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Thermal Degradation of Electroplated Nickel
Thermal Microactuators

J. K. Luo, Y. Q. Fu, J. A. Williams, Fellow, ASME, and W. I. Milne

Abstract—In this paper, the thermal degradation of laterally op-
erating thermal actuators made from electroplated nickel has been
studied. The actuators investigated delivered a maximum displace-
ment of ca. 20 μm at an average temperature of ∼450 ◦C, which
is much lower than that of typical silicon-based microactuators.
However, the magnitude of the displacement strongly depended on
the frequency and voltage amplitude of the pulse signal applied.
Back bending was observed at maximum temperatures as low
as 240 ◦C. Both forward and backward displacements increase
as the applied power was increased up to a value of 60 mW;
further increases led to reductions in the magnitudes of both
displacements. Scanning electron microscopy clearly showed that
the nickel beams began to deform and change their shape at
this critical power level. Compressive stress is responsible for
nickel pileup, while tensile stresses, generated upon removing the
current, are responsible for necking at the hottest section of the
hot arm of the device. Energy dispersive X-ray diffraction analysis
also revealed the severe oxidation of Ni structure induced by Joule
heating. The combination of plastic deformation and oxidation
was responsible for the observed thermal degradation. Results
indicate that nickel thermal microactuators should be operated
below 200 ◦C to avoid thermal degradation. [2009-0015]

Index Terms—Back bending, electroplating, oxidation, plastic
deformation, thermal actuator, thermal degradation.

I. INTRODUCTION

THE ATTRACTION of microelectrothermal actuators for
use in microsystems and microelectronics lies in the rela-

tively large forces and displacements which they can generate
[1]–[3]. With operational voltages comparable to those used
in CMOS, they are particularly suitable for integration with
electronic circuits for control and signal processing. In general,
microactuators have longer lifetimes than their macro counter-
parts, owing to the reduced number of defects in components
with such small linear dimensions. The operational durability
and reliability of microactuators are thus generally superior
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to macroactuators. Microelectromechanical system (MEMS)
switches and comb-drive structures based on electrostatic ac-
tuation have been operated up to tens of billion of cycles
without failure [4]. However, thermal microactuators have
shorter lifetimes, particularly when operated at high temper-
atures. When operated in these conditions, deterioration in
actuation force and actuation frequency, as well as degradation
in maximum displacement and catastrophic failure by burn-
off or blowup, has been reported for both lateral and vertical
thermal microactuators [5], [6]. Thermal degradation is attribut-
able to both surface oxidation and plastic deformation caused
by material creep at elevated temperatures. When a thermal
microactuator is heated above some critical temperature, it may
undergo localized material deformation, oxidation, creep, or
even recrystallization in the most vulnerable position [5], [6]. In
Si-based actuators, a structural deformation phenomenon,
known as “back bending,” is often observed, whereby the
actuating elements will not return to their original positions
once they have been “overactuated” but are left permanently
bent or deformed in the direction opposite to that of normal
actuation.

Plastic deformation caused by creep and recrystallization
increases rapidly with temperature. For a typical lateral thermal
actuator consisting of a combination of hot and cold arms, as
shown in Fig. 1(a), the highest temperature occurs near the
middle of the hot arm; however, the largest stress usually occurs
either near the joint of the hot and cold arms or at the root of the
beams or flexures which allow the structure to move. If material
creep exists at a raised temperature, we should expect material
pileup or accumulation to occur at the place where the compres-
sive stress is the largest. Although there is no direct reported
evidence of such compressive deformation, tensile tests of
Si microbeams, at various elevated temperatures, have revealed
thinning due to creep [7]. The temperature required for plastic
deformation in a Si actuator is believed to be correlated with the
intrinsic melting temperature (∼1414 ◦C) of this material [8].
The observed plastic deformation transition temperature for
Si actuators, however, is typically 600 ◦C ∼ 800 ◦C [6], which
is much lower than the intrinsic melting temperature of silicon.
It was believed that the plastic deformation of the silicon actu-
ators is dominated by brittle-to-ductile transition temperature
which is ∼660 ◦C [9], which is within the observed plastic
deformation transition temperatures (600 ◦C ∼ 800 ◦C) for
silicon thermal actuators. Although thermal degradation has
been studied in microactuators for many years [5]–[11], the
degradation mechanisms are still not clear.

