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Thermal Degradation of Electroplated Nickel
Thermal Microactuators
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Abstract—In this paper, the thermal degradation of laterally4
operating thermal actuators made from electroplated nickel has5
been studied. The actuators investigated delivered a maximum6
displacement of ca. 20 μm at an average temperature of ∼450 ◦C,7
which is much lower than that of typical silicon-based microactu-8
ators. However, the magnitude of the displacement strongly de-9
pended on the frequency and voltage amplitude of the pulse signal10
applied. Back bending was observed at maximum temperatures as11
low as 240 ◦C. Both forward and backward displacements grew12
as the applied power was increased up to a value of 60 mW;13
further increases led to reductions in the magnitudes of both14
displacements. Scanning electron microscopy clearly showed that15
the nickel beams began to deform and change their shape at16
this critical power level. Compressive stress is responsible for17
nickel pileup, while tensile stresses, generated upon removing the18
current, are responsible for necking at the hottest section of the19
hot arm of the device. Energy dispersive X-ray diffraction analysis20
also revealed the severe oxidation of Ni structure induced by Joule21
heating. The combination of plastic deformation and oxidation22
was responsible for the observed thermal degradation. Results23
indicate that nickel thermal microactuators should be operated24
below 200 ◦C to avoid thermal degradation. [2009-0015]25

Index Terms—Back bending, electroplating, oxidation, plastic26
deformation, thermal actuator, thermal degradation.27

I. INTRODUCTION28

THE ATTRACTION of microelectrothermal actuators for29

use in microsystems and microelectronics lies in the rela-30

tively large forces and displacements which they can generate31

[1]–[3]. With operational voltages comparable to those used32

in CMOS, they are particularly suitable for integration with33

electronic circuits for control and signal processing. In general,34

microactuators have longer lifetimes than their macro counter-35

parts, owing to the reduced number of defects in components36

with such small linear dimensions. The operational durability37

and reliability of microactuators are thus generally superior38
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to macroactuators. Microelectromechanical system (MEMS) AQ239

switches and comb-drive structures based on electrostatic ac- 40

tuation have been operated up to tens of billion of cycles 41

without failure [4]. However, thermal microactuators have 42

shorter lifetimes, particularly when operated at high temper- 43

atures. When operated in these conditions, deterioration in 44

actuation force and actuation frequency, as well as degradation 45

in maximum displacement and catastrophic failure by burn- 46

off or blowup, has been reported for both lateral and vertical 47

thermal microactuators [5], [6]. Thermal degradation is attribut- 48

able to both surface oxidation and plastic deformation caused 49

by material creep at elevated temperatures. When a thermal 50

microactuator is heated above some critical temperature, it may 51

undergo localized material deformation, oxidation, creep, or 52

even recrystallization in the most vulnerable position [5], [6]. In 53

Si-based actuators, a structural deformation phenomenon, 54

known as “back bending,” is often observed, whereby the 55

actuating elements will not return to their original positions 56

once they have been “overactuated” but are left permanently 57

bent or deformed in the direction opposite to that of normal 58

actuation. 59

Plastic deformation caused by creep and recrystallization 60

increases rapidly with temperature. For a typical lateral thermal 61

actuator consisting of a combination of hot and cold arms, as 62

shown in Fig. 1(a), the highest temperature occurs near the 63

middle of the hot arm; however, the largest stress usually occurs 64

either near the joint of the hot and cold arms or at the root of the 65

beams or flexures which allow the structure to move. If material 66

creep exists at a raised temperature, we should expect material 67

pileup or accumulation to occur at the place where the compres- 68

sive stress is the largest. Although there is no direct reported 69

evidence of such compressive deformation, tensile tests of 70

Si microbeams, at various elevated temperatures, have revealed 71

thinning due to creep [7]. The temperature required for plastic 72

deformation in a Si actuator is believed to be correlated with the 73

intrinsic melting temperature (∼1414 ◦C) of this material [8]. 74

The observed plastic deformation transition temperature for 75

Si actuators, however, is typically 600 ◦C ∼ 800 ◦C [6], which 76

is much lower than the intrinsic melting temperature of silicon. 77

It was believed that the plastic deformation of the silicon actu- 78

ators is dominated by brittle-to-ductile transition temperature 79

which is ∼660 ◦C [9], which is within the observed plastic 80

deformation transition temperatures (600 ◦C ∼ 800 ◦C) for 81

silicon thermal actuators. Although thermal degradation has 82

been studied in microactuators for many years [5]–[11], the 83

degradation mechanisms are still not clear. 84

Silicon is the dominant material used for MEMS devices not 85

least because of the suite of microfabrication technologies and 86
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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 microelectronics87

