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Abstract—Self-buckling behavior of micromachined beams Subscript

under resistive heating is described by an electromechanical
model with experimental verifications. This model consists of af
both electro-thermal and thermo-elastic analyses for beam-shape avg
polysilicon microstructures that are fabricated by a standard com
surface micromachining process. When an input electrical current
is applied, joule-heating effects trigger the thermal expansion of
beam structures and cause mechanical buckling. The standard
testing devices are clamped—clamped bridges, 2m wide, 2.um P
thick, and 100-um long. It is found that a minimum current of o0
3.5 mA s required to cause beam buckling. Under an input current

of 4.8 mA, a lateral deflection of 2.9£0.2 um at the center of the
bridge is measured with a computer image processing scheme.
The experimental measurements are found to be consistent with
analytical predictions. A discussion of modeling considerations
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I. INTRODUCTION

and process variations is presented. [412]

Index Terms—Electro-thermal response, micro

post-buckling, resistive heating, thermal actuators, thermal

buckling, thermoelasticity.
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NOMENCLATURE

Cross-sectional area.

Young’s modulus.

Thermal conductive shape factor.
Moment of inertia.

Current density.

Thermal conductivity.

Original length of the micro beam.
Thermal load.

Variable in the temperature equation.

Thickness.
Suspension distance.

Coordinate along the actuated beam.

Coordinate along the horizontal axis.
Lateral deflection.

Thermal expansion coefficient.
Variable in substitution fof,,,,..
Resistivity of polysilicon.

Combined variable in heat equation.
Strain.

Deflection angle.

Thermal resistivity coefficient.
Variable in substitution fo#,,,.,. andp.

OULE-HEATING-INDUCED thermal expansion is an

important actuation mechanism for microelectromechan-
ical systems (MEMS) [1]-[4]. Many actuation schemes that
have been successfully implemented, such as bimetal [5],
buckling [6], and thermo-magnetic actuation [7] are based
on electro-thermal effects. Empirical characterizations for
the performance of these electrothermal actuators, including
displacement, force, or functionality are abundant. Analytical
solutions, starting from the electrical inputs that provides the
joule-heating energy to the mechanical actuation that are the
result of thermal-elastic behavior, are often missing. In order
to conduct design improvement or optimization for any of
these or other electrothermally driven MEMS structures, a
clear understanding of electro-thermal-elastic responses is
inevitable.

The characterization of electrothermally driven devices
consists of two parts: electro-thermal and thermal-elastic
analyses. Electrothermal investigation begins with the heating
of microstructures by the electrical power. An electro-thermal
model for heavily doped polysilicon micro beams was pre-
viously established [8]. The model is capable of predicting
the temperature distributions on self-heated micromechanical
beams. The thermal-elastic problem is investigated in this
paper by using the coupled problem Blastica[9]-[11] and
the Duhamel-Neumann relation (e.g., [12]). Microstructures
fabricated by the MCNC Multi-User MEMS Process (MUMPS)
[13] are tested experimentally to verify the analytical model.
Moreover, results from a finite-element simulation program
are compared with the theoretical derivations and experiments.
This coupled electro, thermal, and elastic model has been
utilized in the analysis of a vertically driven microactuator [6].
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the electrothermal joule-heating effects such as Heactuators

Ti4] and Hexsil tweezers [15]. In conclusion, the influence of

temperature, material and critical design issues are discussed.

1057-7157/00$10.00 © 2000 IEEE



CHIAO AND LIN: SELF-BUCKLING OF MICROMACHINED BEAMS UNDER RESISTIVE HEATING 147

L2 TABLE |
X PHYSICAL PROPERTIES OF THEMICRO
4 [ BEAM
y Lateral y
i Actuation Symbols Unit Value Reference
kp W oc—l m—l 340 [8]
____________ o SCT 2.6 x10° | 17, ]3]
Ymax &,-POLY1 °C1 1.35 x10~3 27
£,-POLY?2 °C-1 1.14 x1073 27
Fig. 1. Clamped—clamped micro beam buckles under joule heating. Poo~POLY1 ohm — cm 0.00184 13
Poo-POLY?2 ohm —em 0.00247 13
F-POLY1-2um wide none 4.07 8
Il. THEORETICAL STUDY F-POLY1-1pym wide none 6.85 8
F-POLY2-1um wide none 8.06 8

Fig. 1 shows the schematic diagram of a clamped—clamped
micro beam that is investigated in this paper. When an electrical.

current is applied, the outcome of the electro-thermal heating. L .
effect causes the beam to expand. The thermal-elastic behad t and the thermal conductivity of polysilicon are represented
y &, andk,. These parameters are experimentally character-

results in buckling and actuation of the structure. If the wid . .

of the structure isgless than its thickness, the beam moves Iaié?—d [3]. [8], [13], [17], [27] as listed in Table I.

ally, as shown. On the other hand, if the width of the beam s Thermal-Elastic Analysis

larger than the beam thickness, vertical deflection is expected. . .