Silicon is the dominant material used for MEMS devices not
least because of the suite of microfabrication technologies and
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Fig. 1. (a) Schematic drawing of the U-shaped thermal microactuator.
(b) SEM photograph of the U-shaped Ni thermal microactuator.

manufacturing facilities inherited from the microelectronics
industry. Since metals have higher thermal expansion coeffi-
cients than silicon, metallic thermal microactuators have lower
operation temperatures. For example, if a Si actuator needs an
operation temperature around 1000 ◦C to deliver a particular
displacement, then a Ni-based actuator would only require a
temperature of ∼400 ◦C [12]. In addition, nickel-based actua-
tors have much lower resistivity and are thus particularly suit-
able for microactuator-based microrelays and microswitches
[13], [14].

Nickel and Ni–Fe alloys are the most studied metals for
microactuators because of their attractive material properties
and easy fabrication by electroplating [12], [13]. Although
nickel has a high melting temperature (1455 ◦C), which is
higher than that of silicon (1414 ◦C), it is ductile in nature.
Metals oxidize at much lower temperatures than silicon, and
thus, the temperature limitation of a metal device is expected to
be much lower than its silicon counterpart. Indeed, a limiting
temperature of ∼200 ◦C has been suggested for the nickel ther-
mal actuators, although with little experimental support [15].
The degradation of electrodeposited Ni structures and devices
has been studied under high stress by many groups, [16]–[18]
but mostly at room temperatures. There is a lack of studies on
Ni microstructures and devices under thermal stress. This paper
reports a systematic investigation on the thermal degradation of
a nickel thermal microactuator, including back bending, creep,
and oxidation.

II. FABRICATION AND ELECTRICAL TESTING

Fig. 1(a) shows a schematic drawing of the U-shaped lateral
thermal actuator used for this investigation. Each device con-
sisted of a thin hot arm and a wider cold arm joined by a thin
flexure. All the U-shaped actuators used in this paper had the
same dimensions. The length and width of the hot arms were
400 and 4 μm, respectively, with the corresponding dimensions
of the cold arms being 360 and 25 μm. The flexure at the
base of the cold arm was 40 μm long and 4 μm wide, and
the gap between the hot and cold arms was 10 μm. When a
current passes through a resistive device, its temperature rises
through Joule heating. In the case of a thermoelectric actuator,
the higher electrical resistance of the thinner beam leads to its
reaching a much higher temperature than the cold arm. This, in
turn, generates a greater change in length by thermal expansion,

thus producing a deflection of the free tip laterally toward the
cold arm.

The microactuators used in this paper were made from elec-
troplated nickel films using a through-mask-plating technology
[19], [20]. The devices were fabricated using a single-mask
process on a 4-in Si wafer: The details of the process can be
found in [12] and [21]. The thicknesses of the nickel films
for two batches of devices, designated hereafter as D1 and
D2, were 3 and 4 μm, respectively. The devices were released
by etching the Si underneath the nickel beams using a SF6

reactive ion etch process. The plasma etching conditions were
as follows: a SF6 flow rate of 45 sccm, a pressure of 150 mtorr,
an RF power of 150 W, and an etch time of 15 min. The
etch duration was long enough to remove all residual silicon
from the back of the devices which were separated from the
Si substrate by an air gap of 25–30 μm, and is sufficient
to minimize conductive losses. Fig. 1(b) shows a scanning
electron microscopy (SEM) of the D2 nickel microactuator with
a Ni thickness of ∼4 μm. The surfaces of the devices were
smooth with a typical roughness of less than 20 nm, and the
sidewalls were almost vertical.

