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Effect of Heat Transfer on Materials Selection for
Bimaterial Electrothermal Actuators

Prasanna Srinivasan and S. Mark Spearing, Member, ASME

Abstract—Bimaterial electrothermal actuation is a commonly
employed actuation method in microsystems. This paper focuses
on optimal materials selection for bimaterial structures to max-
imize the thermomechanical response based on electrothermal
heat-transfer analysis. Competition between different modes of
heat transfer in electrothermally actuated cantilever bimaterial is
analyzed for structures at the microscale (10 pm < L < 1 mm)
using a lumped heat-capacity formulation. The choice of mate-
rials has a strong influence on the functional effectiveness and
the actuation frequency even though the electromechanical effi-
ciency is inherently small (~107~%). Frequencies on the order of
~100 Hz to 15 kHz can be obtained for bimaterial structures at
small scales by varying either the operating temperature range
or the rate of heat dissipation. It is found that engineering
alloys/metals perform better than other classes of materials for
high-work high-frequency (~10 kHz) actuation within achievable
temperature limits. [2006-0177]

Index Terms—Electrothermal effects, microactuators, resis-
tance heating, scaling and materials selection, thermomechanical.

I. INTRODUCTION

ATERIALS selection is a critical step in the design cycle

of any engineering system. The selection of materials
for microelectromechanical system (MEMS) is complicated by
the highly integrated multifunctional roles of the components.
Seldom will a material have properties delivering maximum
performance in all the governing physical domains. The con-
ventional set of MEMS materials [1], although compatible with
existing micromachining methods, are not an optimal choice
for the maximum performance. This represents an opportunity
to expand the MEMS materials set in order to improve the
functionality of devices.

Bimaterial electrothermal (BET) actuation is a commonly
employed actuation method due to simplicity in the micro-
machining processes and its ability to provide out-of-plane
actuation, which is, otherwise, difficult to achieve. There have
been few published works on electrothermal heat transfer in
microsystems, which include the following: 1) estimation of
the time constant and lateral resonances of Al-Si bimater-
ial [2] for resonant sensors and microswitches applications,
2) evaluation of the buckling characteristics of micromachined
polysilicon beams [3] under thermal load using electrothermal
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and thermoelastic studies, 3) experimental investigation of the
electrothermal behavior of a diamond-like carbon (DLC)-Ni
microcage device for handling living biological cells [4],
4) estimation of the temperature field in an SU8-Pt polymeric
microgripper [5] by numerical simulations, 5) evaluation of the
transient thermal field of an Au-Si microcantilever actuated
by a laser pulse for wireless MEMS applications [6], and
6) effect of electrical/thermal properties on the temperature
of silicon microcantilevers used in atomic-force microscopy
for nanotopographic measurements [7]. These works analyzed
the performance of the specific BET actuators employed in
different microsystems for various applications. However, a
more generalized electrothermal analysis to guide the materials
selection for such actuators has not been previously attempted.
This paper aims to identify promising candidates for BET
actuators at small scales (10 yum < L <1 mm) by building
on previous works focused on the overall selection of actuation
principles, at the macro [8] and microscales [9].

The key performance metrics for BET actuators are the
displacement (slope), force (moment), work per cycle, the ac-
tuation frequency, and the effectiveness. This paper discusses a
strategy for selecting suitable candidate materials for bimaterial
structures based on electrothermal heat-transfer analyses in
order to improve the performance. The process of materials
selection explained in this paper follows previous work, where
displacement, force, and work/volume of the actuators were
maximized for a constant uniform temperature difference [10].
Therefore, the resulting set of materials identified in these two
studies would be promising candidates for BET actuators. The
objective of this paper is to develop an analytical framework for
materials selection for BET actuators considering electrother-
mal heat-transfer effects.

The relevant performance metrics for BET actuators which
depend on the heat-transfer response are the frequency, effec-
tiveness, and electromechanical efficiency. A high actuation
frequency is required for applications such as micromirror
positioners [11], microgrippers, fiber-optic switches [12], and
boundary-layer flow-control devices. Effectiveness is a measure
of displacement/force/work achieved within a cycle per unit
electrical energy consumed. The characteristic electromechan-
ical efficiency is defined here as the ratio of the total me-
chanical work done by the actuator to the electrical energy
supplied.

The competition between different modes of heat transfer
which constitutes the total heat dissipation varies according
to the actuator scales. This variation in the competing heat-
transfer modes affects the thermomechanical response of the
actuators. The effect of scaling and its influence on the response
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which eventually determines the materials selection is therefore
addressed.

This paper is organized as follows. Section II gives an
overview of the thermomechanical design of BET actuators.
Section III discusses the evaluation of the equivalent thermal
properties of a bimaterial. Evaluation of the steady state and
transient thermal responses of a bimaterial are presented in
Sections IV and V, respectively. Section VI discusses the
estimation of the functional effectiveness and the electro-
mechanical efficiency of a bimaterial. Section VII illustrates
the application of thermal models for materials selection.
Section VIII discusses the materials selection process and the
influence of scaling on the selection process. Section IX pro-
vides concluding remarks drawn from this study.

II. OVERVIEW OF THE THERMOMECHANICAL
DESIGN OF A BET ACTUATOR

Fig. 1 shows a schematic of an electrothermally actuated bi-
material. The relevant material properties are Young’s modulus
(E), thermal-expansion coefficient (), thermal conductivity
(K), thermal emissivity (), specific-heat capacity (C), and
density (p). The subscripts correspond to the material layers 1
and 2, respectively. The thicknesses of the two layers are ¢; and
to, respectively. The width of the beam is b, and its length is L.
The base and ambient temperatures are 1}, and T, respectively.
Using Timoshenko bimetallic strip theory [13], the relevant per-
formance metrics which gauge the thermomechanical response,
namely, free-end slope (©), blocked moment (M), and work
done per volume (W) were developed [14]
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where A\ = F;/FEs is the ratio of Young’s moduli of the bi-
material, £ = t1/to is the ratio of the thicknesses of the two
layers, Aa = a1 — ay is the difference between the thermal-
expansion coefficients of the bimaterial, and AT =T — T,
is the difference between the nominal temperature of the
bimaterial 7' and the ambient temperature 7. A strategy
for selecting optimal material pairs which deliver maximum
thermomechanical performance for a constant AT was pre-
viously developed [14]. The optimality condition pertaining
to the maximum steady-state thermomechanical response of a
bimaterial is given as

