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ABSTRACT
This paper presents the wafer-scale manufacturing of mi-

croactuators based on bulk shape memory alloy material in-
tegrated using adhesive bonding. The work addresses key
technical challenges related to the wafer-scale fabrication of
bulk SMA micro actuators, including wafer-scale integra-
tion of patterned SMA sheets to structured Si wafers and the
integration of cold state reset layers to the microactuators.
Contact printing of an adhesive polymer ensures a selective
bonding when transferring full SMA sheets to silicon struc-
tures on a patterned wafer. The stressed films deposited on
top of the SMA microactuator ensure a built-in reset mech-
anism of the actuators. The paper reports on the success-
ful wafer-scale integration of wafer-sized SMA sheets and
the wafer-scale fabrication of actuator cantilevers. First test
cantilevers with a length of 2.5 mm show a stroke of approx.
180 µm.
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INTRODUCTION
Structures made of Shape Memory Alloys (SMA) can

be easily pseudo-plastically deformed at temperatures below
the material-specific transformation temperature T0. This
process is reversible, i.e. upon applying heat the structure
will recover its original shape. If the recovery is mechani-
cally hindered, the material generates high forces, with the
energy density exceeding that of other actuation principles
by at least one order of magnitude [1]. After the shape recov-
ery and at temperatures below T0, the structure must again
be pseudo-plastically deformed to be operated as an actua-
tor. For most of the SMA actuators, this so-called cold-state
reset is provided by an external bias spring. The integration
of SMA material in MEMS devices can be summarized in
two different approaches. One approach is to fabricate the
SMA actuator element and the MEMS structure separately.
The bias spring is provided by a mechanical obstruction
on the MEMS structure, which deforms the SMA element
during the assembly of the SMA element and the MEMS
structure [2]. The latter approach features several advan-
tages such as the use of bulk SMA, which is commercially
available in a wide thickness range and therefore allows for

Cold state
T < T0

Hot state
T > T0

Cold state
reset layer

SMA

Deflection

Figure 1: The SMA microactuator is deformed in the cold
state due to the induced stress of the deposited cold-state
reset layer. Upon heating, the actuator regains its flat shape
in the hot state.

adjustable mechanical robustness and reduced material cost.
However, the required per-component assembly is not batch
compatible and results in unacceptable high costs. Batch
processing compatibility is provided by another method, the
sputtering of thin SMA films on the MEMS structure [3].
In this approach, the bias spring is provided by the built-in
film stress. However, sputtering of SMA is complicated and
an annealing of the material at high temperatures is neces-
sary, which implies unwanted interdiffusion processes of the
SMA with the substrate. Furthermore, the thicknesses of the
films are limited which results in a limited mechanical per-
formance of the actuator. In recent work, pre-strained SMA
fibres were integrated to microstructured silicon [4] using
silicon cantilevers as cold-state reset.

Previously, the authors introduced a concept for batch
manufacturing of robust trimorph bulk SMA microactu-
ators [5], circumventing the limitations of the previous
methods. The structure consisted of thin cold-rolled SMA
sheet as the bulk material and a dielectric layer which was
deposited at an elevated temperature to provide a stress-
induced cold state reset. However, there were a number of
problems related to this approach. First, thermal mismatch
between the SMA and the silicon caused delamination of
wafer-sized sheets after adhesive bonding, hence the inte-
grated SMA pieces were limited to postal stamp size. Sec-
ond, the SMA sheet was patterned after the bonding using
an aggressive HNO3/HF mixture, which heavily attacked
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the mask material as well as both the underlying adhesive
layer and the silicon. The current work presents a method
to integrate full wafer-sized SMA sheets to microstructured
silicon wafers. To avoid the thermal stress related issues as
well as the aggressive SMA etchant attacking the adhesive
and silicon structure, the SMA sheet is patterned prior to the
adhesive bonding.

WAFER-SCALE MANUFACTURING OF SMA
MICROACTUATORS
Cold-state reset of bulk SMA microactuators

The proposed actuator contains two functional layers as
shown in Figure 1). One functional layer is the core actu-
ation layer formed by the SMA bulk material, which pro-
vides benefits such as the commercial availability of ma-
terial thicknesses and precise control of alloy composition
defining the SMA material characteristics [1]. The other
functional layer is a stressed film which deforms the actu-
ator in the cold state and, in contrast to previous bulk SMA
micro actuators, eliminates the pick-and-place integration of
an additional spring element. Besides the batch compatibil-
ity of depositing stressed thin films, this method also allows
for tuning the actuator characteristics by the choice of layer
thicknesses, material deposition technology and conditions.