Electrical tests were conducted on the actuators using a probe
station. The motion of the actuators was captured by a video
camera with a resolution of 0.5 μm and was subsequently
analyzed by a commercial software. The actuators were driven
by a pulsed current using a Keithley voltage source Type 224,
which simultaneously monitored the voltage drop across the
devices, so that the power consumption and resistance of the
actuator could be calculated. A rising temperature will increase
the electrical resistance of the device due to the positive tem-
perature coefficient of the resistivity of metals. The average
temperature change of the thermal microactuator ΔTave can be
extracted from the change of the resistance by the relation [22]

ΔTave = T − T0 = (R(T ) − R0) /R0ξ (1)

where T0 is the room temperature, R0 and R(T ) are the re-
sistances of the device at room temperature and the raised tem-
perature, respectively, and ξ is the temperature coefficient of the
resistivity of the Ni with a value of 3 × 10−3 K−1 obtained from
our previous work [23]. A metal such as nickel can be easily
oxidized at high temperatures, so that the resistance of the actu-
ator will increase during high-temperature measurements. This
may cause an underestimation of the device temperature. Since
significant metal oxidation occurs at temperatures > 450 ◦C,
except for those specific experiments observing the enhanced
deformation and oxidation processes, pulsed low currents were
used for the measurements to keep the surface temperature of
the beams at levels at which oxidation would be minimal.

The off-power tip position of a microactuator may gradually
shift due to the so-called back-bending effect, and the resistance
may also change after each measurement. In order to deter-
mine an accurate tip forward displacement and a back-bending
displacement, it was necessary to measure both the off-power
tip position (i.e., the back bent position) and resistance be-
fore starting each measurement. The measurement procedures
were as follows: 1) measure the off-power position and resis-
tance; 2) apply a pulse current; 3) measure the corresponding
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Fig. 2. Displacements of the Ni actuators as a function of pulsed current. The
current pulsewidth was 0.1 s. Device D1 and D2 have different Ni thicknesses
of 3 and 4 μm.

displacement and the voltage drop for resistance and power
calculations; 4) turn off the current; and 5) remeasure the
off-power position and resistance as part of the next measure-
ment sequence. Metals have a positive temperature coefficient
of resistivity, so that if the cooling of the hot arm is insufficient,
then this element of positive feedback can lead to thermal run-
away and structural failure. For the majority of the experiments,
the current pulse duration was therefore limited to 0.1 s to
avoid overheating and thermal destruction. However, in order
to investigate the deformation and oxidation of the nickel beam
that can occur in extreme circumstances, some experiments
were carried out in which a current sufficient to generate the
largest displacement of the actuator was applied to the actuator
for a duration of 3 min. The subsequent surface morphology
of the Ni beams was then characterized using field emission
SEM (JEOL 6340F). Elemental concentrations at the surfaces
of the nickel beams were measured using an energy dispersive
X-ray (EDX) analyzer. The bonded oxygen content in the NiO2

formed during operation could be calculated from the intensity
of the EDX curves.

III. RESULTS AND DISCUSSIONS

A. Displacement Versus Power

Two nickel thermal actuators D1 and D2 with nickel film
thicknesses of 3 and 4 μm, respectively, were studied. Fig. 2
shows the observed displacement from the original zero posi-
tion, back bending, and the total forward displacement, which is
the sum of the former two, with current as input variable. Fig. 3
shows the back bending and the total forward displacement as
a function of power calculated using the current applied and
the resistance measured. The back-bending displacements were
measured from the original zero position, and the minus sign
represents its displacement opposite to the forward displace-
ment. The total forward displacements (forward displacement
in short hereinafter) of the thermal microactuator tips increased
parabolically with the current applied and, up to an input of
60 mW, were roughly proportional to the applied power, in

Fig. 3. Forward displacements and back bending of the Ni actuators as a
function of power consumed, which were calculated from the current applied
and voltage measured. The back bending appears at a current larger than
20 mA.

