l. INTRODUCTION

LECTROTHERMAL bimorph actuators are common in

MEMS devices, and these actuators have been used in
applications, including micromirrors [1]-[5], RF switches [6],
nanoprobes [7], IR detectors [8], and read—write cantilevers
for data storage [9]. Compared with other types of actuators
such as electrostatic actuators, electrothermal bimorphs can
achieve large mechanical displacements because of the large
strain difference that is created when using materials with dif-
ferent coefficients of thermal expansion (CTEs). Electrothermal
bimorphs can also be fabricated using standard IC processing
methods and materials and can easily be integrated into CMOS
compatible devices.

To understand the actuation behavior of an electrothermal
bimorph actuator, one must consider the actuator’s electrother-
mal response to an electrical input and thermomechanical re-
sponse to a rise in temperature. Thermomechanical models
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of bimorph actuators are well established [10]-[12], and they
have been used for MEMS bimorph actuators [1]-[3]. Mean-
while, electrothermal models have been developed for vari-
ous MEMS heaters, including microbridge heaters [13]-[15],
and free-end heaters [2], [7], [16]-[19]. Furthermore, circuit-
equivalent lumped element models (LEMSs) have been devel-
oped for structures with resistive heating elements [14], [20],
[21]. For example, a simple electrothermal LEM (ET-LEM)
with a single thermal power source was developed for a heater,
assuming a uniform temperature distribution [20]. However,
most heaters exhibit a nonuniform temperature distribution
along with a nonzero thermal coefficient of electrical resistivity
the electrothermal bimorph used in the model will be briefly
introduced. In Section I, the TM-LEM is developed using
the bimorph thermomechanical equations. In Section 1V, the
ET-LEM is derived using a previously reported electrothermal
transducer model [16]. In Section V the ET-LEM and TM-LEM
are combined to form an integrated ETM-LEM that is used
to derive equations for the bimorph tip angular rotation in
response to power, current, and voltage. Section VI compares
the model results to finite element model (FEM) simulations

1057-7157/$25.00 © 2008 IEEE
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negative. The moment coef cient is de ned to simplify notation
in the model and is given by

WatatitoE,E
Ma = alatiloE By

- 2(t1E1+ t2E2). (5)

For a bimorph with an embedded heater, the temperature
change resulting from actuation will be nonuniform about the
bimorph length and is given by the temperature distribution
T(s). This means that the strain due to the temperature dis-
tribution is nonuniform about the bimorph and will depend on
the position along the length. The bimorph moment caused By. 2. TM-LEM of the bimorph actuator.
the temperature distribution will also be distributed along the

length and is given by The resultant TM-LEM is shown in Fig. 2, where the bi-
Mr(s)= ma  1(5) ©) morph moment is the effort variable and the tip angular rotation
rate is the ow variable. Thus, the tip angle is simply the
or integral of the ow variable. Therefore, the bimorph can be
modeled as an equivalent capacitor, and the charge of the capac-
Mt(s)= Sma( 1S 2)(T(s)STo)= Sma 1 T(s) itor represents the output tip angle. In the TM-LEM, the effort
(7) and ow variables are conjugate power variables. The applied
) N o moment is divided into two voltage sources: a dc source, which
where  1(s) is the position-dependent strain differenc@epresents the initial moment applied by the residual stress,
caused by the temperature distributisnis used to represent anq a voltage-controlled voltage source, which represents the
the position along the length of the bimorph, whertllows  aqgitional moment applied by a change in temperature. The
the contour of the bimorph deformation (as shown in Fig. 13ompliance of the bimorph is represented by a capacitor with
and is the CTE of either layer. o a capacitance that is equal to the bimorph length-to-stiffness
Since the total bimorph moment is distributed about thatio. The analysis of the TM-LEM is trivial because there is
length, the curvature will also be position-dependent. This iy one passive element in the circuit. It is possible to include
why it is dif cult to analytically derive the tip displacement of ihe transient behavior in the TM-LEM by inserting inductors
the bimorph. However, it is possible to analyze the tangentigl represent the equivalent masses of the structures and the
angle at the tip of the bimorph (tip angle) by integrating thgissipative behavior by inserting resistors to represent damping.
moment distribution about the length. The tip angle of the bi- Representing the curvature and tip angle in terms of the total
morph can be found by integrating the arc angles of differentigloment and the stifiness is clumsy because these terms involve
sections across the length of the bimorph, which yields [23] 5 complicated combination of variables. It is more convenient
La to rearrange the curvature in (1) and tip angle in (8) in terms of