2 =1 4)
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where &, is the optimal thickness ratio corresponding to the
maximum thermomechanical response for a given pair of ma-
terials. Substituting (4) in (1), (2), and (3) gives the optimal
thermomechanical response

_ 3L(Aa)(AT) _ ©uL(AT)

O = 2t t ©)
L= El”ﬁ“g(ﬁﬂ = My bt?(AT) ©)
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where ©,, M,, and W, are the optimal thermomechanical
responses for a given pair of materials. ©,,, My,, and Wy,
are material parameters which correspond to the optimal slope,
moment, and work normalized with respect to geometry and
temperature. The variable AT is a non-linear function of elec-
trical and thermal properties of the materials employed for a
given geometry. Since for an optimal response, the ratio of
thicknesses of the bi-layers is a function of the elastic moduli
ratio of the bi-material as given in (4), it is possible to express
AT as a function of mechanical, electrical, and thermal prop-
erties. This paper investigates the influence of the competing
heat-transfer modes on AT, which in turn affects the thermo-
mechanical response of the bimaterial.

A BET actuator is a microscale structure with in-plane
dimensions in the range of 10-1000 pm. Actuation is typically
achieved by resistive heating followed by uncontrolled cooling.
The small scale allows a lumped heat-capacity formulation to
be used, as the surface convective resistance is large as com-
pared to the internal conduction resistance. This is quantified
by the Biot number (B3) [15]

hL.

B' =
1 Ko

®)

where L, = V/ A is the characteristic length, which is given by
the ratio of the volume, V to the surface area, A, of the actuator,
K.q is the equivalent thermal conductivity of the actuator
materials, and A is the heat-transfer coefficient of the actuator
surface. The surface area to the volume ratio for microscale
structures is usually very large, and therefore, the Biot number
is very small (~0.01-0.1), which justifies the use of a lumped
heat-capacity model.

III. EVALUATION OF EQUIVALENT THERMAL PROPERTIES

From (4), it is clear that the optimal thickness ratio of the
bimaterials depends only on the ratio of the Young’s moduli
and is independent of the thermal-expansion coefficients of
the materials. Therefore, the equivalent thermal properties of
a bimaterial with an optimal thickness ratio also depend on
the Young’s moduli of the bimaterials. The equivalent thermal
properties relevant to the present analysis are thermal con-
ductivity, volumetric thermal capacity, and thermal emissivity.
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Ambient temperature, T,

Electrically conducting path

Fig. 1. Schematic of a cantilever bimaterial heated electrically.
Furthermore, the power generated per unit volume due to Joule
heating also must be evaluated for the thermal analysis.

A. Equivalent Thermal Conductivity K

The equivalent thermal conductivity K¢q is defined as the
property of an equivalent homogenous material of unit thick-
ness and unit area of cross section, which, when maintained
under a unit thermal gradient, would transfer the same energy
as the bimaterial layers under the same conditions, giving

K& + K
Keq:%g? )

B. Equivalent Volumetric Thermal Capacity (pC')eq

The equivalent thermal capacity (pC)eq is similarly defined

(p1C1)&6 + (chz).

(pc)eq = go + 1

(10)

C. Eguivalent Emissivity €qq

The equivalent emissivity €qq is defined as the property of
an equivalent homogenous material which would emanate the
same amount of radiation from its surface when maintained at
a given temperature as the bimaterial layers under the same
conditions, i.e.,

b+ t) +ea(b+ta)

g = 11
Fea b+t an

D. Power Generated Per Volume @,

The heating element in the actuator is usually one of the
bimaterial layers; typically, the one which requires least voltage
for generating a large heating current. Silicon, being the most
commonly employed substrate material in microsystems, is

often considered as the heating element, because its electrical
resistivity can be varied over a wide range (103—10"7 Q- m)
by doping with boron [16]. The electrical conducting path runs
along the U-shaped heating element, as shown in Fig. 1. End
effects are ignored, and the length of the conductor is assumed
to be 2L. The power generated per unit volume of the actuator
when heated by a constant-voltage source is given as

V2

= T /)

(12)

where V' is the constant actuation voltage used for Joule heating
and ¢ is the resistivity of the heating element. The effect of
any insulating oxide layer sandwiched between the bimaterial
layers is ignored in the present analysis.

IV. STEADY-STATE TEMPERATURE
FIELD OF A BIMATERIAL

Fig. 2(a) shows a 1-D heat-transfer model of a cantilever
beam with equivalent thermal properties heated electrically by
a constant voltage V. The base which acts as a heat sink
is maintained at a constant temperature 7j,, and the ambient
temperature is 7,,. The cross-sectional area of the beam is
A, and the perimeter of the cross section is P. The total heat
generated due to electrical heating is dissipated by conduction,
convection, and radiation. The heat transfer at the free end of
the beam at x = L is negligible and, therefore, is modeled as a
thermally insulated section.

Consider an elemental control volume with the temperature
T at distance of x from the base. Let dT" be the temperature
change over the length dx. Fig. 2(b) shows the energy flow
across the control volume considered. The total thermal energy
generated within the control volume is dissipated by diffusion
to the base, convection to the surrounding fluid medium, and
radiation. Using the energy-balance relation, an expression for
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Fig. 2.

the temperature field T'(x) along the length of the beam is
obtained with/without convection and radiation effects

T(z) — Tp = (:;(Q:) (L— g)

is the temperature field without taking into account convection/
radiation effects

_ Qv
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is the temperature field considering the convection/radiation
effects. The variable m = \/hP/KeqA, hy=he+
0ceq(T(2)? +T2)(T(z) + Tx) is the overall heat-transfer
coefficient, h. is the convective heat-transfer coefficient,
and o =5.67 x 10 W/m? . K* is the Stefan—Boltzmann
constant. The characteristic temperature of the bimaterial is
defined by the average temperature, Ty, along its length, which
is given by

L?Q,
Tav - Tb = 3KQ
eq

15)

in the absence of convection/radiation effects

TOO v
T — <+C22
Kegm

Ty — (To + —9v
b < * Keqm§v>

is the average temperature considering the convection/radiation
effects. The variable m,, is the value of m at T'(x) = T, .