industry. Since metals have higher thermal expansion coeffi-88

cients than silicon, metallic thermal microactuators have lower89

operation temperatures. For example, if a Si actuator needs an90

operation temperature around 1000 ◦C to deliver a particular91

displacement, then a Ni-based actuator would only require a92

temperature of ∼400 ◦C [12]. In addition, nickel-based actua-93

tors have much lower resistivity and are thus particularly suit-94

able for microactuator-based microrelays and microswitches95

[13], [14].96

Nickel and Ni–Fe alloys are the most studied metals for97

microactuators because of their attractive material properties98

and easy fabrication by electroplating [12], [13]. Although99

nickel has a high melting temperature (1455 ◦C), which is100

higher than that of silicon (1414 ◦C), it is ductile in nature.101

Metals oxidize at much lower temperatures than silicon, and102

thus, the temperature limitation of a metal device is expected to103

be much lower than its silicon counterpart. Indeed, a limiting104

temperature of ∼200 ◦C has been suggested for the nickel ther-105

mal actuators, although with little experimental support [15].106

The degradation of electrodeposited Ni structures and devices107

has been studied under high stress by many groups, [16]–[18]108

but mostly at room temperatures. There is a lack of studies on109

Ni microstructures and devices under thermal stress. This paper110

reports a systematic investigation on the thermal degradation of111

a nickel thermal microactuator, including back bending, creep,112

and oxidation.113

II. FABRICATION AND ELECTRICAL TESTING114

Fig. 1(a) shows a schematic drawing of the U-shaped lateral115

thermal actuators used for this investigation. Each device con-116

sisted of a thin hot arm and a wider cold arm joined by a thin117

flexure. All the U-shaped actuators used in this paper had the118

same dimensions. The length and width of the hot arms were119

400 and 4 μm, respectively, with the corresponding dimensions120

of the cold arms being 360 and 25 μm. The flexure at the121

base of the cold arm was 40 μm long and 4 μm wide, and122

the gap between the hot and cold arms was 10 μm. When a123

current passes through a resistive device, its temperature rises124

through Joule heating. In the case of a thermoelectric actuator,125

the higher electrical resistance of the thinner beam leads to its126

reaching a much higher temperature than the cold arm. This, in127

turn, generates a greater change in length by thermal expansion,128

thus producing a deflection of the free tip laterally toward the 129

cold arm. 130

The microactuators used in this paper were made from elec- 131

troplated nickel films using a through-mask-plating technology 132

[19], [20]. The devices were fabricated using a single-mask 133

process on a 4-in Si wafer: The details of the process can be 134

found in [12] and [21]. The thicknesses of the nickel films 135

for two batches of devices, designated hereafter as D1 and 136

D2, were 3 and 4 μm, respectively. The devices were released 137

by etching the Si underneath the nickel beams using a SF6 138

reactive ion etch process. The plasma etching conditions were 139

as follows: a SF6 flow rate of 45 sccm, a pressure of 150 mtorr, 140

an RF power of 150 W, and an etch time of 15 min. The 141

etch duration was long enough to remove all residual silicon 142

from the back of the devices which were separated from the 143

Si substrate by an air gap of 25–30 μm, which is sufficient 144

to minimize conductive losses. Fig. 1(b) shows a scanning 145

electron microscopy (SEM) of the D2 nickel microactuator with 146

a Ni thickness of ∼4 μm. The surfaces of the devices were 147

smooth with a typical roughness of less than 20 nm, and the 148

sidewalls were almost vertical. 149

Electrical tests were conducted on the actuators using a probe 150

station. The motion of the actuators was captured by a video 151

camera with a resolution of 0.5 μm and was subsequently 152

analyzed by a commercial software. The actuators were driven 153

by a pulsed current using a Keithley voltage source Type 224, 154

which simultaneously monitored the voltage drop across the 155

devices, so that the power consumption and resistance of the 156

actuator could be calculated. A rising temperature will increase 157

the electrical resistance of the device due to the positive tem- 158

perature coefficient of the resistivity of metals. The average 159

temperature change of the thermal microactuator ΔTave can be 160

extracted from the change of the resistance by the relation [22] 161

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

where T0 is the room temperature, R0 and R(T ) are the re- 162

sistances of the device at room temperature and the raised tem- 163

perature, respectively, and ξ is the temperature coefficient of the 164

resistivity of the Ni with a value of 3 × 10−3 K−1 obtained from 165

our previous work [23]. A metal such as nickel can be easily 166

oxidized at high temperatures, so that the resistance of the actu- 167

ator will increase during high-temperature measurements. This 168

may cause an underestimation of the device temperature. Since 169

significant metal oxidation occurs at temperatures > 450◦C, 170

except for those specific experiments observing the enhanced 171

deformation and oxidation processes, pulsed low currents were 172

used for the measurements to keep the surface temperature of 173

the beams at levels at which oxidation would be minimal. 174

The off-power tip position of a microactuator may gradually 175

shift due to the so-called back-bending effect, and the resistance 176

may also change after each measurement. In order to deter- 177

mine an accurate tip forward displacement and a back-bending 178

displacement, it was necessary to measure both the off-power 179

tip position (i.e., the back bent position) and resistance be- 180

fore starting each measurement. The measurement procedures 181

were as follows: 1) Measure the off-power position and resis- 182

tance; 2) apply a pulse current; 3) measure the corresponding 183
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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 power184

calculations; 4) turn off the current; and 5) remeasure the185

off-power position and resistance as part of the next measure-186

ment sequence. Metals have a positive temperature coefficient187

of resistivity, so that if the cooling of the hot arm is insufficient,188

then this element of positive feedback can lead to thermal run-189

away and structural failure. For the majority of the experiments,190

the current pulse duration was therefore limited to 0.1 s to191

avoid overheating and thermal destruction. However, in order192

to investigate the deformation and oxidation of the nickel beam193

that can occur in extreme circumstances, some experiments194

were carried out in which a current sufficient to generate the195

largest displacement of the actuator was applied to the actuator196

for a duration of 3 min. The subsequent surface morphology197

of the Ni beams was then characterized using field emission198

SEM (JEOL 6340F). Elemental concentrations at the surfaces199

of the nickel beams were measured using an energy dispersive200

X-ray (EDX) analyzer. The bonded oxygen content in the NiO2201

formed during operation could be calculated from the intensity202

of the EDX curves.203

III. RESULTS AND DISCUSSIONS204

A. Displacement Versus Power205

Two nickel thermal actuators D1 and D2 with nickel film206

thicknesses of 3 and 4 μm, respectively, were studied. Fig. 2207

shows the observed displacement from the original zero posi-208

tion, back bending, and the total forward displacement, which is209

the sum of the former two, with current as input variable. Fig. 3210

shows the back bending and the total forward displacement as211

a function of power calculated using the current applied and212

the resistance measured. The back-bending displacements were213

measured from the original zero position, and the minus sign214

represents its displacement opposite to the forward displace-215

ment. The total forward displacements (forward displacement216

in short hereinafter) of the thermal microactuator tips increased217

parabolically with the current applied and, up to an input of218

60 mW, were roughly proportional to the applied power, in219

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]. 220

For both D1 and D2, the displacement of the tip reached a 221

maximum at a power of 60 mW, specifically at values of 222

∼16 and 20 μm, respectively; beyond this, the displacement 223

decreased with any further increase in power due to thermal 224

degradation, as discussed later. 225

The observed forward displacement and back bending of the 226

microactuators D1 and D2 are shown in Fig. 4 as a function of 227

their average temperatures calculated by (1). The displacement 228

is approximately proportional to the average temperature up 229

to a value of 450◦C, above which the displacement decreases: 230

This may well be due to thermal degradation, as discussed 231

later. For a similar displacement, a Si-based thermal actuator 232

would typically require an average temperature of over 1000 ◦C 233

[4], [5]. The much lower operating temperatures of nickel 234

actuators are attributable to their larger thermal expansion 235

coefficient α = 15 × 10−6 K−1 compared to that of silicon for 236

which α = 2.5 × 10−6 K−1. 237

The reported tip displacement for U-shaped actuators is 238

typically ∼5% of the length of the hot arm [5]. The observed 239
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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 of240