The expansion and actuation mechanisms consist of two parts! €MPerature rise as provided by the electrothermal power
the electro-thermal response due to the electrical heating £R#SeS these beams to elongate. Due to the clamped—clamped

the thermal-elastic reaction due to the thermal expansion of fFgUndary condition, compressive stress is generated and buck-
microstructures. ling behavior occurs if the stress exceeds a critical value. This

thermal-elastic problem can be modeled by solving the classical
A. Electro-Thermal Analysis problem ofElasticawith the governing equation [9], [10]

ng numerical simulations [16]. The thermal resistivity coeffi-

When an electrical current is applied, resistive heating occurs d*6
and the temperature on the beam can be represented as a func- ds? + EI

tion of the input current. Previously, an electro-thermal modﬁlS shown in Fig. 10 is the deflection angle with respect to the

for suspendgd microstructures has been mvesngated with ex%errginal axial axis;z, ands is the coordinate along the deflected
imental verification [8]. An electrothermal equation was eStalB'eam £ andI are the Young’s modulus and moment of inertia
lished and the steady-state temperature distribution on the Sbﬁ'he.beam respectively? is the thermal loading anglis the

pended beam was represented as lateral deflection that is solved analytically as [18]

sinf = 0. (5)

cosh {m <a: - g)} "0 <@ < (@9
- _ _ 23
T(.’L’) Tcom (Tcom Too) L . Yy=——= (1 — COS (/)) (6)
COSh vV Ccoma £
V EI
1)
o (L/4) < = < (L/2)
The average temperature is calculated by integration 28
I y=—— (14 cos¢) (7)
tanh <\/ Ccom 5) A / i
Tavg = Tcom - (Tcom - Too) L (2) EI
3/ €com 5 where
where 3 =sin HIL;X (8)
2
Toom = Too + d foo (3)
kpccmn . 9
L Sin 5 (9)
¢ =sin~ .
knkairF J2 (&9} /3
_Jp Sp (4)

e e hp (Femie o + o lift) ky

. . . . The maximum deflection angle occurs at one-forth of the beam
andT, is the ambient temperaturé,s the current density, and length due to symmetry and the maximum deflection,. is at

Poo 1S the resistivity of polysilicon at ambient temperature. Thﬁ,]e center that can be derived from (7) i
symbolsh,,, h,,, andlift represent the thickness of polysilicon,
silicon nitride and the suspension gap, respectivielyrepre- —_— 43

sents the thermal conductivity of silicon nitridi.is the exces- P
sive thermal conductive shape factor that can be calculated by EI

(10)



148 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 9, NO. 1, MARCH 2000

0.00 20.00 40.00 60.00 80.00  100.00 Input Current —~
' ! | ; | — N
x (um) Suspended Beam
4.00
900T
y (um)

Fig. 2. Simulation result of the deflection shape of a buckled micro beam.

A one-dimensionaDuhamel-Neumanmonstitutive law iS  |substeate
then used to relate the thermal stress [12] with respect to tel
perature changes. This step also connects the electro-thermal

Silicon nitride

analysis to the thermal-elastic problem Fig. 3. Schematic diagram of a thermally driven micro beam.
-pP

wheree is the thermal strain [18]4 is the cross-sectional area
of the beam, and is the thermal expansion coefficient. The
maximum deflection is now derived with respect to the average
temperature of the micro beam as

I/A
Ymax = 4[3 L
tanh <,/6C0m 5)
a(Tcmn - Too) 1- L —& . . . )
~ Fig. 4. SEM micrograph of three micro beams with lengths of®0 and
Voom 2 widths of 1, 2, 5 and 1@m.