) _ tanhmgy L
T ma L

(16)

»
P

(b)

g:+(9g,/0x).dx

g, — Heat loss by conduction
q.— Heat loss by convection
g, — Heat loss by radiation
T~ Ambient temperature

(a) Thermal model of a cantilever bimaterial. (b) Energy flow across the control volume considered.

Using (15), a parameter called the electrothermal power
index P; is defined considering the heat dissipation due to
_(AT)

conduction
I (Toy — Tt)
3Keq \ QWL )7 QL%

P; is a material-dependent parameter, which gives a measure
of the achievable temperature for a bimaterial of fixed length
when heated by a source generating unit power per volume of
the material. Since materials selection is generally based on the
relative estimates of the performance, convective effects are
ignored in the evaluation of the P as they do not have any
bearing on the selection criteria.

P =

a7

V. TRANSIENT THERMAL RESPONSE OF A BIMATERIAL

The frequency of BET actuators depends on the time taken
by the actuators to heat and cool alternately between the pre-
scribed operating temperatures. The time taken by the actuators
to be heated to a given temperature can be controlled to a
certain extent by altering the electrical resistivity of the heating
element (e.g., silicon) by doping. The cooling phase is usually
uncontrolled, and it depends on the thermal properties of the
substrate materials. If 7}, and T, are the operating temperatures
of a bimaterial with T}, > T\, then the time corresponding
to heating (¢,) and cooling (t.) phases can be obtained by
solving the implicit transient thermal model using numerical
integration

T+ F, (T + BiTo + (%£))

eq

T = 18
1+ Fo(Bi+1) (18)
correspond to heating phase
; T' + F,(Ty, + BiT,
i+l _ + 0( b + D 00) (19)

1+ Fo(Bi+1)
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correspond to cooling phase. 7" and T"*! are the temperatures
of the bimaterial at the successive instants ¢ and ¢ + At, Qv
is the constant electrothermal power generated per unit vol-
ume during the heating phase, F, = KoqAt/(pC)eqL? is the
Fourier number, and Bi = hy PL? /KeqA is the Biot number.
The losses associated with the heating phase for a high con-
stant electrothermal power generation per unit volume (Qyt ~
10'2-10'3 W/m?) is usually low (< 0.1 Qy¢). As a result, the
electrical energy supplied can be assumed to be equal to the
internal thermal energy stored within the bimaterial. Therefore,
for a linear ramp up from 7, to T}, the transient thermal
response corresponding to the heating phase given by (18)
reduces to
(pC)eq(Tp — Tv)

Quure —— — .

" (20)

Since the electrothermal heating rate is faster than the cooling
rate (~10—100x), it can be ignored in the computation of the
cyclic frequency. The characteristic actuation frequency can
thus be evaluated as

1
f~—.

i 1)

Assuming that ¢, = 1/(10f), the electrothermal power gener-
ated per unit volume of the bimaterial during heating phase can
be evaluated from (20) in terms of the actuation frequency.

Qvt = 10f<pc)eq(Tp - TV)'

It should be noted that the actuation frequency depends on the
operating temperatures T}, and T\, for the given pair of materials
and the length scale.

(22)

VI. EFFECTIVENESS AND EFFICIENCY
OF THE BET ACTUATOR

A thermomechanical design criterion, which governs mate-
rials selection for many BET actuators, is the displacement/
force/work per cycle achieved for the given amount of elec-
trical energy supplied. Therefore, the effectiveness of BET
actuators is quantified here based on the optimal displacement/
force/work per cycle achieved from a given pair of materials for
unit electrical energy consumed. The effectiveness can be either
displacement (slope) based O.g, force (moment) based Mg,
or work based Weg. Designing an actuator with the required
effectiveness is determined by the functional requirements.
Using (5)—(7) for the effectiveness of the BET actuators are
obtained

B0 Ouo(AT)

off = = 2
Octt Q.Lbt  bi2Q, 23)
M,  Myot(AT)
Mg = = 24
TTQub T QUL @9
o ]\4eﬂ”(_)eﬂC _ Wno(AT>2
Wer =—g— = Q2Lbt 25)

Effectiveness can also be regarded as the performance of the
actuator within a cycle. Substituting (17) in (23)—(25), effec-

tiveness can be obtained in terms of the mechanical/thermal
properties of the bimaterial

_ 0u(AT)  (Aa)L?
Oct = =g, ~ 2K oo bi? (26)
Moy = Mot (AT) El(Aa)ZLt o
QVL 6 (1 + 50) K
o ed
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o

06 (1-£§o)2K§qbt.

By normalizing (26), (27), and (28) with respect to geometry,
indices for effectiveness based on the displacement, force, and
work per cycle can be obtained

O,z bt? _ (Ax)

= pm— 2
Ot 72 2K, (29)
Mg Fi(Ax
My = et B (30)
Lt K 14+&
6K (1252
Wbt Ei(Aa)?
Wit =5 = 1(1+)§ 2 31)
96Kgq( = 0)

where Oy, Mg, and Wy are indices for effectiveness based
on slope, moment, and work, respectively, for a fixed geometry
of actuator.

The candidate materials selected besides being functionally
effective should also be efficient in performance. Therefore, the
electromechanical efficiency 7ep, is defined here as the ratio
of the optimal mechanical-power output to the electrical-power
input for a given pair of materials, i.e.,

WP P
o Qvt 1Of(pc)eq(Tp - TV)

(32)

where P,y = (1/(At)) tHAt |dW,/dt|dt is the average

mechanical-power output, which depends on the transient ther-
mal response of the bimaterial during the cooling phase for
the temperature difference achieved with the given amount of
electrical power supplied. The choices of materials which are
functionally effective are not necessarily efficient, because 7,
depends on the rate at which the thermal energy is dissipated by
the bimaterial for the achievable temperature difference due to
the electrical energy supplied.