Fig. 4. Forward displacements and back bending as a function of average
temperature extracted for two thermal actuators. The forward displacement is
almost proportional to the average temperature. The back bending appears at an
average temperature larger than 140 ◦C.

agreement with theoretical analysis in the literature [12], [22].
For both D1 and D2, the displacement of the tip reached a
maximum at a power of 60 mW, specifically at values of
∼16 and 20 μm, respectively; beyond this, the displacement
decreased with any further increase in power due to thermal
degradation, as discussed later.

The observed forward displacement and back bending of the
microactuators D1 and D2 are shown in Fig. 4 as a function of
their average temperatures calculated by (1). The displacement
is approximately proportional to the average temperature up
to a value of 450◦C, above which the displacement decreases.
This may well be due to thermal degradation, as discussed
later. For a similar displacement, a Si-based thermal actuator
would typically require an average temperature of over 1000 ◦C
[4], [5]. The much lower operating temperatures of nickel
actuators are attributable to their larger thermal expansion
coefficient α = 15 × 10−6 K−1 compared to that of silicon for
which α = 2.5 × 10−6 K−1.

The reported tip displacement for U-shaped actuators is
typically ∼5% of the length of the hot arm [5]. The observed
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Fig. 5. Dependence of normalized displacements of Ni actuators on the
frequency. The displacement remains unchanged at a frequency smaller than
40–100 Hz; it decreases with increasing the frequency and diminishes at a
frequency higher than 300–700 Hz.

displacement of ∼20 μm for nickel devices with a length of
400 μm is therefore comparable to those reported for silicon
actuators [1], [5] but occurs at a much low operating tempera-
ture. Further reductions in the temperature required or increases
in the displacements of the tip might be achieved by either
narrowing the gap between the hot and cold arms or by reducing
the width of the hot arm further.

B. Frequency Dependence of Displacement

Square pulses with ton = toff were used for experiments
on the device dependence on frequency which was found to
significantly influence the magnitude of the actuation that could
be achieved. Fig. 5 shows the variation of the displacement,
normalized by its maximum value, as a function of the driving
frequency. As the frequency was increased from 1 Hz to values
of ca. 50–100 Hz, the maximum observed displacement re-
mained unchanged. However, with further increase in fre-
quency, the tip displacement diminished, reducing gradually to
zero when the frequency was on the order of 300–700 Hz.

The cooling processes of a U-shaped actuator of this scale
will have time constants of between 1 and 10 ms [24], which
are much greater than those associated with the Joule-heating
process. Consequently, as the driving frequency is increased,
cooling of the microactuator is suppressed, and the device will
remain at an elevated temperature; hence, it is difficult for the
actuator to deliver a significant displacement because of the
small temperature difference between its hot and cold regions.
The cutoff frequency of such a thermal actuator, defined as
the frequency at which the effective displacement falls to zero,
is thus determined mainly by the cooling process, which is a
function of device dimensions and material properties [24]. For
the devices used in these tests, the thermal cooling time constant
based on the thermal conduction model through the bonding
pads could be estimated, for example, using [24, eq. (9)],
to be ca. 4 ms. This is comparable to those reported in [24]
but rather more than those estimates of 0.5–0.2 ms made from
the observed cutoff frequencies of several hundred Hertz. This
difference might be attributable to an underestimation of heat

Fig. 6. Dependence of displacement on the frequency with peak voltage as a
variable for device D2. It demonstrates that the cutoff frequency increases with
increasing the voltage amplitude of the pulsed signal.

loss through other mechanisms such as conduction or radiation
through the air [25], [26].