12)
1. EXPERIMENTAL MEASUREMENTS

This equation is used to predict the displacement at the ceniersample Preparation and Experimental Setup

of the beam.
The suspended micro beams have been fabricated by the

MUMPs in the batch of run #22 [13]. Fig. 3 shows the schematic
diagram of the structure. Silicon nitride of O.fn in thickness

In order to solve this statically indeterminate problem, mafunctions as the thermal and electrical insulation layer. The
imum deflection angles are first assumed and the correspondmigro beams are constructed by using the second or third
variables such as thermal loading, strain, and maximum defletructural layers of heavily phosphorus doped polysilicon in
tion are calculated [18]. Before the buckling temperature, tilee MUMPs. The POLY1 and POLY?2 layers are 2 and A%
maximum deflection at the center of the beam remains at zei thickness and suspended 2 and 2t8 above the substrate,
The simulation program begins its predictions after this mimespectively. Electrical current is supplied via contact pads to
imum temperature is reached. For standard beams of:#00-the micro beams. Different lengths and widths of micro beams
long, 2+:m wide, and 2zm thick, an input current of 3.5 mA is have been designed, fabricated, and tested. The lengths are
required to generate an average temperature ofG3d initiate ranging from 50 to 10Q:m with widths of 1, 2, 5, and 1@m.
buckling. It is found that the corresponding thermal loading Big. 4 is an SEM micrograph showing four suspended micro
9.2 x 10~* N. The displacement of the beam keeps increasibgams made of POLY1 layer. They are & long, 10-, 5-,
as the applied current is increased, but the thermal load @e;and 1xm wide (from top to bottom), respectively. A probe
creases. For example, thermal loading drops from the criticgihtion equipped with a charge-coupled device (CCD) camera
value at the buckling point to 99.8% when the average tempegad an image-processing card in a personal computer has been
ture reaches 100 [18]. This is probably due to the stress rewtilized in the experiments. The image of the deflected micro
laxation process in the post-buckling stage. This trend was pleam is captured as shown in Fig. 5. This image is then pro-
viously reported in classic mechanics [19]. The deflection at tloessed in AutoCAD to measure the lateral deflection, as shown
center of the beam, on the other hand, increases as the temper&ig. 6. The length of micro beam is set as 100-unit length
ture increases and the relation is nonlinearly governed by (18hd the corresponding deflection is calculated internally in
Fig. 2 is the results of theoretical simulation for the shape of t#aitoCAD. In this particular example, the deflection is recorded
micro beam in action by solving (6) and (7). The figure showas 2.9+0.2:m. The uncertainty of +0.2m is estimated from
that when the average temperature of the micro beam i§®@00 human errors and the clarity of the image. Both ac and dc
the deflection is about am. inputs have been used to actuate these devices. For ac inputs,

C. Analytical and Numerical Solutions
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(mA) from finite-element analysis (FEA) [20]. In a standard step

Fig. 7. Plot of the maximum deflection as a function of input current for 80 analyze this buckling problem, an infinitesimal force is
2 x 2x 100pm* beam. introduced in FEA at the first load step. This infinitesimal force
is then removed after bending of the beam. Experimentally,
the micro beams move at twice the input frequency up to abaHkse micro beams do not deflect under low input currents
100 Hz. When the input frequency is higher than 100 Hz, thgil a critical current is reached to generate a large enough
micro beam reacts like it is under dc inputs because the cooliggmpressive stress for buckling. A simulation result showing
process cannot catch up with the heating process. If the Widgﬁnperature versus input current on & 2 x 100 ym? beam
of the micro beam is less than its thickness, lateral actuatigillustrated in Fig. 10. It is calculated that a current of 3.5 mA
occurs. If its width is Iarger than the thickness, the micro bea@ required to generate an average temperature of°63tb
moves vertically. initiate buckling. After buckling, the deflection increases as the
input current increases and the experimental measurements are
consistent with both the theoretical prediction and FEA simula-
Three kinds of micro beams have been tested. They diens. The FEA results seem to be closer to the experiments than
100 ym in lengths and 2< 2, 1 x 2 and 1x 1.5 um? in the theoretical calculations. The possible explanation is that an
cross sections. Figs. 7-9 show the experimental (symbols) awrage temperature is used in the analytical model while the
analytical results. The solid lines are numbers derived from tR&A simulation used the distributed temperature profile that is
theoretical model of (12) and the dashed lines are simulatiorisse to the true conditions. However, FEA simulations require

B. Electrical Input to Mechanical Actuation
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Fig. 10. Average temperature versus input current of heated beam.