In the current work, three different materials were tested
as cold-state reset layer. The tested materials are intrinsi-
cally stressed, PECVD deposited SiO2 and Si3N4 films as
well as aluminium, which was sputter-deposited at elevated
temperatures and results in a standard thermal bimorph
structure. The layers were deposited on 30 µm thick SMA
sheets (Johnson-Matthey, USA). The SMA sheets were then
diced into cantilevers with a width and length of 2 mm and
10 mm, respectively.

The average curvatures, κ=1/R, with R being the radius
of curvature, are presented in Table 1 for each material. The
Si3N4 and Al films deflected the SMA cantilevers in the cold
state but upon heating the bulk SMA was able to regain a
close-to-flat shape. The SiO2 film was able to strongly de-
flect the SMA bulk in the cold state but due to the large stress
from the dielectric film the bulk SMA was not able to re-
cover its flat shape upon heating. However, with a proper
selection of film thicknesses and deposition parameters both
the dielectric materials and the metal film are considered to
be useful as cold state reset material layers for SMA mi-
croactuators

Wafer-scale integration of bulk SMA material
To avoid the thermal stress related issues as well as the

aggressive SMA etchant attacking the adhesive and silicon
structure, the SMA sheet was patterned prior to the adhesive
bonding. To keep the mechanical integrity of the SMA sheet,
the single actuator structures are interconnected with thin

Table 1: Curvature of 30 µm thick SMA cantilevers with dif-
ferent cold state reset layers.

Cold state reset layer Average curvature, κ=1/R
Material Thickness T<T0 T>T0

SiO2
(a) 1 µm 0.074 mm−1 0.014 mm−1

Si3N4
(a) 1 µm 0.021 mm−1 flat

Al (b) 1 µm 0.045 mm−1 flat
(a) PECVD at 300 °C; (b) sputtered at 120 °C

SMA lines. To allow for the handling and etching of the thin
SMA sheet, the sheet was temporarily bonded to a carrier
substrate.

The SMA etchant used is a acid-nitric acid-acetic acid
(HNA) etch system [6], which isotropically etches silicon,
but also attacks many metals and some photoresists [7].
This complicates the choice of a compatible masking ma-
terial to achieve an acceptable selectivity. In the current
work, five different materials were tested as masking ma-
terials for the SMA etching. The tested materials were a
positive and a negative photoresist (1.2 µm and 2.8 µm,
respectively), plasma enhanced chemical vapor deposited
(PECVD), 200 nm thick SiO2 and Si3N4 layers as well as
200 nm thick sputtered Au. Both photoresists were found
to be unusable as a masking material. The SiO2 and Si3N4

films were etched with an unacceptably low selectivity to-
wards the SMA. The Au was not etched at all and therefore
identified as the best masking material, which agrees with
previous work [6].

The patterned SMA sheet was bonded on the silicon
wafer using adhesive bonding [8]. The adhesive layer must
not cover the SMA microactuator beam to avoid any un-
wanted stress deformation of the SMA. Therefore, instead
of applying the adhesive on the SMA sheet, the adhesive
was applied on the silicon structures using an adapted trans-
fer contact printing process [9]. The BCB was spun onto the
adhesive side of standard 65 µm thick dicing blue tape SWT
10+ (Nitto-Denko) and then stamped on the top surface of
the microstructured wafer.

Fabrication of test structures
Figure 2 illustrates the fabrication of the first test struc-

tures. A 30 µm thick SMA sheet (Johnson-Matthey, USA)
was first flattened by heating it above T0 = 45 °C, and sub-
sequentially a 50/200 nm thick TiW/Au layer was sputtered
to serve as a hard mask for the etching of the SMA sheet.
Then, the SMA sheet was temporarily adhesively bonded to
a Si handle wafer. The TiW/Au layer was patterned by stan-
dard positive photolithography and wet chemical etching af-
ter which the SMA sheet was etched to form cantilevers with
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a) SMA foil preparation

b) Silicon substrate preparation

Sputter-depositing and patterning
of 50/200 nm TiW/Au on 30 µm 
thick SMA foil.