VII. THERMAL CONSIDERATIONS IN THE
MATERIALS SELECTION

The competition between the different modes of heat transfer
which contribute to the thermal-energy dissipation varies with
the length scale of the bimaterial structure. As a consequence,
the thermomechanical response affecting the materials selec-
tion will also depend on scale (10 pm to 1 mm). Hence,
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TABLE 1
PROPERTIES OF SINGLE-CRYSTAL SILICON

Young’s Modulus, £; = 165 GPa

Thermal conductivity, K; = 150 W/mK

Thermal expansion coefﬁc1ent o1 =2.49 um/mK
Electrical resistivity, o= 10* Q-m

Specific heat capacity, C1 700 J/kg K

Density, p; = 2280 kg/m’

the performance of different classes of materials on a given
substrate is examined as function of scale to identify promising
candidates.

Silicon is one of the most commonly preferred substrate
materials for microsystems due to its wide availability and ease
of microfabrication besides having favorable properties in the
various physical domains. For illustration, silicon is chosen
as one of the bimaterial layers and is also assumed to act as
the heat source. Table I shows the properties of single-crystal
silicon used for this analysis. The bimaterial is assumed to be
actuated using a constant dc-voltage source. The heat generated
by the bimaterial is dissipated by diffusion to the base and
convection to the surrounding fluid medium. The temperature
of the base is assumed to be at 7}, = 50 °C, and the ambient at
T = 20 °C. The heat loss by radiation is neglected, which is
reasonable, given sensible temperature limits for most materials
(~500 °C). The steady-state thermal field considering the com-
bined effect of conduction and convection depends on the ratio
of the perimeter to the area of the cross section, which is a func-
tion of thickness of the bimaterial considering b > ¢ for most
actuator structures. A conservative estimate of the temperature
is therefore obtained by assuming the cross section of the beam
to be square with L/t = 30. The operating temperature range
for most microsystems varies from ~100 °C to 300 °C with
the peak temperature not exceeding ~400 °C considering the
temperature limits for the different classes of materials at small
scale. The operating temperature range is therefore assumed to
be 250 °C with the peak temperature 73, = 300 °C in this paper.

In order to make an effective selection between the candi-
dates, contours of equal response were plotted on an Ashby
materials-selection chart [17] in the domain of the governing
properties. Materials which lie close to the contours indicat-
ing a high response were then considered for further detailed
analysis. The materials selection for BET actuators is based
on the electrothermal and thermomechanical performances of
the bimaterials. Therefore, the performance of different classes
of materials on silicon is evaluated on these considerations to
identify novel material combinations.

The electrothermal characteristics of different materials can
be better understood if contours of P; are plotted in the
domain of relevant properties. Fig. 3(a) shows contours of
equal log;o(Pr) plotted in the material domain (F versus K)
for silicon. It is evident that P; for engineering polymers is
greater than for engineering alloys/metals on silicon. Therefore,
polymers require less power than metals to attain a given
temperature. But the voltage required to attain a given tem-
perature varies with the electrical resistance of the heating
element, which depends on the electrical resistivity of the sub-
strate materials and the thickness ratio of the bimaterial layers.
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Fig. 3. Contours of (a) log;(Pr) and (b) log,, (V1) for different classes of
materials on silicon, which acts as a heat source.

A parameter termed as the electrothermal voltage index (V7) is
defined by eliminating @, between (12) and (17)

(AT)p

V2=
Vi

(33)

where Vi = 1/(12K.q(1 4+ 1/&,)) is the voltage index of a
material layer for a fixed heat source. The influence of V; on
the actuation voltage is small considering the range of variation
in the electrical resistivity of different classes of materials
(1079—10% Q- m). Polymeric substrates would require much
higher voltages than semiconductor and metallic substrates and,
therefore, are not preferred heating elements. Furthermore, it
is also possible to estimate the actuation voltage for a range
of materials on a given heat source. Fig. 3(b) shows contours
of log,(V1) plotted in the material domain (F versus K) for
silicon (which also acts as the heat source). It is clear from
the plot that the actuation voltage required to attain a given
temperature for different classes of materials on silicon varies
only within an order of magnitude (V5 : 1072—10"* mK/W),
although the power required varies by two orders of magnitude
(P 10711072 mK/W). Fig. 4(a) and (b) shows similar
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contours of log;,(Pr) for DLC and polymethylmethacrylate
(PMMA) substrates.

The achievable temperature for different material combina-
tions due to Joule heating can be estimated from the isotherm
contours plotted in the relevant material domains considering
different modes of heat transfer. Fig. 5 shows steady-state
isotherm contours (in Kelvin) obtained using (12) and (15)
for different classes of materials on silicon for an optimal
thickness ratio &,, considering heat dissipation due to conduc-
tion only. The voltage required for heating was assumed to
be 5 V, considering the range of T}, preferred for microsys-
tems applications. Fig. 6(a) and (b) shows similar contours
for aluminum and PMMA substrates. Although the influence
of materials choice on the achievable temperature is dic-
tated by the power supplied, it is also limited further by the
failure characteristics of the materials employed (e.g., yield/
fracture stress and creep/melting temperature), which are not
addressed in this paper. The effect of free convection on
the isotherms obtained using (12) and (16) for lengths L =
100 pm and 1 mm are shown in Fig. 7(a) and (b), respectively.
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Fig. 5. Comparison of the isotherms for different classes of materials on
silicon with Ashby selection chart [17], considering heat dissipation due to
conduction (V' =5 V).

A macroscale value of the convective heat-transfer coefficient
he =10 W/m? - K was assumed. Figs. 5 and 7(a) are al-
most identical, which confirms that conduction is dominant at
smaller scales (L < 1 mm). The effect of convection becomes
apparent at larger scales (L > 1 mm), as shown in Fig. 7(b).
However, even at this scale, the variation in the isotherms is
not very large. Hence, the power dissipated due to convective
currents is minimal at a small scale, which further confirms the
applicability of the lumped heat-capacity formulation.