The frequency dependence of the displacement is also sig-
nificantly affected by the amplitude of the pulse voltage. Fig. 6
shows the dependence of the normalized displacement on fre-
quency with voltage of the pulse as a variable. The cutoff
frequency, as defined before, increases with the signal voltage.
The reason for this behavior is not clear. The cooling process
normally has an exponential relationship with time, i.e., cooling
is faster at a high temperature. A higher temperature can
be caused by a higher voltage pulse. Thus, a device with a
high voltage pulse has a high cutoff frequency. The maximum
temperature decreases when reducing the pulse voltage; thus,
the cooling process becomes longer, and the cutoff frequency
becomes smaller. Since the pulsewidth is much shorter than
the 0.1 s used for the displacement measurements, the heating
is not significant. However, a detailed observation revealed a
back bending of up to 2 μm after the measurement at a signal
voltage of 1.0V, indicating an average temperature rise of up
to ∼200 ◦C, although this is much smaller than Ta ∼ 450 ◦C,
measured for the 0.1-s pulse measurement. The results imply
that caution is needed in explaining the frequency dependence
of microactuators.

C. Back Bending and Plastic Deformation

Fig. 7(a) and (b) shows the optical images of a thermal
microactuator before and after applying a pulse current of
54 mA. It is apparent that the tip of the microactuator has
become displaced from its original position by ∼15 μm in a
direction opposite to that of the forward displacement, which is
an example of the so-called back bending. Further increase in
the current leads to blowup or burn-off near the middle of the
hot arm, as shown in Fig. 7(c).

Figs. 2–4 also show the extent of back bending as a func-
tion of applied current, power, and average temperature for
the two devices tested. Initially, there is no back bending,
and then, the magnitude of the back-bending displacement in-
creases with average temperature and falls away as the average
temperature increases above 450 ◦C. Back bending occurs at
an average temperature as low as ∼160 ◦C and reaches a
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Fig. 7. Optical images of a thermal actuator show (a) the initial tip position
and (b) the back bending after applying a pulse current of 54 mA and (c) burn-
off followed by a high current of ∼62 mA.

maximum backward displacement of 15 μm at ∼450 ◦C, which
is ∼75% of the total forward displacement. The observed back-
bending behavior with temperature for the D1 and D2 nickel
microactuators is significantly different from those reported for
silicon microactuators [6]. First, the average temperature of
∼160 ◦C, which induces a measurable back bending for the
nickel microactuators, is much lower than that of ∼660 ◦C
for the Si-based thermal actuators [6]. Second, while the back-
bending displacement of the silicon actuators increases with
power initially, it then remains at the maximum value as the
power is further increased until the hot arm blows up [6]. Sili-
con is a relatively brittle material with a high melting tempera-
ture, which can easily fracture or cleave along grain boundaries
rather than softening at large stresses and high temperature.
Further increases in temperature have been observed to lead
to significant recrystallization and abnormal grain growth for
polysilicon-based thermal actuators [10], [11]. Polysilicon re-
crystallization to form large grain structures with crystal facets
was observed at a temperature of 1100 ◦C, which, while much
lower than the melting temperature, roughly coincides with
the temperature at which significant creep might be expected
[9], [10]. Under a tensile stress at a high temperature, silicon
plastic deformation is characterized by grain boundary separa-
tion, internal cracking, and the formation of cavities [6], [10],
rather than ductile necking.

Although nickel has a comparable melting temperature to
silicon, it is ductile. The temperature to initiate plastic defor-
mation in the nickel-based thermal actuators is much lower than
that of comparable silicon microactuators. Since the estimated
maximum temperature of the beam is ∼680 ◦C, deformation
by creep would seem to be responsible for the significant
back-bending behavior of the nickel beams. Creep is thermally
activated, so that both stress and temperature have profound
effects on the process. Creep in metals can occur even at room
temperature, provided that the stress level is sufficiently high
[27]–[29]. This is significantly different from that of the silicon
thermal actuators. As maximum temperature rises, the stress
required to introduce creep in a nickel thermal actuator is much
lower than that of a silicon actuator. Metals become much
more reactive at high temperatures, and metallic surfaces will

be oxidized quickly at relatively low temperatures. However,
the oxidation of surface seems unlikely to be instrumental in
reducing the length of the hot arm as the volume of the material
normally increases after oxidation, and so is unlikely to be the
cause of the back bending of the nickel device.