400 μm is therefore comparable to those reported for silicon241

actuators [1], [5] but occurs at a much low operating tempera-242

ture. Further reductions in the temperature required or increases243

in the displacements of the tip might be achieved by either244

narrowing the gap between the hot and cold arms or by reducing245

the width of the hot arm still further.246

B. Frequency Dependence of Displacement247

Square pulses with ton = toff were used for experiments248

on the device dependence on frequency which was found to249

significantly influence the magnitude of the actuation that could250

be achieved. Fig. 5 shows the variation of the displacement,251

normalized by its maximum value, as a function of the driving252

frequency. As the frequency was increased from 1 Hz to values253

of ca. 50–100 Hz, the maximum observed displacement re-254

mained unchanged. However, with further increase in fre-255

quency, the tip displacement diminished, reducing gradually to256

zero when the frequency was on the order of 300–700 Hz.257

The cooling processes of a U-shaped actuator of this scale258

will have time constants of between 1 and 10 ms [24], which259

are much greater than those associated with the Joule-heating260

process. Consequently, as the driving frequency is increased,261

cooling of the microactuator is suppressed, and the device will262

remain at an elevated temperature; hence, it is difficult for the263

actuator to deliver a significant displacement because of the264

small temperature difference between its hot and cold regions.265

The cutoff frequency of such a thermal actuator, defined as266

that frequency at which the effective displacement falls to zero,267

is thus determined mainly by the cooling process, which is a268

function of device dimensions and material properties [24]. For269

the devices used in these tests, the thermal cooling time constant270

based on the thermal conduction model through the bonding271

pads could be estimated, for example, using [24, eq. (9)],272

to be ca. 4 ms. This is comparable to those reported in [24]273

but rather more than those estimates of 0.5–0.2 ms made from274

the observed cutoff frequencies of several hundred Hertz. This275

difference might be attributable to an underestimation of heat276

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 277

through the air [25], [26]. 278

The frequency dependence of the displacement is also sig- 279

nificantly affected by the amplitude of the pulse voltage. Fig. 6 280

shows the dependence of the normalized displacement on fre- 281

quency with voltage of the pulse as a variable. The cutoff 282

frequency, as defined before, increases with the signal voltage. 283

The reason for this behavior is not clear. The cooling process 284

normally has an exponential relationship with time, i.e., cooling 285

is faster at a high temperature. A higher temperature can 286

be caused by a higher voltage pulse. Thus, a device with a 287

high voltage pulse has a high cutoff frequency. The maximum 288

temperature decreases when reducing the pulse voltage; thus, 289

the cooling process becomes longer, and the cutoff frequency 290

becomes smaller. Since the pulsewidth is much shorter than 291

the 0.1 s used for the displacement measurements, the heating 292

is not significant. However, a detailed observation revealed a 293

back bending of up to 2 μm after the measurement at a signal 294

voltage of 1.0V, indicating an average temperature rise of up 295

to ∼200 ◦C, although this is much smaller than Ta ∼ 450 ◦C, 296

measured for the 0.1-s pulse measurement. The results imply 297

that caution is needed in explaining the frequency dependence 298

of microactuators. 299

C. Back Bending and Plastic Deformation 300

Fig. 7(a) and (b) shows the optical images of a thermal 301

microactuator before and after applying a pulse current of 302

54 mA. It is apparent that the tip of the microactuator has 303

become displaced from its original position by ∼15 μm in a 304

direction opposite to that of the forward displacement, which is 305

an example of the so-called back bending. Further increase in 306

the current leads to blowup or burn-off near the middle of the 307

hot arm, as shown in Fig. 7(c). 308

Figs. 2–4 also show the extent of back bending as a func- 309

tion of applied current, power, and average temperature for 310

the two devices tested. Initially, there is no back bending, 311

and then, the magnitude of the back-bending displacement in- 312

creases with average temperature and falls away as the average 313

temperature increases above 450 ◦C. Back bending occurs at 314

an average temperature as low as ∼160 ◦C and reaches a 315
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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, which316

is ∼75% of the total forward displacement. The observed back-317

bending behavior with temperature for the D1 and D2 nickel318

microactuators is significantly different from that reported for319

silicon microactuators [6]. First, the average temperature of320

∼160 ◦C, which induces a measurable back bending for the321

nickel microactuators, is much lower than that of ∼660 ◦C322

for the Si-based thermal actuators [6]. Second, while the back-323

bending displacement of the silicon actuators increases with324

power initially, it then remains at the maximum value as the325

power is further increased until the hot arm blows up [6]. Sili-326

con is a relatively brittle material with a high melting tempera-327

ture, which can easily fracture or cleave along grain boundaries328

rather than softening at large stresses and high temperature.329

Further increases in temperature have been observed to lead330

to significant recrystallization and abnormal grain growth for331

polysilicon-based thermal actuators [10], [11]. Polysilicon re-332

crystallization to form large grain structures with crystal facets333

was observed at a temperature of 1100 ◦C, which, while much334

lower than the melting temperature, roughly coincides with335

the temperature at which significant creep might be expected336

[9], [10]. Under a tensile stress at a high temperature, silicon337

plastic deformation is characterized by grain boundary separa-338

tion, internal cracking, and the formation of cavities [6], [10],339

rather than ductile necking.340

Although nickel has a comparable melting temperature to341

silicon, it is ductile. The temperature to initiate plastic defor-342

mation in the nickel-based thermal actuators is much lower than343

that of comparable silicon microactuators. Since the estimated344

maximum temperature of the beam is ∼680 ◦C, deformation345

by creep would seem to be responsible for the significant346

back-bending behavior of the nickel beams. Creep is thermally347

activated, so that both stress and temperature have profound348

effects on the process. Creep in metals can occur even at room349

temperature, provided that the stress level is sufficiently high350

[27]–[29]. This is significantly different from that of the silicon351

thermal actuators. As maximum temperature rises, the stress352

required to introduce creep in a nickel thermal actuator is much353

lower than that of a silicon actuator. Metals become much354

more reactive at high temperatures, and metallic surfaces will 355

be oxidized quickly at relatively low temperatures. However, 356

the oxidation of surface seems unlikely to be instrumental in 357

reducing the length of the hot arm as the volume of the material 358

normally increases after oxidation, and so is unlikely to be the 359

cause of the back bending of the nickel device. 360

The temperatures shown in Fig. 4 are the averages extracted 361

from the variation of the resistances of the nickel microactua- 362

tors D2. The maximum temperature is near the middle of the 363

hot arm. A previous analysis based on the thermal conduction 364

model indicated that the maximum temperature increase of the 365

hot arm ΔTmax would be expected to be about 1.5 times the cal- 366

culated average temperature increase ΔTave [21], [22]. Assum- 367

ing an ambient temperature of 20 ◦C, the average temperature of 368

160 ◦C shown in Fig. 7(b) corresponds to a maximum tempera- 369

ture of ∼1.5 × (160−20) + 20 = 230 ◦C, i.e., close to 220 ◦C 370

suggested by Lee et al. [15]. The estimated average temperature 371

of 450 ◦C for severe degradation corresponds to a maximum 372

temperature of ∼665 ◦C, which should be high enough to 373

induce significant creep, particularly at a large compressive 374

stress. Furthermore, it is possible that these figures for average 375

and maximum temperatures are underestimates as a result of 376

the simplified model. The actual maximum temperature might 377

exceed that estimated by ∼20%. 378

Device D1 showed smaller displacements in both forward 379

displacement and back bending than those of the device D2, 380

as shown in Figs. 2–4. It is believed to be caused by the thin Ni 381

film, which is 3 μm. When the film thickness is smaller than the 382

width of the hot arm, a certain degree of out-of-plane buckling 383

under thermal stress occurs. This will not introduce a plastic 384

deformation, as it is well within the elastic state, but reduce the 385

forward displacement and back bending. 386

In order to investigate the cause of back bending, the nickel 387

microactuators were thermally stressed by passing a high cur- 388

rent of 54 mA through the structure for 3 min, and the resulting 389

changes in beam morphology were studied. The 54-mA current 390

chosen for the experiment corresponds to the near-worst case 391

of the back bending, as shown in Fig. 2. However, the average 392

temperature was higher than that at 54 mA shown in Fig. 4, as 393

the device was heated for 3 min, which is much longer than the 394

0.1-s pulse measurement. The temperature increases, owing to 395

the positive temperature coefficiency of the resistivity. At the 396

end of 3 min, the average temperature raised from ∼450 ◦C to 397

∼500 ◦C, calculated from the increased resistance, correspond- 398

ing to a maximum temperature of ∼1.5 × (500−20) + 20 = 399

740 ◦C. Fig. 8 shows the SEM images of a hot arm at various 400

locations along its length after such a thermal treatment which 401

illustrates some significant changes. Near the tip joint with the 402

cold arm, the hot arm has retained the smooth surface finish 403

of the original. At some distance from its ends, the surface of 404

the hot arm becomes rougher and more rounded—evidence of 405

plastic flow. Toward its mid-length, the beam cross section is 406

significantly thinner, exhibiting a discernable neck. Near this 407

position, on both sides of it, there is a significant accumulation 408

or pileup of material. These changes in section, the general 409

rounded appearance and lack of any preferred crystal facet, 410

indicate that the metal has undergone a reflow process. As the 411

melting temperature of nickel is 1455 ◦C, it is unlikely that 412
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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.