The materials-selection strategy for BET actuators is based
on complicated tradeoffs between the electrothermal and ther-
momechanical performances. Therefore, the overall selection
criteria for promising candidates depend not only on the elec-
trothermal response (achievable temperature difference for a
given pair of materials due to Joule heating by constant voltage)
but also on the thermomechanical response (effectiveness and
efficiency). Establishing design trades based on the effective-
ness is cumbersome due to the interaction between three mater-
ial properties (F, o, and K). This complexity, however, can be
resolved if one of the governing properties is normalized [for
example, (A«/)] and its effect is subsequently superimposed on
the resulting response. It is evident from (29) that polymers on
silicon are effective in delivering high displacement within a
cycle for a given amount of electrical energy expended. Fig. 8
shows contours of equal effectiveness indices for different
classes of materials on silicon obtained using (30) and (31)
by normalizing with respect to (Ac«). It is surprising to note
from Fig. 8(a) and (b) that polymers are essentially equivalent
to engineering alloys/ceramics for delivering high work/force
per cycle considering their large thermal-expansion coeffi-
cient. However, the large thickness required to compensate for
the low Young’s modulus may not be acceptable for many
applications.

Another important target for materials selection is the
electromechanical efficiency, which depends on the maximum
mechanical-power output generated from a given amount of
electrothermal power supplied, as given by (32). Fig. 9 shows
a typical cooling curve for a bimaterial with the prescribed
range of operating temperatures. Curve a represents a realistic
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Fig. 6. Steady-state isotherms for different classes of materials on (a) alu-
minum (V = 0.1 V) and (b) PMMA (V =5 V).

transient thermal response of a bimaterial, which can be closely
approximated by an exponentially decreasing nonlinear func-
tion of time ¢. The area under the curve bounded by the tem-
perature limits gives a measure of the achievable temperature
difference for delivering the work per cycle for a given pair
of materials. In order to evolve a relevant closed-form solution
for the efficiency metric which guides the materials selection,
a linear transient cooling with an instantaneous heating (saw-
tooth response) is assumed, considering that the losses as-
sociated with the heating phase are very low. The equation
corresponding to curve b is given as

T =T, — (T, —T,)ft. (34)

Substituting (34) in (32), nem for a given material pairs can be
obtained

Who(Tp + Ty — 2T)
10(pC)eq

Nem = (35)
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The volumetric specific of different classes of materials is
~10%-5 J/m> - K [17], and therefore, it can be assumed constant.
Hence, (35) further reduces to

Wao(Tp + Ty — 2T,
1075

(36)

Tlem =

Fig. 10 shows contours of equal log;,(7em) plotted in the
domain of F—a for the assumed values of operating tem-
peratures. Since materials from different classes are clustered
around 7em, : 1075, it is evident that Nem for all these materials
on silicon is almost constant.

The effect of temperature difference on the actuation fre-
quency can be better understood if a relationship is established
between the cooling rate and the operating temperature range.
For a linear transient cooling curve from the initial temperature
T, to the final temperature T, < Tj,, a relationship can be
evolved between the actuation frequency and the operating
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temperatures. Substituting 7' — T =T, — T, and f=
1/At, (19) reduces to

Keq

(Tp - Tv)f = <(pc)eqLQ

) (T, — Th) + Bi(Ty — T)).
(37)

Fig. 11 shows two curves a and b, which correspond to
two different lower operating temperatures 73,1 and 755 for
a constant peak operating temperature 7,,. The slope of the
curves (—(T, — Ty)f) depends on the thermal diffusivity of
the materials chosen and the length scale for a given set of
operating temperatures. It is also evident from (37) that the
actuation frequency can be increased either by decreasing the
operating temperature range or by decreasing the actuator’s
length. However, in either case, the increase in frequency is
compensated for a corresponding drop in the work per cycle,
as shown in Fig. 11.

Fig. 12(a) and (b) shows contours of equal actuation fre-
quency for a range of materials on silicon plotted in the domain
of governing properties (K versus pC) at small (L = 100 pm)
and large (L = 1 mm) scales, respectively, using (19) and (21).
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The initial average temperature at the instant {, = 0 was as-
sumed to be 300 °C, and the actuator was allowed to cool down
to 50 °C due to conduction and free convection. It is clear
from these plots that the actuation frequency increases with
reducing scale, as predicted by (37). Metals perform better than
other classes of materials on silicon having a reasonably high
actuation frequency ~1 kHz. Fig. 13(a) and (b) shows similar
contours for DLC and PMMA substrates, respectively, at small
scale. Metals are capable of actuating at higher frequencies on
DLC as compared to Si by about half an order of magnitude.

VIII. RESULTS AND DISCUSSION

The achievable temperature difference is a system-dependent
design variable, which affects the performance of different ma-
terial combinations. Therefore, the design space available in the
material domain can be better explored for a given temperature
difference if a few promising candidates are considered for
further analyses. Table II lists the properties of films from
different material classes considered for this paper based on
their optimal thermomechanical performance [14] on silicon.
Table III shows the heat-transfer performance of these films
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on four different substrates, namely, silicon, DLC, Invar, and
PMMA. The properties of these substrates are located at the
extremes in the material domain (Young’s modulus, thermal-
expansion coefficient, and thermal conductivity), and as a re-
sult, they provide an indication of the scope for exploration of
novel candidates, which can improve the performance.