L 1 the total bimorph thickness and a parameter called the curvature
AL (Mo+ Mr(s))ds g b

El La coef cient. The curvature coef cient is given by [11], [24]
0
_Lama 1 & 2 =& = _ = _ (1+ m)?
~El ESEZ S T T =051 @ =0 Tmn + men+ame +6m+ 4 ©

where T is the average temperature change of the bimorpRherem = t,/t , is the thickness ratio, anul = E,/E , is the

o is the initial tip angle allp due to the residual stress, and  pjaxial elastic modulus ratio. The curvature coef cient is a
is the tip angular rotation due to the temperature distributioginitless parameter that varies from 0 to 1.5. The ratio between
The average moment due to the temperature distribution Gag moment coef cient and the stiffness yields the curvature co-
be represented in terms of the average temperature change,dfient to the total thickness ratima/El =/t 4). Thus,

Mt =Sma 1 T. Although the temperature distributionthe position-dependent curvature and the tip angle can be,
along the bimorph beam is not uniform, it is the averag@spectively, expressed as
temperature that determines the tip angular rotation. This is
a convenient result because only a single parameter, which is |

. _ _ 1a 2 &
the average temperature change of the bimorph, is needed from = ¢~ ESE S 1. T06 (10)
thermal analysis to predict the tip angular rotation. It should ! 2
be noted that (8) is valid for large de ections because it is _ Lka 1s 2 5 1 T = o5 (11

based on the moment—curvature relationship that is valid for any ta E; E,

curvature that causes stresses within the linear-elastic range of

the beam materials [22]. The integration odesrin (8) follows These are much more convenient forms because they repre-
the contour of the deformed bimorph, and it does not involve @ent the curvature and tip angle in terms of the bimorph dimen-
approximation of the curvature. sions and a unitless variable that can only be equal to a value
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Fig. 3. Schematic of the electrothermal bimorph with embedded heater used in the electrothermal model.

within the range of 0-1.5. Now that we have established that
the average temperature change is the variable which controls
the tip angular rotation of the bimorph, we must determine the
average temperature change due to the actuation of the heater.

IV. HEATER ET-LEM

In this section, we will develop an ET-LEM that can be used
to predict the average temperature change of an electrothermal
heater. The ET-LEM can then be integrated with the TM-LEM
to form the ETM-LEM. We are applying the ET-LEM to a bi-
morph actuator with an embedded heater, although the ET-LEM
could be applied to many different types of electrothermal
transducers. The ET-LEM uses temperature change and power
as the effort and flow variables in the thermal domain, and
voltage and current as the effort and flow variables in the
electrical domain. Resistors are used to represent the thermal
resistance in the thermal domain and the electrical resistance
in the electrical domain. We will first develop the thermal
domain LEM and then later add the electrical domain to form
the ET-LEM.

A. Development of the ET-LEM

A schematic showing the structure of a bimorph actuator
with an embedded heater used to generate the electrothermal
model is shown in Fig. 3. The heater is actuated by applying a
voltage or current to the embedded electrical resistor. Before
the heater is actuated, the actuator temperature is equal to
the substrate and ambient temperature Tp. Upon actuation, the

temperature distribution is assumed to vary only along the
length of the actuator and is given by T'(s). The change in
temperature at a position along the length of the actuator is
AT(s) = T(s) — Tp. By ignoring convection and radiation on
the actuator surface, the temperature distribution of the actuator
is given by [16]