the reflow is caused by melting. It is believed that the material413

pileup and reflow are associated with creep encouraged by414

elevated temperatures and high stresses.415

A dynamic model can thus be proposed for the plastic de-416

formation of the nickel thermal microactuator shown schemati-417

cally in Fig. 9. When the current is first applied, the differential418

Joule heating of the thinner arm causes it to become hotter,419

and thus, in an attempt to thermally lengthen by a greater420

margin than the adjacent cold arm, this puts the material under a421

compressive load. This compressive stress causes the material422

to deform and pile up in compression, the raised temperature423

accelerating this process. Nickel accumulates near the hottest424

section forming the comparatively large folded structures visi-425

ble at this section of the beam. It is this effective shortening of426

the hot arm that is responsible for the subsequent back bending427

of the actuator. Upon removing the current, the beam rotates428

about its base as the force in the thinner arm changes from429

compressive stress to tensile stress. This tensile stress tends to430

elongate the shortened arm. Since the middle hottest section is431

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, 432

manifesting itself as the observed neck. 433

It is thus the combination of pileup and necking that is be- 434

lieved to be responsible for the decreases in forward and back- 435

bending displacements at Tave = T0 + ΔTave => 450 ◦C, as 436

shown in Fig. 4. At a modest temperature, material pileup leads 437

to the shortening of the arm, causing the back bending and 438

reduction of forward displacement upon removing the current. 439

At Tave => 450 ◦C, necking prevents further shortening of 440

the arm; hence, the back-bending displacement decreases as 441

the temperature increases further. Any further increase in the 442

current increases the temperature rapidly principally because of 443

the positive temperature coefficient of the resistivity of nickel, 444

rapidly leading to blowup of the hot arm. Fig. 10 shows a SEM 445

image of the tip of a failed arm, clearly showing the rounded 446

reflow structure. 447

D. Thermal Oxidation of the Beam 448

The surface of the nickel beams can be easily oxidized in 449

air at high temperatures, and this may significantly affect the 450

performance of these thermal actuators as a result of gradual 451

changes in their resistance and mechanical properties. EDX was 452

used to characterize the element concentration along the hot 453

arm of the device shown in Fig. 8, and the results are shown in 454

Fig. 11. Point 2 corresponds to a position where the hot and cold 455

arms are linked, and point 9 is close to the neck; intermediate 456
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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 Si457

signal is from the silicon substrate, as the scanning area of the458

EDX measurements is wider than the hot arm width. Nickel459

is the dominant peak with a small trace of carbon, which is460

probably the residue from photoresist and plasma etching gases,461

as well as some carbon absorbance from the ambient. The462

oxygen concentration on the surface of the wide arm is typically463

at the level of < 2% (near the detection limitation) and is464

attributed to the thin native oxide and oxygen absorbance from465

the ambient. Fig. 12 shows the oxygen concentration results466

along the hot arm after the thermal overload treatment. The467

oxygen concentration increases steadily from the arm edge and468

reaches its highest value of ca. 36% roughly at the middle of the469

hot arm. This clearly indicates that most of the hot arm surface470

is oxidized after treatment with a 54-mA current maintained471

for 3 min. The profile of the oxygen concentration along the472

hot arm is also similar to the temperature profile obtained by473

finite-element-analysis-based modeling [3], [25], implying that474

the high temperature is directly responsible for the observed475

oxidation.476

For comparison, a series of electroplated Ni samples was also477

annealed at temperatures from 200 ◦C to 800 ◦C for 3 min478

in an air furnace (rapid thermal annealing), and their oxygen479

concentration similarly investigated by EDX. The results are480

shown in Fig. 13 as a function of the annealing temperature.481

Up to 400 ◦C, the oxygen concentration remains below the482

detection limitation but grows rapidly as the temperature in-483

creases above 400 ◦C. The comparison of O/(O + Ni) ratios484

along the hot arm of the actuator with those of the annealed485

samples implies that the highest temperature of the hot arm was486

around ∼760 ◦C, which is in good agreement with the estimated487

maximum temperature of 740 ◦C from the thermal conduction488

model discussed before.489

We also observed that the electrical resistance of the actuator490

could be changed by the application of a current-driven thermal491

cycle. This is illustrated by the data of Fig. 14 which shows492

how the resistance of the device, measured at room temperature,493

was influenced by the calculated average temperature during the494

imposed thermal cycle. The resistance was measured at room495

temperature by allowing the actuator to cool down prior to each496

measurement, while the average temperature was calculated497

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 498

current increases, the average temperature rises. The resistance 499

of the device, determined principally by that of the hot arm, 500

initially slowly decreased with increasing temperatures up to 501

a value of ca. 500 ◦C, above which the resistance increased 502

rapidly, leading to thermal runaway and blowup. The initial 503

fall of the resistance with increasing average temperature is 504

believed to be caused by an annealing effect. Upon anneal- 505

ing at a modest temperature, an electroplated nickel structure 506

normally becomes dense with an increase in grain size and a 507

fall in resistance [30], [31]. Any further increase in average 508

temperature leads to severe surface oxidation, thus increasing 509

the resistance until the current path fails. The observed onset 510

temperature of ∼500 ◦C for the resistance to increase rapidly 511

coincides with that of O/(Ni + O) ratio versus temperature pro- 512

file shown in Fig. 13. It is also clear that the resistance increases 513

dramatically after Tave ≥ 500 ◦C and reaches more than 150% 514

of its ambient value at 700 ◦C, at which the actuators become 515

sufficiently degraded to lead to a decreased displacement. It 516

can be concluded that both creep and the surface oxidation 517

at raised temperatures are responsible for the degradation in 518

displacement of the nickel thermal actuators. 519
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IV. SUMMARY520

U-shaped thermal microactuators were fabricated by a521

single-mask process using electroplated nickel as the active522

material. Their displacement and back bending have been char-523

acterized, and their thermal degradation has been investigated524

in detail. The results can be summarized as follows.525

1) The nickel thermal actuators investigated delivered dis-526

placements of up to 20 μm at an average temperature527

of 450 ◦C, which is much lower than those generally528

required by Si-based microactuators. The displacement529

strongly depends on the voltage amplitude of the pulse530

signal used. The typical cutoff frequency for the thermal531

actuators with a length of 400 μm was between 300 and532

1000 Hz.533

2) The phenomenon of back bending has been observed in534

the chosen nickel-based thermal microactuators becom-535

ing evident at average temperatures as low as 160 ◦C: This536

corresponds to a maximum temperature of 240 ◦C in the537

hot beam. These values are much lower than what would538

be expected in the case of silicon-based microactuators.539

3) The magnitudes of both forward and back-bending dis-540

placements have become larger with increases in tem-541

perature up to 450 ◦C, but then have been subsequently542

decreased with temperature. Plastic deformation at high543

temperature and surface oxidation of the nickel hot arm544

are responsible for this phenomenon.545

4) Reflow of the nickel has occurred under a compressive546

stress at raised temperatures, which can cause the material547

to pile up and thus make the beam locally larger in548

cross section. Conversely, a tensile stress generated upon549

the removal of the current can cause necking and local550

thinning of the hot arm.551

5) EDX characterization has revealed that the surface of552

the hot arm is almost fully oxidized at a temperature553

of ∼750 ◦C, leading to a rapid increase of the resistance554

of the overall device.555

6) Both plastic deformation and surface oxidation at raised556

temperatures have been responsible for the reduction in557

the available displacement of thermal actuators.558
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Thermal Degradation of Electroplated Nickel
Thermal Microactuators