It is evident from Table III that the materials selection has
very little scope for the improvement of thermomechanical
performance of the BET actuators. Unlike fluids, the thermal
diffusivity of different classes of solid-state materials depends
largely on their thermal conductivity due to constant volumetric
specific heat (~105° J/m? - K). Therefore, DLC substrates can
be considered for high-frequency actuators owing to their large
thermal conductivity, but this has to be compensated by their
power index, which is an order of magnitude (~10~* mK/W)
less than for silicon and Invar substrates. Zinc is the only
candidate which significantly betters conventionally employed
aluminum films with an effective and efficient performance
irrespective of the substrates considered. Zinc films on DLC
substrate have the potential to deliver high work at a high
actuation frequency (W, = 4.35 J/m? - K2, f = 1.2 kHz), and
these have not been considered so far for MEMS actuators.
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PROPERTIES OF FILMS OF DIFFERENT MATERIALS CONSIDEREIS%]ZE;E]I)ION THEIR THERMOMECHANICAL PERFORMANCE ON SILICON
S.No Film E, oy P2 Ky Co
Material -2 GPa pum/mK kglm3 WimK J/kg.K
1 Be 303.00 11.50 1850.00 175.00 2178.00
2 Steel 207.00 13.10 7700.00 32.00 490.00
3 Zn 97.00 31.20 7140.00 120.00 390.00
4 Cu 110.00 16.40 8960.00 398.00 385.00
5 Mg 45.00 26.10 1850.00 156.00 1015.00
6 PMMA 2.50 75.00 1190.00 0.20 1500.00
7 PS 3.00 72.50 1045.00 0.12 1700.00
10 PDMS 4.00 60.00 970.00 0.15 1460.00
11 Epoxies 2.00 55.00 1100.00 0.20 1500.00
12 PP 2.00 120.00 900.00 0.12 1900.00
13 Pb 14.00 29.10 1.13X10* 35 125
14 Ni 207.00 13.10 8900 91 445
15 Ti 110.00 9.00 4540 22 535
16 BeO 345.00 7.00 1850 200 1850
17 Al203 370.00 7.40 3870 30 700
18 Cl 165.00 12.00 7300 35 540
19 Al 70.00 24.00 2700 237 925
20 Zry03 200.00 12.00 6050 2 430
21 W 400.00 4.30 19250 178 133
22 B 320.00 8.30 2470 27 1024
23 Nb 105.00 7.30 8600 55 265
24 Ge 102.00 5.75 5323 60 310
25 Si 165.00 2.49 2280 150 700
26 SiO2 75.00 0.40 2150 1.2 725
27 SizNg 300.00 2.80 3184 30 840
28 DLC 700.00 1.18 3500 1100 518
29 Invar 145.00 0.36 8100 13 510

663

Zinc films up to a few micrometers can be grown on silicon
by sputter deposition [18]. However, despite the potentially
superior performance to aluminum, zinc films require cautious
evaluation due to their chemically reactive nature.

The electromechanical efficiency of BET actuators is inher-
ently Iow (7em : 107%) due to excess-heat dissipation, and it
is an order of magnitude lower than the efficiency of linear
(unimaterial) thermal-expansion actuators [8]. This is due to
inherently low W, associated with BET actuators [7] as com-
pared to unimaterial thermal-expansion actuators by an order of
magnitude for a constant temperature difference. Furthermore,
the work associated with electrothermal actuation is always
irreversible unlike mechanical actuation. It is evident from
Fig. 10 that there is no appreciable variation in the electro-
mechanical efficiency (1em : 107° — 107%) for all the films
on the various substrates considered. However, their effective-
ness varies significantly. Table IV shows a comparison of the
effectiveness indices of different films on various substrates.
Engineering polymers are very effective for high-displacement
actuators. Candidate materials such as PP, PMMA, PS, and
PDMS on Invar and SiO, substrates and Zr,O3 on PMMA

substrate are capable of delivering high displacement per cy-
cle per unit electrical energy consumed (Og; ~ 107* m/W).
Thin polymeric films up to a few tens of micrometers can be
achieved by spin coating, which is a proven microfabrication
route [19] for growing polymeric films on a substrate. For
actuators to deliver a high force per cycle effectively, material
combinations such as Zr,QOs, steel, Zn, Ni on PMMA/Si and
Zr503, steel, Al,O3, Ti, Ni, SigNy on Invar, and Zn on DLC
can be considered (Mg ~ 103~ 10* N/Wm). It should be
noted again that polymeric substrates require a large thickness
to compensate for their low Young’s modulus, which may not
be acceptable in some applications. Material combinations such
as SiOy on PMMA and Zr,03, steel, Zn, and Ni on Invar can
be considered for actuators to deliver high work effectively
(Wi ~ 107098 -10~* N/W?). It is noteworthy that the most
commonly employed material combination Al/Si is bettered by
many others for effectiveness. This is due to the high thermal
conductivity of aluminum, which causes more heat dissipation
despite its favorable mechanical properties.

However, for high-frequency applications, it essential to have
high dissipation rate, and therefore, the candidate materials
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TABLE III
PERFORMANCE BASED ON HEAT-TRANSFER ANALYSIS FOR DIFFERENT FILMS ON VARIOUS SUBSTRATES
Silicon - Material 1 DLC - Material 1 Invar - Material 1 PMMA - Material 1
S.No Film Px10° | (Wi, £ |Logu(ten)| PiX10* | [W., £ |Logulitan)| £,X10° | [Wol f |Logy(} om)| P,X10 | [Wale f [Logw(# om)
Material-2 | mKW |Hm/m’K*[ Hz mKW  |[Hm/m°K*| Hz mKW  [Nmim°K*| Hz mKW [Nm/im’K?| Hz

1 Be 2.08 0.42 488 -5.31 615 1.10 1373 -4 .97 4.21 0.59 155 -5.35 0.23 0.79 60 -4.90

2 Steel 353 0.49 287 -5.24 517 116 1057 -4.93 15.39 065 44 -5.29 1.00 0.73 13 -4.94

3 Zn 2.51 2.40 468 -4.45 5.64 4.35 1221 -4.27 464 262 169 -4 62 0.20 0.33 70 -5.27

4 Cu 1.16 0.60 74 -5.14 5.58 1.23 1597 -4.90 152 0.76 464 -5.20 0.06 0.61 208 -5.03

5 Mg 217 1.01 £90 475 961 167 | 1485 456 318 115 | 312 | -488 0.11 037 | 132 | -520

[ PhA 20.06 0.95 75 -4.77 53.57 1.14 275 -4.70 197.75 1.02 7 -4.51 16.67 0.00 1 -

