulation results of
thermomechanical behavior of SMA bimorph microactuators
were studied, which utilized the finite element analysis method
via Coventor Ware. In addition, the thermomechanical
performance of the SMA bimorph microactuator was
experimentally verified and compared with simulation results.

FABRICATION PROCESS

In this paper, a novel fabrication processes for producing
SMA microactuators with high-precision features were
presented. For every fabrication step, the approach used to
construct the features was described.
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Figure 1 separately illustrates the lift-off resist process,
electron beam evaporation process and isotropic dry etching
process utilized to fabricate SMA microactuators with high-
precision patterns. It started by initially depositing aluminum
thin film with 500 nm thickness by the photolithography and E-
beam technique. Beginning with a 4-inch P-type silicon wafer,
spinning coating of negative photoresist MaN1410 for UV
exposure (step 1, 3000rpm for 30s with lum thickness and
10mW/cm® UV light for 40s with Mask 1) was performed,
which was followed by development (step 2, Mad 533/S, 60s).
The removal parts of negative photoresist formed the desired
patterns with high-precision could be up to 0.5 microns. Then
500 nm aluminum thin film was deposited on the surface of
silicon wafer by E-beam evaporation on a high vacuum
condition (step 3, base pressure below 10° Torr). After
achieving the desired thickness, the rest of negative photoresist
with aluminum deposited on the surface of photoresist were
lifted-off using strong organic solvent 1165 (step 4, 60 minutes
at 80 Celsius) to form patterned aluminum thin film thanks to
the perfect directivity of E-beam deposition technique.
Consequently, a patterned NiTi thin film with 500 nm thickness
was deposited on the aluminum thin film layer by the similar
fabrication technique to achieve bimorph structure and the
minimum feature size involved was about 5 microns. (step5,
step 6, step 7 and step 8). Following the aluminum and NiTi
thin film E-beam deposition, a MaN1410 negative photoresist
was spun coated and patterned via similar photolithography
technique on the surface of silicon wafer (step 9 and step 10,
1000rpm for 30s with 2um thickness, 10mW/cm” UV light for
60s with Mask 3 and develop in Mad 533/S for 80s) and the
exposed silicon material was etched using XeF, by isotropic
dry etching technique to release bimorph microstructures (step
11, etching rate is approximately 60 s to etch 0.5 microns
thickness of silicon material). Finally, one end fixed SMA
bimorph microactuators were crystallized in a quartz tube
furnace at the desired annealing temperature 600°C to perform

the annealing process.

Table 1 Samples under different deposition and annealing process

Vacuum Surrounding
pump

Figure 2. Schematic setup of quartz tube furnace with argon overflow

EXPERIMENTAL SETUP

Since the research result about NiTi thin film deposited by
E-beam technique has little, there is no systematic study of E-
beam deposited NiTi microactuators, relevant literatures are
rare. Hence, the effects of the E-beam deposition process and
annealing conditions were firstly investigated with various E-
beam deposition powers and different vapor flow conditions as
shown in Table 1.

Deposition E-beam Annealing

Sample Rate (nm/s) Current (mA) Process Overflow
1 0.06 167 No
2 0.06 167 Yes Vacuum
3 0.06 167 Yes Argon
4 0.15 196 No
5 0.15 196 Yes Vacuum
6 0.15 196 Yes Argon

In this work, the preparation of NiTi thin film was done on
standard P-type silicon wafer by the E-beam evaporation, as
this kind of wafer could not only be isotropically etched by the
XeF, etcher, but also was thermally stable during alloy
characterization. The NiTi thin film was deposited by electron
beam evaporation (Lesker PVD75) using a NiTi alloy material
with ratio of Ti and Ni equaled to one. During the E-beam
deposition process, the base pressure was set at 10° Torr and
the accelerating voltages was maintained at 7.8 kV. At these
conditions, the deposition rate of NiTi thin film can be
controlled using different beam current and DC power.
Afterwards, the NiTi thin film samples were separately
annealed at different vapor overflow conditions in the quartz
tube furnace, as shown in Fig. 2., to crystallize NiTi alloy. At
first, vacuum pump was used to remove the air inside the quartz
tube. Then the vacuum pump was turned off, and argon was
employed to make oxygen free in the quartz tube. To avoid
oxidation of NiTi thin film, this procedure was repeated three
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Figure 3. XRD results of NiTi thin film under different deposition rate
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Figure 4. XRD results of NiTi thin film with different overflow conditions during annealing process
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Figure 5. SEM images of surface of annealed NiTi thin film fabricated under low E-beam deposition rate: (a) image of sample
2 with argon overflow during annealing, (b) image of sample 3 without argon overflow during annealing

times. At last, the heater was turned on with a heating rate of
600°C/ hr. Once reached the desired annealing temperature

600°C, the temperature was kept constant for 1 hour, and then,
the heater was turned off to obtain a natural cooling procedure.