1

2

J. K. Luo, Y. Q. Fu, J. A. Williams, and W. I. Milne3

Abstract—In this paper, the thermal degradation of laterally4
operating thermal actuators made from electroplated nickel has5
been studied. The actuators investigated delivered a maximum6
displacement of ca. 20 μm at an average temperature of ∼450 ◦C,7
which is much lower than that of typical silicon-based microactu-8
ators. However, the magnitude of the displacement strongly de-9
pended on the frequency and voltage amplitude of the pulse signal10
applied. Back bending was observed at maximum temperatures as11
low as 240 ◦C. Both forward and backward displacements grew12
as the applied power was increased up to a value of 60 mW;13
further increases led to reductions in the magnitudes of both14
displacements. Scanning electron microscopy clearly showed that15
the nickel beams began to deform and change their shape at16
this critical power level. Compressive stress is responsible for17
nickel pileup, while tensile stresses, generated upon removing the18
current, are responsible for necking at the hottest section of the19
hot arm of the device. Energy dispersive X-ray diffraction analysis20
also revealed the severe oxidation of Ni structure induced by Joule21
heating. The combination of plastic deformation and oxidation22
was responsible for the observed thermal degradation. Results23
indicate that nickel thermal microactuators should be operated24
below 200 ◦C to avoid thermal degradation. [2009-0015]25

Index Terms—Back bending, electroplating, oxidation, plastic26
deformation, thermal actuator, thermal degradation.27

I. INTRODUCTION28

THE ATTRACTION of microelectrothermal actuators for29

use in microsystems and microelectronics lies in the rela-30

tively large forces and displacements which they can generate31

[1]–[3]. With operational voltages comparable to those used32

in CMOS, they are particularly suitable for integration with33

electronic circuits for control and signal processing. In general,34

microactuators have longer lifetimes than their macro counter-35

parts, owing to the reduced number of defects in components36

with such small linear dimensions. The operational durability37

and reliability of microactuators are thus generally superior38
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to macroactuators. Microelectromechanical system (MEMS) AQ239

switches and comb-drive structures based on electrostatic ac- 40

tuation have been operated up to tens of billion of cycles 41

without failure [4]. However, thermal microactuators have 42

shorter lifetimes, particularly when operated at high temper- 43

atures. When operated in these conditions, deterioration in 44

actuation force and actuation frequency, as well as degradation 45

in maximum displacement and catastrophic failure by burn- 46

off or blowup, has been reported for both lateral and vertical 47

thermal microactuators [5], [6]. Thermal degradation is attribut- 48

able to both surface oxidation and plastic deformation caused 49

by material creep at elevated temperatures. When a thermal 50

microactuator is heated above some critical temperature, it may 51

undergo localized material deformation, oxidation, creep, or 52

even recrystallization in the most vulnerable position [5], [6]. In 53

Si-based actuators, a structural deformation phenomenon, 54

known as “back bending,” is often observed, whereby the 55

actuating elements will not return to their original positions 56

once they have been “overactuated” but are left permanently 57

bent or deformed in the direction opposite to that of normal 58

actuation. 59

Plastic deformation caused by creep and recrystallization 60

increases rapidly with temperature. For a typical lateral thermal 61

actuator consisting of a combination of hot and cold arms, as 62

shown in Fig. 1(a), the highest temperature occurs near the 63

middle of the hot arm; however, the largest stress usually occurs 64

either near the joint of the hot and cold arms or at the root of the 65

beams or flexures which allow the structure to move. If material 66

creep exists at a raised temperature, we should expect material 67

pileup or accumulation to occur at the place where the compres- 68

sive stress is the largest. Although there is no direct reported 69

evidence of such compressive deformation, tensile tests of 70

Si microbeams, at various elevated temperatures, have revealed 71

thinning due to creep [7]. The temperature required for plastic 72

deformation in a Si actuator is believed to be correlated with the 73

intrinsic melting temperature (∼1414 ◦C) of this material [8]. 74

The observed plastic deformation transition temperature for 75

Si actuators, however, is typically 600 ◦C ∼ 800 ◦C [6], which 76

is much lower than the intrinsic melting temperature of silicon. 77

It was believed that the plastic deformation of the silicon actu- 78

ators is dominated by brittle-to-ductile transition temperature 79

which is ∼660 ◦C [9], which is within the observed plastic 80

deformation transition temperatures (600 ◦C ∼ 800 ◦C) for 81

silicon thermal actuators. Although thermal degradation has 82

been studied in microactuators for many years [5]–[11], the 83

degradation mechanisms are still not clear. 84

Silicon is the dominant material used for MEMS devices not 85

least because of the suite of microfabrication technologies and 86

1057-7157/$26.00 © 2009 IEEE
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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 microelectronics87