The temperatures shown in Fig. 4 are the averages extracted
from the variation of the resistances of the nickel microactua-
tors D2. The maximum temperature is near the middle of the
hot arm. A previous analysis based on the thermal conduction
model indicated that the maximum temperature increase of
the hot arm ΔTmax would be expected to be about 1.5 times
the calculated average temperature increase ΔTave [21], [22].
Assuming an ambient temperature of 20 ◦C, the average tem-
perature of 160 ◦C shown in Fig. 4 corresponds to a maximum
temperature of ∼1.5 × (160−20) + 20 = 230 ◦C, i.e., close to
220 ◦C suggested by Lee et al. [15]. The estimated average tem-
perature of 450 ◦C for severe degradation corresponds to a max-
imum temperature of ∼665 ◦C, which should be high enough
to induce significant creep, particularly at a large compressive
stress. Furthermore, it is possible that these figures for average
and maximum temperatures are underestimates as a result of
the simplified model. The actual maximum temperature might
exceed that estimated by ∼20%.

Device D1 showed smaller displacements in both forward
displacement and back bending than those of the device D2,
as shown in Figs. 2–4. It is believed to be caused by the thin Ni
film, which is 3 μm. When the film thickness is smaller than the
width of the hot arm, a certain degree of out-of-plane buckling
under thermal stress occurs. This will not introduce a plastic
deformation, as it is well within the elastic state, but reduce the
forward displacement and back bending.

In order to investigate the cause of back bending, the nickel
microactuators were thermally stressed by passing a high cur-
rent of 54 mA through the structure for 3 min, and the resulting
changes in beam morphology were studied. The 54-mA current
chosen for the experiment corresponds to the near-worst case
of the back bending, as shown in Fig. 2. However, the average
temperature for this experiment should be higher than that at
54 mA shown in Fig. 4, as the device was heated for 3 min,
which is much longer than the 0.1-s pulse measurement. The
temperature increases, owing to the positive temperature co-
efficiency of the resistivity. At the end of 3 min, the average
temperature raised from ∼450 ◦C to ∼500 ◦C, calculated
from the increased resistance, corresponding to a maximum
temperature of ∼1.5 × (500−20) + 20 = 740 ◦C. Fig. 8 shows
the SEM images of a hot arm at various locations along its
length after such a thermal treatment which illustrates some
significant changes. Near the tip joint with the cold arm, the hot
arm has retained the smooth surface finish of the original. At
some distance from its ends, the surface of the hot arm becomes
rougher and more rounded—evidence of plastic flow. Toward
its mid-length, the beam cross section is significantly thinner,
exhibiting a discernable neck. Near this position, on both sides
of it, there is a significant accumulation or pileup of material.
These changes in section, the general rounded appearance and
lack of any preferred crystal facet, indicate that the metal has
undergone a reflow process. As the melting temperature of
nickel is 1455 ◦C, it is unlikely that the reflow is caused by
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Fig. 8. SEM photographs of the hot arm in different places. The device had
undergone heating by a current of 55 mA for 3 min. It showed the Ni pileup
near the hotter places and necking at the hottest spot.

Fig. 9. (a) Schematic drawing of force acting on the hot arm when the current
is applied; restoring force produces a compressive stress, leading to pileup of
Ni. (b) When the current is removed, restoring force produces a tensile stress,
leading to necking of the hot arm.

melting. It is believed that the material pileup and reflow are
associated with creep encouraged by elevated temperatures and
high stresses.

A dynamic model can thus be proposed for the plastic de-
formation of the nickel thermal microactuator shown schemati-
cally in Fig. 9. When the current is first applied, the differential
Joule heating of the thinner arm causes it to become hotter,
and thus, in an attempt to thermally lengthen by a greater
margin than the adjacent cold arm, this puts the material under a
compressive load. This compressive stress causes the material
to deform and pile up in compression, the raised temperature
accelerating this process. Nickel accumulates near the hottest
section forming the comparatively large folded structures visi-
ble at this section of the beam. It is this effective shortening of
the hot arm that is responsible for the subsequent back bending
of the actuator. Upon removing the current, the beam rotates
about its base as the force in the thinner arm changes from
compressive stress to tensile stress. This tensile stress tends to
elongate the shortened arm. Since the middle hottest section is

Fig. 10. SEM photograph of a blowup tip, showing a rounded structure which
was caused by thermal runaway and melting.