2
AT(S) =P [RTA <_2SL?4 + fI:SA) + fRTLil (12)
where P is the total power dissipated by the electrical resistor,
Rrais the conduction thermal resistance of the actuator, f is a
parameter called the balancing factor, and R is the equivalent
external thermal resistance that the actuator sees at its left-
side boundary. The actuator conduction thermal resistance is

given by
La

AWATA

Ra = (13)
where 4 is the composite combination of the thermal conduc-
tivities of the layers in the actuator. The balancing factor is a
very important unitless parameter that varies from zero to one
and is expressed as [16]

e Rta 2+ R1r

- 14
Rt + Rya + R1r (4)

where Rrr is the equivalent external thermal resistance that the
actuator sees at its right-side boundary. The balancing factor
measures the relative importance of the actuator conduction
thermal resistance and external thermal resistances.
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The thermal LEM will be developed by using the temperature
distribution equation shown in (12) in solving for the maxi-
mum, average, and boundary temperature changes. Although
the model ignores the surface convection on the actuator, it
can include the surface convection that is present in the regions
adjacent to the actuator, represented by the equivalent thermal
resistances at the boundaries (Rt and Rtr). The equivalent
thermal resistance between two temperature nodes is found
by dividing the temperature difference between the nodes by
the total power dissipated between the nodes. The maximum
temperature is found by determining the position of the max-
imum temperature § and then evaluating A7 = AT(s = 3).
The position of the maximum temperature can easily be found
by taking the derivative of (12) and setting it to zero, which
yields § = fLa. Thus, the maximum temperature change is
given by

AT = P(f?Rta 2+ fR1L) (15)

At the position of maximum temperature, the slope of the
temperature distribution will be zero, and the temperature will
decrease directly on each side. This means that all of the power
dissipated by the heater to the left of the maximum temperature
node AT will flow to the left toward Rr.. Similarly, all of the
power dissipated by the heater to the right of A7" will flow to
the right toward Rtr. The total power dissipated to the left of
AT is equal to the left-side actuator volume times the power
density which yields f P, and the total power dissipated to the
right of AT is equal to the right-side actuator volume times
the power density which yields (1 — f)P. The current source
that represents the total power dissipated is placed at A7". The
temperatures at the left and right boundaries of the actuator can
be found by, respectively, evaluating AT, = AT (s = 0) and
ATr = AT(s = La) using (12), which yield

ATy = fPRtL
AT =(1 - f)PRTr

(16)
(17)

Now, the question becomes how to split the actuator conduc-
tion thermal resistance on the left and right sides of AT. The
actuator conduction thermal resistances on each side of AT are
denoted as Ra and Rar. It was shown earlier that the total
power flow at the left and right boundaries of the actuator are
fPand (1— f)P, respectively. Thus, we have

RaL = (AT —ATL) (fP) (18)
Substituting (15) and (16) into (18) yields
RaL = fR1a 2 (19)
Similarly, we have
Rar = (AT = ATR) [(1-f)P]= (1~ f)Rra 2 (20)

Note that (14) is needed to obtain (20). We now have enough
information to construct a basic thermal LEM using a single
power source at the maximum temperature node and equivalent
thermal resistances between the maximum temperature and
boundary nodes. The basic thermal LEM is shown in Fig. 4,

g amnp o-nt
——VVV — VWA
AT, AT ATy
Ry % P CD %RTR
__Rp/2+Rpy =T

" Ry +Rpy+Rpp

Fig. 4. Basic thermal LEM.

where the balancing factor plays a crucial role in the thermal
behavior of the heater. The balancing factor f is given its name
because it determines where the maximum temperature is lo-
cated and then balances the power flow and actuator conduction
thermal resistance on each side of the maximum temperature
node. Notice that half of the total actuator conduction thermal
resistance (Rta 2) is split on each side of the maximum
temperature node by f. The quadratic temperature distribution
across the actuator causes the actuator conduction thermal
resistance to be divided by two.