7 PS 15.59 1.07 52 -4.72 49.24 1.26 304 -4 66 191 61 112 7 -4.78 2060 0.00 1 -8.16
10 PDMS 16.39 093 113 -4.70 43.04 112 425 -4 62 168.33 0.95 9 -4.77 18.73 0.02 1 -6.50
11 Epoxies 2214 0.42 73 -5.10 59.52 0.49 270 -5.04 215.71 0.45 5] -5.14 16.67 0.02 1 -6.42
12 PP 2224 210 70 -4.42 59.60 2.39 260 -4.37 22619 215 5] -4 .47 2113 0.11 1 -5.73
13 Ph 547 0.56 335 -4.93 19.97 0.79 911 -4.78 11.19 063 116 -5.02 0.32 0.24 50 -5.35
14 i 273 0.49 360 -5.26 747 1.16 1112 -4.95 5.87 0.65 96 -5.30 0.36 0.73 37 -4.95
15 Ti 419 013 309 -5.70 1016 0.32 1161 -5.35 18.72 0.22 44 -5.67 1.09 077 13 -4.89
16 BeO 1 96 0.11 561 554 584 038 | 1653 537 385 022 | 179 | 575 0.21 092 | 66 483
17 A0S 3.27 013 399 -5.69 6.94 0.45 1644 -5.22 17.05 0.25 44 -5.66 1.35 0.91 11 -4.52
15 Cl 3.60 0.35 267 -5.41 5.70 0.52 942 -5.11 1410 0.49 47 -5.42 0.83 0.74 16 -4 .95
19 Al 1.64 1.1 755 -4.79 7.50 1.87 1520 -4.58 2.30 1.28 366 -4.90 0.09 043 159 -5.1%5
20 Iri05 419 0.38 306 -5.24 867 0.93 1319 -4.91 41.95 0.54 15 -5.31 5.75 0.75 2 -4.90
21 W 207 002 | 651 653 550 042 | 2050 579 4.44 008 | 169 | -614 025 | 1.m 57 477
22 B 3.38 018 396 -5.56 7.25 0.54 16358 -513 17.89 0.31 43 -5.57 1.40 0.88 10 -4.83
23 Mi 3.43 0.07 392 -5.96 9.61 0.19 1288 -5.56 9.34 0.14 N -5.86 0.44 0.81 32 -4.87
24 Ge 3.35 0.03 489 -6.22 9.60 0.10 1635 -5.72 §.64 0.08 111 -6.04 0.40 0.54 37 -4.83
25 Si 222 0.00 750 - 7.24 0.01 2205 -6.65 4.20 0.02 218 -6.76 0.20 0.95 75 -4.77
26 Si05 545 0.01 310 -6.67 12.25 0.00 1340 -7.33 54.32 0.00 19 -10.35 9.41 093 2 -4.75
27 Si, 3.37 0.00 354 -3.13 7.35 0.03 1550 -6.45 16.69 0.03 45 -6.61 1.24 1.03 12 -4.77
25 DLC 072 0.01 2205 -6.65 3.03 0.00 4542 - 0.94 0.00 §27 -7.41 0.05 114 275 -4.70
29 Invar 4.20 0.02 218 -6.76 9.44 0.00 827 -7 2564 0.00 25 - 1.98 1.02 7 -4.81

TABLE IV
COMPARISON OF THE EFFECTIVENESS OF DIFFERENT FILMS ON VARIOUS SUBSTRATES
Silicon - Material 1 DLC- Material 1 Invar- Material 1 PMMA- Material 1
Film log (W) [log (e )| log (@) [l0g(We) | log (e [ logo(@e) |logo(We) [logg () | l0g(8e) |logo(We) |log(ife) | log(8e)

S.No|Material-2 | y/w? | H/Wm mwW N/W N /Wm mMW N/We N /Wm mMW N/wWe N /Wm mMW
1 Be -5.75 271 -7.55 -6.38 2.54 -8.02 -4.98 3.07 715 -3.39 3.18 -5.67
2 Steel -5.22 2.94 -7.25 6.1 2.63 -7.84 -3.81 3.62 -6.53 -2.14 3.80 -5.03
3 In -4.82 3.05 -6.97 -5.49 2.82 -7 -4.25 3.32 -6.67 -3.88 2.9 -5.88
4 Cu -6.09 2.43 -7.61 -£.42 2.38 -7.89 -5.75 258 744 -4 61 255 -6.25
5 Mg -5.32 270 712 -5.81 2.54 744 -4.93 2.88 -6.91 -4.34 2.65 -6.09
5 PhMA, -3.41 3.16 -5.66 -4.49 2.64 -6.23 -1.40 4.16 -4.65 - - -

7 PS -3.43 3.18 -5.71 -4.51 267 -6.28 -1.39 4.20 -4.68 -2.77 3.25 5.1
10 PDMS -3.60 3.15 -5.85 -4.68 2.64 -5.42 -1.56 417 -4.82 -1.24 4.04 -4.38
11 Epoxies -3.69 2.97 576 -4 76 2.46 -6.32 -1.68 3.97 -4.75 -1.24 3.97 -4.30
12 PP -2.98 3.33 -5.41 -4.07 2.80 -5.97 -0.96 4.34 -4.39 -0.33 4.42 -3.85
13 Ph -4.78 2.79 -6.66 -5.50 2.48 -7.08 -4.10 3.12 -6.32 -3.61 2.95 -5.66
14 Ni -5.44 2.82 -7.36 £.19 2.59 -7.87 -4.51 3.27 -6.88 -3.02 3.36 547
15 Ti -5.63 2.66 -7.39 -6.48 2.35 -7.92 -4.11 3.40 -6.62 -2.04 3.83 -4.97
16 BeO -6.38 2.4 -7.88 -6.89 2.31 -8.29 -5.49 2.83 742 -3.39 3.18 -5.67
17 A1205 -5.84 2.68 -7.B2 -5.66 2.43 -8.19 -4.13 3.52 -6.74 -1.78 3.99 -4.86
18 cl -5.34 2.85 -7.29 6.21 2.585 -7.85 -4.01 3.50 -6.61 -2.29 3.71 5.1
19 Al -5.52 2.66 -7.28 -5.95 2.54 -7.59 -5.17 2.82 -7.09 -4.48 2.60 617
20 05 517 2.96 722 £.15 2.60 -7.85 -3.02 4.01 6.13 -0.24 4.75 -4.08
21 W -7.09 2.06 -8.25 -7.40 2.07 -8.57 -5.79 2.69 -7.58 -3.19 3.28 -5 .57
22 B -5.69 2.74 -7.53 -6.55 2.47 -8.11 -4.01 3.57 -6.67 -1.76 3.99 -4.85
23 Nh -6.08 2.43 -7.61 -6.75 2.21 -8.05 -4.92 3.00 -7.01 -2.80 3.45 -5.35
24 Ge -6.45 2.24 -7.79 -7.02 2.07 -8.18 -5.21 2.85 -7.16 -2.87 3.42 -5.38
25 Si - - - -8.20 1.55 -8.85 -6.54 2.24 -7.87 -3.41 3.16 -5.66
26 Si0, -6.49 2.18 -7 -8.44 1.31 -8.84 -7.95 1.44 -8.49 -0.08 4.80 -3.98
27 Sidl, -8.25 1.45 -8.80 -7.84 1.81 -8.75 -5.11 3.0 -7.21 -1.80 3.97 -4.87
28 DLC -8.20 1.65 -8.85 - - - -8.41 1.42 -8.93 -4.49 2.64 6.23
29 Invar -6.54 2.24 -7.87 -8.41 1.42 -8.93 - - - -1.40 4.16 -4.65