industry. Since metals have higher thermal expansion coeffi-88

cients than silicon, metallic thermal microactuators have lower89

operation temperatures. For example, if a Si actuator needs an90

operation temperature around 1000 ◦C to deliver a particular91

displacement, then a Ni-based actuator would only require a92

temperature of ∼400 ◦C [12]. In addition, nickel-based actua-93

tors have much lower resistivity and are thus particularly suit-94

able for microactuator-based microrelays and microswitches95

[13], [14].96

Nickel and Ni–Fe alloys are the most studied metals for97

microactuators because of their attractive material properties98

and easy fabrication by electroplating [12], [13]. Although99

nickel has a high melting temperature (1455 ◦C), which is100

higher than that of silicon (1414 ◦C), it is ductile in nature.101

Metals oxidize at much lower temperatures than silicon, and102

thus, the temperature limitation of a metal device is expected to103

be much lower than its silicon counterpart. Indeed, a limiting104

temperature of ∼200 ◦C has been suggested for the nickel ther-105

mal actuators, although with little experimental support [15].106

The degradation of electrodeposited Ni structures and devices107

has been studied under high stress by many groups, [16]–[18]108

but mostly at room temperatures. There is a lack of studies on109

Ni microstructures and devices under thermal stress. This paper110

reports a systematic investigation on the thermal degradation of111

a nickel thermal microactuator, including back bending, creep,112

and oxidation.113

II. FABRICATION AND ELECTRICAL TESTING114

Fig. 1(a) shows a schematic drawing of the U-shaped lateral115

thermal actuators used for this investigation. Each device con-116

sisted of a thin hot arm and a wider cold arm joined by a thin117

flexure. All the U-shaped actuators used in this paper had the118

same dimensions. The length and width of the hot arms were119

400 and 4 μm, respectively, with the corresponding dimensions120

of the cold arms being 360 and 25 μm. The flexure at the121

base of the cold arm was 40 μm long and 4 μm wide, and122

the gap between the hot and cold arms was 10 μm. When a123

current passes through a resistive device, its temperature rises124

through Joule heating. In the case of a thermoelectric actuator,125

the higher electrical resistance of the thinner beam leads to its126

reaching a much higher temperature than the cold arm. This, in127

turn, generates a greater change in length by thermal expansion,128

thus producing a deflection of the free tip laterally toward the 129

cold arm. 130

The microactuators used in this paper were made from elec- 131

troplated nickel films using a through-mask-plating technology 132

[19], [20]. The devices were fabricated using a single-mask 133

process on a 4-in Si wafer: The details of the process can be 134

found in [12] and [21]. The thicknesses of the nickel films 135

for two batches of devices, designated hereafter as D1 and 136

D2, were 3 and 4 μm, respectively. The devices were released 137

by etching the Si underneath the nickel beams using a SF6 138

reactive ion etch process. The plasma etching conditions were 139

as follows: a SF6 flow rate of 45 sccm, a pressure of 150 mtorr, 140

an RF power of 150 W, and an etch time of 15 min. The 141

etch duration was long enough to remove all residual silicon 142

from the back of the devices which were separated from the 143

Si substrate by an air gap of 25–30 μm, which is sufficient 144

to minimize conductive losses. Fig. 1(b) shows a scanning 145

electron microscopy (SEM) of the D2 nickel microactuator with 146

a Ni thickness of ∼4 μm. The surfaces of the devices were 147

smooth with a typical roughness of less than 20 nm, and the 148

sidewalls were almost vertical. 149

Electrical tests were conducted on the actuators using a probe 150

station. The motion of the actuators was captured by a video 151

camera with a resolution of 0.5 μm and was subsequently 152

analyzed by a commercial software. The actuators were driven 153

by a pulsed current using a Keithley voltage source Type 224, 154

which simultaneously monitored the voltage drop across the 155

devices, so that the power consumption and resistance of the 156

actuator could be calculated. A rising temperature will increase 157

the electrical resistance of the device due to the positive tem- 158

perature coefficient of the resistivity of metals. The average 159

temperature change of the thermal microactuator ΔTave can be 160

extracted from the change of the resistance by the relation [22] 161

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

where T0 is the room temperature, R0 and R(T ) are the re- 162

sistances of the device at room temperature and the raised tem- 163

perature, respectively, and ξ is the temperature coefficient of the 164

resistivity of the Ni with a value of 3 × 10−3 K−1 obtained from 165

our previous work [23]. A metal such as nickel can be easily 166

oxidized at high temperatures, so that the resistance of the actu- 167

ator will increase during high-temperature measurements. This 168

may cause an underestimation of the device temperature. Since 169

significant metal oxidation occurs at temperatures > 450◦C, 170

except for those specific experiments observing the enhanced 171

deformation and oxidation processes, pulsed low currents were 172

used for the measurements to keep the surface temperature of 173

the beams at levels at which oxidation would be minimal. 174

The off-power tip position of a microactuator may gradually 175

shift due to the so-called back-bending effect, and the resistance 176

may also change after each measurement. In order to deter- 177

mine an accurate tip forward displacement and a back-bending 178

displacement, it was necessary to measure both the off-power 179

tip position (i.e., the back bent position) and resistance be- 180

fore starting each measurement. The measurement procedures 181

were as follows: 1) Measure the off-power position and resis- 182

tance; 2) apply a pulse current; 3) measure the corresponding 183
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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 power184

calculations; 4) turn off the current; and 5) remeasure the185

off-power position and resistance as part of the next measure-186

ment sequence. Metals have a positive temperature coefficient187

of resistivity, so that if the cooling of the hot arm is insufficient,188

then this element of positive feedback can lead to thermal run-189

away and structural failure. For the majority of the experiments,190

the current pulse duration was therefore limited to 0.1 s to191

avoid overheating and thermal destruction. However, in order192

to investigate the deformation and oxidation of the nickel beam193

that can occur in extreme circumstances, some experiments194

were carried out in which a current sufficient to generate the195

largest displacement of the actuator was applied to the actuator196

for a duration of 3 min. The subsequent surface morphology197

of the Ni beams was then characterized using field emission198

SEM (JEOL 6340F). Elemental concentrations at the surfaces199

of the nickel beams were measured using an energy dispersive200

X-ray (EDX) analyzer. The bonded oxygen content in the NiO2201

formed during operation could be calculated from the intensity202

of the EDX curves.203

III. RESULTS AND DISCUSSIONS204

A. Displacement Versus Power205

Two nickel thermal actuators D1 and D2 with nickel film206

thicknesses of 3 and 4 μm, respectively, were studied. Fig. 2207

shows the observed displacement from the original zero posi-208

tion, back bending, and the total forward displacement, which is209

the sum of the former two, with current as input variable. Fig. 3210

shows the back bending and the total forward displacement as211

a function of power calculated using the current applied and212

the resistance measured. The back-bending displacements were213

measured from the original zero position, and the minus sign214

represents its displacement opposite to the forward displace-215

ment. The total forward displacements (forward displacement216

in short hereinafter) of the thermal microactuator tips increased217

parabolically with the current applied and, up to an input of218

60 mW, were roughly proportional to the applied power, in219

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]. 220

For both D1 and D2, the displacement of the tip reached a 221

maximum at a power of 60 mW, specifically at values of 222

∼16 and 20 μm, respectively; beyond this, the displacement 223

decreased with any further increase in power due to thermal 224

degradation, as discussed later. 225

The observed forward displacement and back bending of the 226

microactuators D1 and D2 are shown in Fig. 4 as a function of 227

their average temperatures calculated by (1). The displacement 228

is approximately proportional to the average temperature up 229

to a value of 450◦C, above which the displacement decreases: 230

This may well be due to thermal degradation, as discussed 231

later. For a similar displacement, a Si-based thermal actuator 232

would typically require an average temperature of over 1000 ◦C 233

[4], [5]. The much lower operating temperatures of nickel 234

actuators are attributable to their larger thermal expansion 235

coefficient α = 15 × 10−6 K−1 compared to that of silicon for 236

which α = 2.5 × 10−6 K−1. 237

The reported tip displacement for U-shaped actuators is 238

typically ∼5% of the length of the hot arm [5]. The observed 239
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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 of240