The thermal LEM in Fig. 4 does not include a node for the
average temperature. As shown in (8) and (11), an average
temperature node is needed to determine the tip angle of the
bimorph actuator. The average temperature change is found by
evaluating AT = (1 La) OLA AT (s)ds of (12), which yields

AT = P[(f -1 3)Rta 2+ fR7.] (21)

The location of the average temperature node AT in the
LEM depends on the relative values of the actuator conduction
thermal resistance and external thermal resistances, as repre-
sented by the balancing factor. If f >2 3, AT will exist to
the left of AT If f <1 3, AT will exist to the right of AT". If
1 3 < f <2 3, AT canexist on either side of AT". Inthe LEM
considered for a cantilevered bimorph actuator, it is assumed
that the left-side external thermal resistance Rt is less than
the right-side external thermal resistance Rtr because Rt
connects directly to the substrate, whereas Rtr depends on
convection to dissipate heat (see Fig. 3). This places AT to the
left of AT,

To insert AT into the thermal LEM, we must find the
equivalent thermal resistance between A7 and AT as well as
the equivalent thermal resistance between AT and AT,. The
equivalent thermal resistance between AT and AT is given by

(AT = AT) (fP)=(f-1+13f)Rta 2 (22)
which is obtained by using (15) and (21). Similarly, by using
(16) and (21), the equivalent thermal resistance between AT
and AT; is obtained as

(AT = ATL) (fP)=(1—1 3f)Rta 2 (23)
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Fig. 5. ET-LEM, including the average temperature node.

Notice that the sum of these equivalent thermal resistances
is equal to the total equivalent thermal resistance that exists
between AT and AT which is fRta 2.

The ET-LEM, which includes the average temperature
node and the power supplied to the thermal domain by the
electrical domain, is shown in Fig. 5. The power source in
the thermal domain is replaced by a voltage- or current-
controlled current source that represents the heat supplied to
the thermal domain from the power dissipated by the elec-
trical resistor. Notice that a temperature-dependent electrical
resistor exists in the electrical domain. The total electrical
resistance depends on the average temperature change and is
given by

eolLa
—(

Rp = 1+ AT)=Rpo(1+ AT)  (24)

WEtE

where wg is the width of the electrical resistor, ¢z is the
thickness of the electrical resistor, go and Rgo are, respec-
tively, the initial electrical resistivity and resistance at 7, and

is the TCR. This temperature-dependent resistor represents
the thermal feedback to the electrical resistance that exists
when the heater temperature rises. It is possible to expand the
ET-LEM to include transient behavior by inserting capacitors
which represent the capacitance in the electrical domain and
heat capacity in the thermal domain.

B. Electrothermal Response

Now that we have a complete ET-LEM, the relationships
between temperature changes and electrical inputs can be ob-
tained using circuit analysis. We will limit this analysis to solve
for the average temperature change since it is the parameter
that determines the bimorph tip angular rotation, as shown in
Section I11. Solving for the average temperature change in terms
of power yields

AT = PRty (25)

where Rt is defined as the equivalent average thermal resis-
tance when convection is ignored on the surface of the actuator
and is given by

Rt1=(f—13)Rta 2+ fR1L (26)

Solving for AT in terms of current and voltage, respectively,
yields

R
AT(I) = _ I Rpoftra 27)
1—I12Rgo Rt1
_ 1 4 Rt1
AT(V)=— VZyl1-1
(V) 5 Roo
QVZRTl REO (28)

144/(4 Bry Reo) V2 41

The positive TCR of the electrical resistor causes the electri-
cal resistance to increase when the temperature increases. The
temperature-dependent electrical resistance causes the current
to provide positive feedback and the voltage to provide negative
feedback to the power and temperature as shown in (27) and
(28). At small current and voltage, the power and temperature
are quadratically related to the current and voltage as shown in
the numerators of (27) and (28). At larger current and voltage,
the temperature increases enough to appreciably change the
electrical resistance, causing the power and temperature to be
nonquadratically related to the current and voltage as shown
by the feedback terms in the denominators of (27) and (28).
The positive feedback from the TCR to the current causes
the average temperature change to approach infinity when the
current approaches the critical current, which is given by Ic =