Fig. 11. Effect of geometrical variations.

large computational power for this nonlinear problem. In order

to prevent either creep or recrystallization [21], the experimentsprocess variations may also change the behavior of micro
stop at a temperature of about 9@ and we found no perma- heams. For example, a trapezoidal, instead of a square shape
nent damages to these devices. For all three kinds of deviaegy be the true cross section of the beams as the result of an im-
two different samples have been experimentally characterize@rfect reactive-ion-etching process [25]. In addition, the width
In Fig. 7 of the 2x 2 um? beams, the experimental resultsind thickness of the beams may also vary from different wafers
are consistent with the analytical predictions. The analyticat even different locations of the same wafer. Fig. 11 shows
predictions underestimate the beam deflections in the casesigiulation results that characterize the sensitivity of the micro
1 x 2 pm* and 1x 1.5 um* beams, as shown in Figs. 8 antheams with respect to these process variations. The standard
9. The major source of discrepancy is that the manufactunggam is 2 2.2,:m? in cross section. When the width decreases,
widths of these beams are expected to be less than the desigranalytical prediction shows that the current-deflection curve
widths of 1 ym. Therefore, these beams react at a lowefioves to the left because the rigidity of the micro beam is re-
input current as predicted in the theoretical analyses. Thiiced. For beams with trapezoidal cross section of.dr8at
over-etching effect also thin those beams ofi in widths the top and 2.Q:m at the bottom, the simulation result shows

in Fig. 7 such that they move laterally instead of verticallthe curve move to the left-hand side, but is very close to the
Furthermore, samples with same dimensions do show slighghandard beam. In summary, all of these process variations af-
different experimental results as shown in these figures. Thisct the performance of the micro beam and the variations are
is probably due to the manufacturing variations that cause tijthin 10% of the original current-deflection curve. The varia-
dimensional variations for the manufactured microstructurestions in material properties with respect to temperature have not
been considered in these theoretical models, but in reality, these
values change at different temperature [26]. Unfortunately, the
databases for material properties with respect to temperature of

Several modeling considerations are discussed. First, resid@ny thin films, including polysilicon, have not been fully es-
stress may exist in micromachined thin films and it is impof@Plished. A detail study for several “mechanical” properties,
tant to characterize its effects. A passive residual strain gadfg'uding thermal expansion coefficient, thermal conductivity,
[22] has been fabricated together with these micro beams via Al Young's modulus is essential to improve the accuracy of
MCNC MUMPs process, and the residual strains of the POLYDiS and other MEMS models.
and POLY3 layers have been detected to bex6. 40> com-
pressive. The corresponding residual stresses are 9.6 MPa for
polysilicon films with Young’s modulus of 150 GPa. When the
compressive residual stress is considered in the analysis, th& MEMS model that combines both electro-thermal and
critical current to cause the buckling of micro beams decreastt®ermal-elastic analyses has been developed for buckling
In fact, self-buckling may occur when there is a great amoubéhavior of micromachined beams. This model can be applied
of compressive stress is in the thin film, as discussed previousty microstructures that operates based on the principle of
[23], [24]. On the other hand, if the residual stress is tensile,jdule-heating effects. The transformation of energy is success-
hinders the actuation of the micro beams. In general, the ctuly established, from electrical inputs to thermal heating, and
rent-deflection curves as those of Figs. 7-9, move from left to the mechanical deflections. A standard surface microma-
right as the residual stress changes from compressive to tensiténing process that was conducted via the foundry service of

IV. DISCUSSIONS

V. CONCLUSIONS
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MCNC MUMPs is used to fabricate these micro beams. It ig18] L. Lin and M. Chiao, “Electro, thermal and elastic characterization
found that the experimental measurements are consistent with ~ ©f suspended micro beamsplicroelectron. J, vol. 29, no. 4-5, pp.

269-276, 1998.

analytical predictigns. The theoretical apalygis undereStimatﬁQ] O. Mahrenholtz, G. loannidis, and A. N. Kounadis, “Lateral post-buck-
the lateral deflections for beams of;dm in width probably ling analysis of beams Archive Appl. Mechanvol. 63, pp. 151-158,
due to the plasma-etching process that generally thins down = 1993.

[20] ANSYS, Finite Element Analysis Program Houston, TX: Swanson

the designed width. A typical micro beam with.2n in width, Anal. Syst. Inc., 1990.
2 um in thickness, and 100m in length can achieve a lateral [21] T. Akiyama, Y. Fukuta, and H. Fuijita, “A reshaping technology with
displacement of 2.9:m at the center of the beam under a joule heat for three dimensional silicon structures,Dig. 8th. Solid-

State Sens. Actuators, Transducers '95 Int. Cppf 174-177.

4.8-mA input current. [22] L. Lin, A. P. Pisano, and R. T. Howe, “A micro strain gauge with

mechanical amplifier,”IEEE J. Microelectromech. Systol. 6, pp.
313-321, Dec. 1997.
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