To study crystallinity of NiTi thin films, x-ray diffraction
spectra of these samples were measured using x-ray
diffractometer (Rigaku Ultima III). In addition, SEM images
(Hitachi S-4800) were utilized to analyze the surface of NiTi
thin film as well as to evaluate the high-precision patterned
NiTi microactuators.
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Figure 7. SEM image of patterned NiTi-Al bimorph microactuators with high-precision features as small as 10 microns using
the novel fabrication method proposed in this paper

RESULTS AND DISCUSSION

Material characterization

In this study, the effect of E-beam deposition rate and
annealing parameters on the material characterization was
investigated. As shown in Table 1, the crystalline structures of
six types of NiTi thin film samples were determined by XRD
tests at room temperature. Figure 3(a) and (b), respectively,
illustrated XRD test results of sample 1 and sample 4 with
different E-beam deposition rate. In these two samples, it was
obvious that the results exhibit only one similar peak
(2theta=45°), which was identified as NiTi monoclinic structure
(111) (martensite B19’). Subsequently, according to Fig. 4(a)
and (b), with the same overflow annealing conditions, the XRD
results showed the similar XRD patterns with different
deposition rate. Seemingly, the deposition rates under different
E-beam work power had little effect on the crystallization of
NiTi thin film. However, it was found that the annealing

overflow conditions showed great influence on the XRD
results. For sample 2 and 5, totally three strong peaks can be
found, one peak (2theta=42.5°) corresponded NiTi cubic
structure (110) (austenite B2), and the other two peaks
(2theta=43.7°and 45°) were identified as (111) and (001) NiTi
monoclinic structure (martensite B19”), which revealed that
austenite and martensite co-exist in the same annealed NiTi thin
films at room temperature and the phase transformation was
confirmed. But for those two samples 3 and 6 without
employing argon overflow during the annealing process, XRD
test results only exhibited two strong peaks, and did not show
any peak stand for austenite phase of NiTi. The XRD results
indicate that the crystalline structure of NiTi thin film became
better oriented when employed argon overflow during
annealing process. In addition, it was also observed that the
dominant phase was austenite in Figure 4 (a) of sample 2,
which means the annealed NiTi thin film with low deposition
rate could have better shape memory effect.
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Figure 9. Optical microscope images of bimorph SMA microactuators before and after dry etching process: (a) before dry
etching process, (b) after dry etching process.

Figure 5 (a) and (b) showed SEM images of surface of
annealed NiTi thin film fabricated under low E-beam
deposition rate. For sample 2 with argon overflow during
annealing, the surface appeared brightly or shiny as shown in
Fig. 5(a). In contrast, for sample 3 without employing argon
overflow, the surface was cloudy or dark as shown in Fig. 5(b).
This was because the crystalline austenite NiTi thin film of
sample 2 were formed, compared to sample 3 without the
crystalline austenite phase NiTi thin film oriented, which
agreed with XRD results of Fig. 4 (a).

Fabricated Patterns

Figure 6 showed SEM images of patterned NiTi
microstructure fabricated utilizing the standard wet etching
method (Chun et al. ). Various types of geometries (i.e.,
triangles, circles) were fabricated with this etch approach and
Fig. 6 was a representative sample. According to Fig. 6, even
though the sizes of micropattern features were already 50
microns, it was obvious to find the presence of non-uniform
patterns with severe undercuts. The challenge of this wet
etching method shown are attributed to the isotropic etching
mechanism present in NiTi thin film using a dilute solution of

hydrofluoric acids, nitric acids, and DI water. When the etched
patterned microstructures were released from the silicon wafer,
it could be obviously found that the serious tearing problems
existed near the undercuts.