Fig. 11. EDX spectra from the surface of a hot arm after thermal stress at
55 mA for 3 min. As approaching the middle of the arm, the oxygen signal
becomes much stronger.

the mechanically weakest, it is here that the extension occurs,
manifesting itself as the observed neck.

It is thus the combination of pileup and necking that is be-
lieved to be responsible for the decreases in forward and back-
bending displacements at Tave = T0 + ΔTave => 450 ◦C, as
shown in Fig. 4. At a modest temperature, material pileup leads
to the shortening of the arm, causing the back bending and
reduction of forward displacement upon removing the current.
At Tave higher than 450 ◦C, necking prevents further shortening
of the arm; hence, the back-bending displacement decreases as
the temperature increases further. Any further increase in the
current increases the temperature rapidly principally because of
the positive temperature coefficient of the resistivity of nickel,
rapidly leading to blowup of the hot arm. Fig. 10 shows a SEM
image of the tip of a failed arm, clearly showing the rounded
reflow structure.

D. Thermal Oxidation of the Beam

The surface of the nickel beams can be easily oxidized in
air at high temperatures, and this may significantly affect the
performance of these thermal actuators as a result of gradual
changes in their resistance and mechanical properties. EDX was
used to characterize the element concentration along the hot
arm of the device shown in Fig. 8, and the results are shown in
Fig. 11. Point 2 corresponds to a position where the hot and cold
arms are linked, and point 9 is close to the neck; intermediate

Authorized licensed use limited to: Nanyang Technological University. Downloaded on January 4, 2010 at 00:20 from IEEE Xplore.  Restrictions apply. 



LUO et al.: THERMAL DEGRADATION OF ELECTROPLATED NICKEL THERMAL MICROACTUATORS 1285

Fig. 12. Distribution of oxygen to Ni ratio along the hot arm. The oxygen
content reaches the highest level at the middle of the hot arm.

points are close to being equally spaced between them. The Si
signal is from the silicon substrate, as the scanning area of the
EDX measurements is wider than the hot arm width. Nickel
is the dominant peak with a small trace of carbon, which is
probably the residue from photoresist and plasma etching gases,
as well as some carbon absorbance from the ambient. The
oxygen concentration on the surface of the wide arm is typically
at the level of < 2% (near the detection limitation) and is
attributed to the thin native oxide and oxygen absorbance from
the ambient. Fig. 12 shows the oxygen concentration results
along the hot arm after the thermal overload treatment. The
oxygen concentration increases steadily from the arm edge and
reaches its highest value of ca. 36% roughly at the middle of the
hot arm. This clearly indicates that most of the hot arm surface
is oxidized after treatment with a 54-mA current maintained
for 3 min. The profile of the oxygen concentration along the
hot arm is also similar to the temperature profile obtained by
finite-element-analysis-based modeling [3], [25], implying that
the high temperature is directly responsible for the observed
oxidation.

For comparison, a series of electroplated Ni samples were
also annealed at temperatures from 200 ◦C to 800 ◦C for 3 min
in an air furnace (rapid thermal annealing), and their oxygen
concentration similarly investigated by EDX. The results are
shown in Fig. 13 as a function of the annealing temperature.
Up to 400 ◦C, the oxygen concentration remains below the
detection limitation but grows rapidly as the temperature in-
creases above 400 ◦C. The comparison of O/(O + Ni) ratios
along the hot arm of the actuator with those of the annealed
samples implies that the highest temperature of the hot arm was
around ∼760 ◦C, which is in good agreement with the estimated
maximum temperature of 740 ◦C from the thermal conduction
model discussed before.