Bond the SMA sheet to a carrier
wafer and wet etch SMA foil
with TiW/Au as hardmask.

Strip Au, but NOT TiW and 
release SMA sheet from carrier
wafer.

DRIE etching through a 525 µm
thick Si-wafer with a SiO2 
hardmask.

Contact printing of ~4 µm BCB
on the top surface of the wafer.

c) Wafer-scale bonding

d) Cold-state deformation

non-stick foil
top clamp wafer

bottom clamp wafer
Bonding of the stack, using two
clamp wafers and a non-stiction
foil to avoid adhesion of the BCB
to the top clamp wafer. The 
bonding is performed using a 
standard wafer bonder at 250 ºC 
for 1h and 0.8 bar applied load
 pressure.

After bonding: PECVD of 1 µm
compressivly stressed silicon
nitride to deform the cantilevers
in the cold state.

TiW/Au

SMA sheet
bonding adhesive

BCB stamp substrate

BCB PECVD nitride

Figure 2: Fabrication scheme for the test structures.

a width and length of 1 mm and 2.5 mm, respectively. Then,
the Au layer was stripped off by wet chemical etching but
the TiW layer was left as an adhesion promoter for the BCB.
Finally, the stack was put in a bath of Acetone to release the
SMA sheet as well as to strip off the resist.

A 525 µm thick Si wafer was prepared by thermally ox-
idizing a 2 µm thick oxide layer which was patterned by
standard positive photolithography followed by wet chem-
ical etching in buffered hydrofluoric acid (BHF). With the
oxide layer as an etch mask, through holes were etched by
using deep reactive ion etching (DRIE). Thereafter, BCB
Cyclotene 3022-46 (DOW, USA) was stamped onto the non-
etched areas of the Si wafer using the stamping technique
described previously. To integrate the patterned SMA sheet
with the structured Si wafer, the sheet was aligned to the
structures of the wafer and placed on the adhesive layer.
During the hardcuring of the BCB, the stack was placed
it between two clamping wafers with a non-stick sheet be-
tween the SMA sheet and the top clamping to avoid un-
wanted bonding to the clamping wafer. Then, the stack was
hard-cured in a wafer bonder during 1 h at a temperature
of 250 °C and an applied load pressure of 0.8 bar. After
the bonding, the cold state reset layer was deposited using
plasma enhanced chemical vapor deposition (PECVD). One
one stack, Si3N4 was deposited on the top side of the SMA,
while on another stack, SiO2 was deposited on the backside
of the SMA through the holes in the Si.

 

 

deformed SMA microactuator

SMA actuator structure

SMA interconnection

patterned Si wafer
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Figure 3: Photograph of wafer-scale patterned and bonded
SMA microactuators. The bottom-left inset shows the ac-
tuator structures and the interconnecting SMA lines while
the top-right inset shows a released actuator cantilever de-
flected downwards due to the compressive stress of the 1 µm
Si3N4 layer on top.
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Figure 4: Photographs of a single SMA microactuator diced
out from a full wafer with a 1 µm SiO2 cold state reset
layer on the bottom side. The cantilever is shown deflected
upwards in the cold state (a) and close-to-flat in the hot
state (b). The tip stroke was measured to be approximately
180 µm.

RESULTS
Integrated SMA microactuators were successfully fabri-

cated and bonded to structured Si wafers as shown in Fig-
ure 3. Structures with a 1 µm thick Si3N4 cold reset layer
deflected downwards whereas structures with a 1 µm thick
SiO2 cold state reset layer deflected upwards in the cold
state, due to the compressive stresses from the dielectric
layer. Figure 4 shows SMA cantilevers with a SiO2 cold
state reset layer, which are deflected upwards in the cold
state (a) and close-to-flat in the hot state (b). The stroke of
this cantilever was optically measured in a microscope to
approximately 180 µm.

CONCLUSIONS
This paper has shown the wafer-scale and batch com-

patible manufacturing of bulk SMA microactuators. It also
demonstrated the wafer-scale integration of SMA microac-
tuators to structured Si wafers and cold state reset layers.
The integration concept was successfully realized with the
wafer-scale fabrication of cantilever demonstrators based on
bulk SMA in combination with Si3N4 and SiO2 dielectric
cold state reset layers.
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