400 μm is therefore comparable to those reported for silicon241

actuators [1], [5] but occurs at a much low operating tempera-242

ture. Further reductions in the temperature required or increases243

in the displacements of the tip might be achieved by either244

narrowing the gap between the hot and cold arms or by reducing245

the width of the hot arm still further.246

B. Frequency Dependence of Displacement247

Square pulses with ton = toff were used for experiments248

on the device dependence on frequency which was found to249

significantly influence the magnitude of the actuation that could250

be achieved. Fig. 5 shows the variation of the displacement,251

normalized by its maximum value, as a function of the driving252

frequency. As the frequency was increased from 1 Hz to values253

of ca. 50–100 Hz, the maximum observed displacement re-254

mained unchanged. However, with further increase in fre-255

quency, the tip displacement diminished, reducing gradually to256

zero when the frequency was on the order of 300–700 Hz.257

The cooling processes of a U-shaped actuator of this scale258

will have time constants of between 1 and 10 ms [24], which259

are much greater than those associated with the Joule-heating260

process. Consequently, as the driving frequency is increased,261

cooling of the microactuator is suppressed, and the device will262

remain at an elevated temperature; hence, it is difficult for the263

actuator to deliver a significant displacement because of the264

small temperature difference between its hot and cold regions.265

The cutoff frequency of such a thermal actuator, defined as266

that frequency at which the effective displacement falls to zero,267

is thus determined mainly by the cooling process, which is a268

function of device dimensions and material properties [24]. For269

the devices used in these tests, the thermal cooling time constant270

based on the thermal conduction model through the bonding271

pads could be estimated, for example, using [24, eq. (9)],272

to be ca. 4 ms. This is comparable to those reported in [24]273

but rather more than those estimates of 0.5–0.2 ms made from274

the observed cutoff frequencies of several hundred Hertz. This275

difference might be attributable to an underestimation of heat276

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 277

through the air [25], [26]. 278

The frequency dependence of the displacement is also sig- 279

nificantly affected by the amplitude of the pulse voltage. Fig. 6 280

shows the dependence of the normalized displacement on fre- 281

quency with voltage of the pulse as a variable. The cutoff 282

frequency, as defined before, increases with the signal voltage. 283

The reason for this behavior is not clear. The cooling process 284

normally has an exponential relationship with time, i.e., cooling 285

is faster at a high temperature. A higher temperature can 286

be caused by a higher voltage pulse. Thus, a device with a 287

high voltage pulse has a high cutoff frequency. The maximum 288

temperature decreases when reducing the pulse voltage; thus, 289

the cooling process becomes longer, and the cutoff frequency 290

becomes smaller. Since the pulsewidth is much shorter than 291

the 0.1 s used for the displacement measurements, the heating 292

is not significant. However, a detailed observation revealed a 293

back bending of up to 2 μm after the measurement at a signal 294

voltage of 1.0V, indicating an average temperature rise of up 295

to ∼200 ◦C, although this is much smaller than Ta ∼ 450 ◦C, 296

measured for the 0.1-s pulse measurement. The results imply 297

that caution is needed in explaining the frequency dependence 298

of microactuators. 299

C. Back Bending and Plastic Deformation 300

Fig. 7(a) and (b) shows the optical images of a thermal 301

microactuator before and after applying a pulse current of 302

54 mA. It is apparent that the tip of the microactuator has 303

become displaced from its original position by ∼15 μm in a 304

direction opposite to that of the forward displacement, which is 305

an example of the so-called back bending. Further increase in 306

the current leads to blowup or burn-off near the middle of the 307

hot arm, as shown in Fig. 7(c). 308

Figs. 2–4 also show the extent of back bending as a func- 309

tion of applied current, power, and average temperature for 310

the two devices tested. Initially, there is no back bending, 311

and then, the magnitude of the back-bending displacement in- 312

creases with average temperature and falls away as the average 313

temperature increases above 450 ◦C. Back bending occurs at 314

an average temperature as low as ∼160 ◦C and reaches a 315
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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, which316

is ∼75% of the total forward displacement. The observed back-317

bending behavior with temperature for the D1 and D2 nickel318

microactuators is significantly different from that reported for319

silicon microactuators [6]. First, the average temperature of320

∼160 ◦C, which induces a measurable back bending for the321

nickel microactuators, is much lower than that of ∼660 ◦C322

for the Si-based thermal actuators [6]. Second, while the back-323

bending displacement of the silicon actuators increases with324

power initially, it then remains at the maximum value as the325

power is further increased until the hot arm blows up [6]. Sili-326

con is a relatively brittle material with a high melting tempera-327

ture, which can easily fracture or cleave along grain boundaries328

rather than softening at large stresses and high temperature.329

Further increases in temperature have been observed to lead330

to significant recrystallization and abnormal grain growth for331

polysilicon-based thermal actuators [10], [11]. Polysilicon re-332

crystallization to form large grain structures with crystal facets333

was observed at a temperature of 1100 ◦C, which, while much334

lower than the melting temperature, roughly coincides with335

the temperature at which significant creep might be expected336

[9], [10]. Under a tensile stress at a high temperature, silicon337

plastic deformation is characterized by grain boundary separa-338

tion, internal cracking, and the formation of cavities [6], [10],339

rather than ductile necking.340

Although nickel has a comparable melting temperature to341

silicon, it is ductile. The temperature to initiate plastic defor-342

mation in the nickel-based thermal actuators is much lower than343

that of comparable silicon microactuators. Since the estimated344

maximum temperature of the beam is ∼680 ◦C, deformation345

by creep would seem to be responsible for the significant346

back-bending behavior of the nickel beams. Creep is thermally347

activated, so that both stress and temperature have profound348

effects on the process. Creep in metals can occur even at room349

temperature, provided that the stress level is sufficiently high350

[27]–[29]. This is significantly different from that of the silicon351

thermal actuators. As maximum temperature rises, the stress352

required to introduce creep in a nickel thermal actuator is much353

lower than that of a silicon actuator. Metals become much354

more reactive at high temperatures, and metallic surfaces will 355

be oxidized quickly at relatively low temperatures. However, 356

the oxidation of surface seems unlikely to be instrumental in 357

reducing the length of the hot arm as the volume of the material 358

normally increases after oxidation, and so is unlikely to be the 359

cause of the back bending of the nickel device. 360

The temperatures shown in Fig. 4 are the averages extracted 361

from the variation of the resistances of the nickel microactua- 362

tors D2. The maximum temperature is near the middle of the 363

hot arm. A previous analysis based on the thermal conduction 364

model indicated that the maximum temperature increase of the 365

hot arm ΔTmax would be expected to be about 1.5 times the cal- 366

culated average temperature increase ΔTave [21], [22]. Assum- 367

ing an ambient temperature of 20 ◦C, the average temperature of 368

160 ◦C shown in Fig. 7(b) corresponds to a maximum tempera- 369

ture of ∼1.5 × (160−20) + 20 = 230 ◦C, i.e., close to 220 ◦C 370

suggested by Lee et al. [15]. The estimated average temperature 371

of 450 ◦C for severe degradation corresponds to a maximum 372

temperature of ∼665 ◦C, which should be high enough to 373

induce significant creep, particularly at a large compressive 374

stress. Furthermore, it is possible that these figures for average 375

and maximum temperatures are underestimates as a result of 376

the simplified model. The actual maximum temperature might 377

exceed that estimated by ∼20%. 378

Device D1 showed smaller displacements in both forward 379

displacement and back bending than those of the device D2, 380

as shown in Figs. 2–4. It is believed to be caused by the thin Ni 381

film, which is 3 μm. When the film thickness is smaller than the 382

width of the hot arm, a certain degree of out-of-plane buckling 383

under thermal stress occurs. This will not introduce a plastic 384

deformation, as it is well within the elastic state, but reduce the 385

forward displacement and back bending. 386

In order to investigate the cause of back bending, the nickel 387

microactuators were thermally stressed by passing a high cur- 388

rent of 54 mA through the structure for 3 min, and the resulting 389

changes in beam morphology were studied. The 54-mA current 390

chosen for the experiment corresponds to the near-worst case 391

of the back bending, as shown in Fig. 2. However, the average 392

temperature was higher than that at 54 mA shown in Fig. 4, as 393

the device was heated for 3 min, which is much longer than the 394

0.1-s pulse measurement. The temperature increases, owing to 395

the positive temperature coefficiency of the resistivity. At the 396

end of 3 min, the average temperature raised from ∼450 ◦C to 397

∼500 ◦C, calculated from the increased resistance, correspond- 398

ing to a maximum temperature of ∼1.5 × (500−20) + 20 = 399

740 ◦C. Fig. 8 shows the SEM images of a hot arm at various 400

locations along its length after such a thermal treatment which 401

illustrates some significant changes. Near the tip joint with the 402

cold arm, the hot arm has retained the smooth surface finish 403

of the original. At some distance from its ends, the surface of 404

the hot arm becomes rougher and more rounded—evidence of 405

plastic flow. Toward its mid-length, the beam cross section is 406

significantly thinner, exhibiting a discernable neck. Near this 407

position, on both sides of it, there is a significant accumulation 408

or pileup of material. These changes in section, the general 409

rounded appearance and lack of any preferred crystal facet, 410

indicate that the metal has undergone a reflow process. As the 411

melting temperature of nickel is 1455 ◦C, it is unlikely that 412
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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.