We also observed that the electrical resistance of the actuator
could be changed by the application of a current-driven thermal
cycle. This is illustrated by the data of Fig. 14 which shows
how the resistance of the device, measured at room temperature,
was influenced by the calculated average temperature during the
imposed thermal cycle. The resistance was measured at room
temperature by allowing the actuator to cool down prior to each
measurement, while the average temperature was calculated

Fig. 13. Oxygen to nitrogen ratio as a function of annealing temperature for a
Ni metal annealed in air for 3 min. The oxygen concentration increases rapidly
as the temperature is over 450 ◦C and reaches ∼36% at ∼750 ◦C.

Fig. 14. Resistance of the thermal actuator as a function of average tempera-
ture measured. The resistance initially decreases, owing to annealing, and then
increases rapidly when temperature exceeds 500 ◦C due to surface oxidation.

using the resistance measured when the current was on. As the
current increases, the average temperature rises. The resistance
of the device, determined principally by that of the hot arm,
initially slowly decreased with increasing temperatures up to
a value of ca. 500 ◦C, above which the resistance increased
rapidly, leading to thermal runaway and blowup. The initial
fall of the resistance with increasing average temperature is
believed to be caused by an annealing effect. Upon anneal-
ing at a modest temperature, an electroplated nickel structure
normally becomes dense with an increase in grain size and a
fall in resistance [30], [31]. Any further increase in average
temperature leads to severe surface oxidation, thus increasing
the resistance until the current path fails. The observed onset
temperature of ∼500 ◦C for the resistance to increase rapidly
coincides with that of O/(Ni + O) ratio versus temperature pro-
file shown in Fig. 13. It is also clear that the resistance increases
dramatically after Tave ≥ 500 ◦C and reaches more than 150%
of its ambient value at 700 ◦C, at which the actuators become
sufficiently degraded to lead to a decreased displacement. It
can be concluded that both creep and the surface oxidation
at raised temperatures are responsible for the degradation in
displacement of the nickel thermal actuators.

Authorized licensed use limited to: Nanyang Technological University. Downloaded on January 4, 2010 at 00:20 from IEEE Xplore.  Restrictions apply. 



1286 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 18, NO. 6, DECEMBER 2009

IV. SUMMARY

U-shaped thermal microactuators were fabricated by a
single-mask process using electroplated nickel as the active
material. Their displacement and back bending have been char-
acterized, and thermal degradation has been investigated in
detail. The results can be summarized as follows.

1) The nickel thermal actuators investigated delivered dis-
placements of up to 20 μm at an average temperature
of 450 ◦C, which is much lower than those generally
required by Si-based microactuators. The displacement
strongly depends on the voltage amplitude of the pulse
signal used. The typical cutoff frequency for the thermal
actuators with a length of 400 μm was between 300 and
1000 Hz.

2) The phenomenon of back bending has been observed in
the chosen nickel-based thermal microactuators becom-
ing evident at average temperatures as low as 160 ◦C: This
corresponds to a maximum temperature of 240 ◦C in the
hot beam. These values are much lower than what would
be expected in the case of silicon-based microactuators.

3) The magnitudes of both forward and back-bending dis-
placements have become larger with increases in tem-
perature up to 450 ◦C, but then have been subsequently
decreased with temperature. Plastic deformation at high
temperature and surface oxidation of the nickel hot arm
are responsible for this phenomenon.

4) Reflow of the nickel has occurred under a compressive
stress at raised temperatures, which can cause the material
to pile up and thus make the beam locally larger in
cross section. Conversely, a tensile stress generated upon
the removal of the current can cause necking and local
thinning of the hot arm.

5) EDX characterization has revealed that the surface of
the hot arm is almost fully oxidized at a temperature
of ∼750 ◦C, leading to a rapid increase of the resistance
of the overall device.

6) Both plastic deformation and surface oxidation at raised
temperatures have been responsible for the reduction in
the available displacement of thermal actuators.
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