In contrast, Fig. 7 showed an SEM image of patterned
NiTi-Al bimorph microactuators with high-precision features as
small as 10 microns, which were fabricated using the novel
fabrication method proposed in this paper. Both the low
magnification and high magnification SEM images were taken
after releasing SMA microstructures from the silicon wafer
using XeF, dry etcher. In addition, Fig. 8(b) illustrated that
even in the features with sharp corners, this novel fabrication
method produced quite smooth micropatterns relatively
robustly. Furthermore, thanks to the perfect unique reactivity
with silicon material using XeF,, these NiTi micropatterns did
not induce the fracture or tearing problems mentioned above
after releasing from silicon wafer. Since this fabrication process
combined with lift-off resist (LOR) process, electron beam
evaporation (E-beam) process and isotropic dry etching
process, as a result, the limit of fabrication precision was
attributed to the limits of photolithography, which depended on
the UV wavelength utilized during the exposure process.



SMA Bimorph Microactuator

Following successful E-beam depostion of patterned NiTi
thin film, aluminum was chosen as the stress layer for the
fabrication of micro NiTi-Al bimorph actuators. With
combination of NiTi and aluminum, these bimorph
microactuators could bend due to the mismatch in coefficient of
thermal extension (CTE) between two different materials when
structure temperature changed.

Table 2 Thermomechanical Properties of NiTi and Al

Properties NiTi Al
6.6 (Martensit
CTE (10 1/K) (Martensite) 23.1
11 ‘Austenite)
Density (g/cm®) 6.45 2.7
Young’s modulus (G Pa) 80 70
Poisson’s ratio 0.3 0.35

Firstly, the thermomechanical behaviors of SMA bimorph
microactuators were investigated using the finite element
analysis method via Coventor Ware. As shown in Fig. 8(a), the
SMA bimorph microactuators finite element model was built,
with one end fixed and on end free. The red parts stranded for
the main body of microactuators using aluminum material, and
the green part employed as stress layer using NiTi thin film to
induce residual stress throughout whole structure to make this
bimorph microactuators bend. To determine the displacement of
the bimorph SMA microactuator, FEA simulations were
performed using the thermomechanical properties as shown in
Table 2. As a result, Fig. 8(b) showed the maximum
displacement (4.43 microns) of the microactuator, which was
consisted of a 0.5 microns layer of NiTi deposited on the
surface of 0.5 microns layer of aluminum at 200 °C.

Figure 9 (a) and (b), respectively, showed the bimorph
SMA microactuators before and after dry etching process
observed by optical microscope. The microactuators had two
legs, 10x200 micron, connected together with a 50x50 micron
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Figure 10. SEM pictures of other types of bimorph SMA microactuators in the static response experiments

square pad at a free end and two fixed contact pads at the other.
Before releasing from silicon wafer as shown in Fig. 9 (a), the
whole microstructures were fixed. Following XeF, etching
process, the SMA bimorph microactuators were released from
silicon as shown in Fig. 9 (b), and significant bending result
could be observed. With the help of “ruler” deposited next to
the microactuators, the maximum displacement (4.37 um) could
be calculated using the equation of the radius of curvature in
bent microactuators (Alaa et al ), which was
experimentally verified compared with FEA simulation results.

Furthermore, Fig. 10 (a) and (b) showed the SEM pictures
of other types of bimorph SMA microactuators in the static
response experiments, which demonstrated the feasibility to
fabricate NiTi SMA microstructure using the novel deposition
method proposed in this paper.

CONCLUSION

The standard wet etching method used to fabricate
sputtering NiTi microstructure produced non-uniform micro-
patterns with severe undercuts. In this paper, to solve the above
problems, a novel fabrication method combined with electron
beam evaporation, lift-off resist and isotropic XeF2 dry etching
method was evaluated, which could fabricate SMA
microactuators with high-precision features as small as 5
microns. In addition, the effects of E-beam deposition rate and
annealing overflow conditions on the material characteristics
were examined. The following conclusion could be drawn. The
low E-beam deposition rate and argon employed annealing
process would benefit the formation of the crystalline structure
of the NiTi thin film. At the end, the SMA bimorph
microactuators were successfully fabricated, and the
thermomechanical performance was experimentally verified
and compared with FEA simulation results. This work may
contribute to a cost-effective fabrication process for versatile
thrombus retrieving devices, which could also show promising
application for micro-robotics.
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