the reflow is caused by melting. It is believed that the material413

pileup and reflow are associated with creep encouraged by414

elevated temperatures and high stresses.415

A dynamic model can thus be proposed for the plastic de-416

formation of the nickel thermal microactuator shown schemati-417

cally in Fig. 9. When the current is first applied, the differential418

Joule heating of the thinner arm causes it to become hotter,419

and thus, in an attempt to thermally lengthen by a greater420

margin than the adjacent cold arm, this puts the material under a421

compressive load. This compressive stress causes the material422

to deform and pile up in compression, the raised temperature423

accelerating this process. Nickel accumulates near the hottest424

section forming the comparatively large folded structures visi-425

ble at this section of the beam. It is this effective shortening of426

the hot arm that is responsible for the subsequent back bending427

of the actuator. Upon removing the current, the beam rotates428

about its base as the force in the thinner arm changes from429

compressive stress to tensile stress. This tensile stress tends to430

elongate the shortened arm. Since the middle hottest section is431

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, 432

manifesting itself as the observed neck. 433

It is thus the combination of pileup and necking that is be- 434

lieved to be responsible for the decreases in forward and back- 435

bending displacements at Tave = T0 + ΔTave => 450 ◦C, as 436

shown in Fig. 4. At a modest temperature, material pileup leads 437

to the shortening of the arm, causing the back bending and 438

reduction of forward displacement upon removing the current. 439

At Tave => 450 ◦C, necking prevents further shortening of 440

the arm; hence, the back-bending displacement decreases as 441

the temperature increases further. Any further increase in the 442

current increases the temperature rapidly principally because of 443

the positive temperature coefficient of the resistivity of nickel, 444

rapidly leading to blowup of the hot arm. Fig. 10 shows a SEM 445

image of the tip of a failed arm, clearly showing the rounded 446

reflow structure. 447

D. Thermal Oxidation of the Beam 448

The surface of the nickel beams can be easily oxidized in 449

air at high temperatures, and this may significantly affect the 450

performance of these thermal actuators as a result of gradual 451

changes in their resistance and mechanical properties. EDX was 452

used to characterize the element concentration along the hot 453

arm of the device shown in Fig. 8, and the results are shown in 454

Fig. 11. Point 2 corresponds to a position where the hot and cold 455

arms are linked, and point 9 is close to the neck; intermediate 456
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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 Si457

signal is from the silicon substrate, as the scanning area of the458

EDX measurements is wider than the hot arm width. Nickel459

is the dominant peak with a small trace of carbon, which is460

probably the residue from photoresist and plasma etching gases,461

as well as some carbon absorbance from the ambient. The462

oxygen concentration on the surface of the wide arm is typically463

at the level of < 2% (near the detection limitation) and is464

attributed to the thin native oxide and oxygen absorbance from465

the ambient. Fig. 12 shows the oxygen concentration results466

along the hot arm after the thermal overload treatment. The467

oxygen concentration increases steadily from the arm edge and468

reaches its highest value of ca. 36% roughly at the middle of the469

hot arm. This clearly indicates that most of the hot arm surface470

is oxidized after treatment with a 54-mA current maintained471

for 3 min. The profile of the oxygen concentration along the472

hot arm is also similar to the temperature profile obtained by473

finite-element-analysis-based modeling [3], [25], implying that474

the high temperature is directly responsible for the observed475

oxidation.476

For comparison, a series of electroplated Ni samples was also477

annealed at temperatures from 200 ◦C to 800 ◦C for 3 min478

in an air furnace (rapid thermal annealing), and their oxygen479

concentration similarly investigated by EDX. The results are480

shown in Fig. 13 as a function of the annealing temperature.481

Up to 400 ◦C, the oxygen concentration remains below the482

detection limitation but grows rapidly as the temperature in-483

creases above 400 ◦C. The comparison of O/(O + Ni) ratios484

along the hot arm of the actuator with those of the annealed485

samples implies that the highest temperature of the hot arm was486

around ∼760 ◦C, which is in good agreement with the estimated487

maximum temperature of 740 ◦C from the thermal conduction488

model discussed before.489

We also observed that the electrical resistance of the actuator490

could be changed by the application of a current-driven thermal491

cycle. This is illustrated by the data of Fig. 14 which shows492

how the resistance of the device, measured at room temperature,493

was influenced by the calculated average temperature during the494

imposed thermal cycle. The resistance was measured at room495

temperature by allowing the actuator to cool down prior to each496

measurement, while the average temperature was calculated497

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 498

current increases, the average temperature rises. The resistance 499

of the device, determined principally by that of the hot arm, 500

initially slowly decreased with increasing temperatures up to 501

a value of ca. 500 ◦C, above which the resistance increased 502

rapidly, leading to thermal runaway and blowup. The initial 503

fall of the resistance with increasing average temperature is 504

believed to be caused by an annealing effect. Upon anneal- 505

ing at a modest temperature, an electroplated nickel structure 506

normally becomes dense with an increase in grain size and a 507

fall in resistance [30], [31]. Any further increase in average 508

temperature leads to severe surface oxidation, thus increasing 509

the resistance until the current path fails. The observed onset 510

temperature of ∼500 ◦C for the resistance to increase rapidly 511

coincides with that of O/(Ni + O) ratio versus temperature pro- 512

file shown in Fig. 13. It is also clear that the resistance increases 513

dramatically after Tave ≥ 500 ◦C and reaches more than 150% 514

of its ambient value at 700 ◦C, at which the actuators become 515

sufficiently degraded to lead to a decreased displacement. It 516

can be concluded that both creep and the surface oxidation 517

at raised temperatures are responsible for the degradation in 518

displacement of the nickel thermal actuators. 519
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IV. SUMMARY520

U-shaped thermal microactuators were fabricated by a521

single-mask process using electroplated nickel as the active522

material. Their displacement and back bending have been char-523

acterized, and their thermal degradation has been investigated524

in detail. The results can be summarized as follows.525

1) The nickel thermal actuators investigated delivered dis-526

placements of up to 20 μm at an average temperature527

of 450 ◦C, which is much lower than those generally528

required by Si-based microactuators. The displacement529

strongly depends on the voltage amplitude of the pulse530

signal used. The typical cutoff frequency for the thermal531

actuators with a length of 400 μm was between 300 and532

1000 Hz.533

2) The phenomenon of back bending has been observed in534

the chosen nickel-based thermal microactuators becom-535

ing evident at average temperatures as low as 160 ◦C: This536

corresponds to a maximum temperature of 240 ◦C in the537

hot beam. These values are much lower than what would538

be expected in the case of silicon-based microactuators.539

3) The magnitudes of both forward and back-bending dis-540

placements have become larger with increases in tem-541

perature up to 450 ◦C, but then have been subsequently542

decreased with temperature. Plastic deformation at high543

temperature and surface oxidation of the nickel hot arm544

are responsible for this phenomenon.545

4) Reflow of the nickel has occurred under a compressive546

stress at raised temperatures, which can cause the material547

to pile up and thus make the beam locally larger in548

cross section. Conversely, a tensile stress generated upon549

the removal of the current can cause necking and local550

thinning of the hot arm.551

5) EDX characterization has revealed that the surface of552

the hot arm is almost fully oxidized at a temperature553

of ∼750 ◦C, leading to a rapid increase of the resistance554

of the overall device.555

6) Both plastic deformation and surface oxidation at raised556

temperatures have been responsible for the reduction in557

the available displacement of thermal actuators.558
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