should possess a high thermal conductivity. The optimal mate- DLC films (sp® bonded) up to a few micrometers thick can be
rial combinations in order to achieve high actuation frequency prepared by pulsed-laser deposition [20], magnetron sputtering
are DLC/Zn, DLC/Al, DLC/Cu, Si/Zn, and Si/Al. Amorphous with ion plating [21], or a filtered-cathode vacuum arc [22].
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Fig. 14. Effect of forced convection on (a) steady-state isotherms and
(b) actuation frequency for different classes of materials on silicon at small
scale (L = 100 pm).

A few micrometer-thick aluminum films can be achieved by
sputtering [23], [24], which is an established and proven mi-
crofabrication route. These material combinations could at best
yield ~1.2 kHz for L = 100 pm and are limited by the cooling
rates achieved by conduction and natural convection at small
scales. Frequencies can be further increased if the cooling rate
is accelerated by forced convection.

The length scale of the actuator structure is a critical design
parameter for applications such as flow-control devices. For a
subsonic flow (Mach number, M = 0.5), the Knudsen number
K, evaluated at the atmospheric pressure and temperature for
a characteristic length L = 100 ym is ~10~%(< 1072), which
ensures that rarefied gas effects can be neglected in the flow
analysis [25]. Using von Karman closed-form solutions [26],
the average heat-transfer coefficient due to forced convective
currents can be evaluated for the bimaterial actuator. Fig. 14(a)
and (b) shows isotherms and contours of equal actuation
frequency for a range of materials on silicon considering heat
dissipation due to conduction and forced convection. Although
there is a marginal drop in the steady-state isotherms (~25 K),
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Fig. 15. Increase in the actuation frequency accomplished by (a) reducing
the scale (L = 60 pm) and (b) reducing the operating temperature range
(573 K-423 K).

the actuation frequency increases by almost an order of
magnitude ~7 kHz. Frequencies on the order of ~10 kHz can
be achieved for engineering alloys/metals if either the scale is
reduced to 60 pm or if the temperature range is restricted to
423 K-573 K. In either case, the work/volume delivered by
the actuator per cycle is reduced. Fig. 15(a) and (b) shows
the contours of equal actuation frequency for the two cases;
L =60 pym and L = 100 pm, with the operating temperature
range of ~423 K—573 K, respectively. Hitherto, piezoelectric
actuators [27], [28] and electrostatic actuators [29] have been
preferred for applications such as boundary-layer flow-control
devices, which operate at high frequencies on the order
~10 kHz. The results presented herein suggest the point at
which electrothermal actuators might be considered as viable
alternatives.

The ability to achieve mechanical resonance is enabling for
many sensor applications, although it may be detrimental for
actuator structures. Electrostatic and piezoelectric devices are
often operated at resonance. The fundamental mechanical reso-
nant frequencies of bimaterials are therefore estimated using the
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Fig. 16. Contours of equal resonant frequency (fundamental flexural mode)
logo(fs) for different materials on silicon for an optimal thickness ratio at
small scale (L = 100 pm).

Euler-Bernoulli relation to compare with the thermal-actuation
frequencies. The fundamental structural frequency f; (flexural
mode) for a bimaterial structure with an optimal geometry is
given as

1 (18751 2 Eqt?
fs_27r< L ) (3A<p1§o+p2><so+1>) G

where p; and p, are the densities of the bimaterials. Fig. 16
shows contours of equal structural frequency (fundamental
flexural mode) for range of materials on silicon plotted in
the domain of governing material properties (E versus p) for
L =100 pm at optimal thickness ratio. It is evident that the
structural frequencies are approximately an order of magnitude
greater than the thermal-actuation frequencies for different
classes of materials at optimal configuration. Thermal-actuation
frequencies were found to be always less than the structural
frequencies for realistic values of the scales and thickness
ratios. If electrothermal actuation was to be considered for high-
frequency applications, it would have to be achieved either
by using a triggering mechanism or by exploiting nonlinear
structural behavior. It should also be noted that, unlike the
structural frequency, which is inversely proportional to the
actuator length, the thermal actuation frequency is inversely
proportional to the square of the actuator length.

IX. CONCLUSION

The competition between the different modes of heat transfer
was studied at various scales using a simple lumped heat-
capacity model for a BET actuator. The choice of materials
has a significant effect on functional effectiveness and actu-
ation frequencies for the specified temperature limits. BET
actuators have the potential to operate at actuation frequencies
~10 kHz at scales less than 100 pm with optimal choices
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of engineering alloys/metals on Si substrates. DLC substrate
can be considered for high-frequency applications such as
micromirror positioners, microcage devices, and fiber-optic
switches, where high power consumption is permissible. The
potential of Invar as a substrate for high force or work at low
frequency requiring relatively low power is yet to be realized in
microsystems, even though it is promising and should therefore
be considered for further research studies. Although polymeric
substrates are promising for high-displacement low-frequency
applications, their time-dependent nonlinear response requires
further consideration. The influence of materials choice on the
electromechanical efficiency is very small for BET actuators,
and the overall efficiency is inherently very low irrespective of
the substrates. Thermally induced mechanical resonance cannot
be directly achieved using bimaterial structures with realistic
thickness ratios. In addition to the specific results presented
herein, we believe that the overall approach to the selection
of materials for microsystems is the very outcome of this
paper. Applying rational engineering criteria for the selection
of materials for new systems and the development of new
materials and processes is important to allow the potential of
MEMS technology to be fully realized.
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