\/1 Rgo Rt1. The negative feedback from the TCR to the
applied voltage causes the average temperature change to be
approximately linear with the voltage when half of the critical
voltage is passed, where the critical voltage is given by V¢ =
\/Reo Rv1. From the way we have defined the critical cur-
rent and critical voltage, the initial electrical resistance is equal
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Fig. 6. ETM-LEM of the electrothermal bimorph actuator.

to the ratio between them, which is given Bgo = Vc/l ¢.  The average convection coef cient could represent nonuniform
The linear relationship between the average temperature chacgevective heat transfer on a cross section of the actuator by
and applied voltage is expressed as including a shape factor, as discussed by Lin and Chiao [13]
and Huang and Lee [18]. The convection thermal resistance
could include a different-shaped cross section by modifying the
area dimensions used in (31). It could also include conductive

, ) heat transfer normal to the actuator surface by modifying (31)
The linear actuation range of the heater can be very bene cjgljncjyde a conduction term. If convection is considered on

to many types of devices where linear actuation is important. By, ¢\ ,rface of the actuator, the equivalent average thermal
equating (27) and (28), we obtain theV characteristic of the resistance is given by [16]

heater, which is given by

T(V Ve/2)  Ru/Rgo V. (29)

- 2VIREo 0) Rt
- = : 2[1S cosh@)] S a(r, + rgr) sinh(a)
1+ 4Rp/R VZ+1 =R
n/Reo cA a2(r_+rg)cosh@)+ a(l+ a2r rr)sinh(a)
This equation is a much simpler form of the heakel/ (32)

characteristic compared with other models reported in the lit-

erature [13]-[15], [18]. Thd -V characteristic demonstratesvhere a= Rma/Rca, 1. =Rn /R, and rg =

that voltage provides negative feedback to current. At sm&r/R1a. The relationships derived in (25)-(30) can
voltage, the current is linearly related to voltage by Ohmi§clude actuator convection by replacif@r; with Rra.
Law as shown in the numerator of (30). At larger V0|tagé=7quation (32) was derived from an electrothermal transducer
the increased electrical resistance causes the current to becBiade! that considered convection on the surface of the
nonlinear with voltage as shown by the feedback term in tffétuator [16].

denominator of (30).

V. INTEGRATEDETM-LEM

C. Electrothermal Model With Actuator Convection The TM-LEM and ET-LEM given in Sections Ill and IV can

Although the ET-LEM ignored the convection on the surfa:_%e |n't563|9'\r/|atLeEol'\;oJorrr;th? C?mﬁlhet? ETt'leFTMtShO‘{VS n F'.g' 6.
of the actuator, the aforementioned equations can repres k emonstrates that, in the electrical domain, an
actuator convection by using a more general expression for mgut voltage or current causes the electrical resistor to dissipate

equivalent average thermal resistance. The actuator convec u ﬁ\(/err%nd rzuse tfl}e;(rzrt]u?;o;tte rr:}p()jer?]tur:e Lnrtrlettihﬁrratllhdom?ln,
thermal resistance is de ned as elivering an applie oment and angufar rotation to the actu-

ator in the mechanical domain. The link between the electrical
_ 1 and thermal domains is a voltage- or current-controlled current
" 2hLA(Wa + ta) (31) source, which represents the dissipated power delivered to the

thermal domain from the electrical domain. The feedback from
whereh is the average convection coef cient on the surfactne thermal domain to the electrical domain is represented
of the actuator. The factor of two exists because convectibg the temperature-dependent electrical resistor. The link be-
dissipates heat on all four sides of the actuator. In general, imeeen the thermal and mechanical domains is a voltage-
assume that the convection coef cient is constant and uniforcontrolled voltage source that represents the applied moment
on the actuator and on the regions adjacent to the actuathre to the expansion of the materials in response to a rise in

Rca
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TABLE 1

GEOMETRIC AND MATERIAL PARAMETERS OF ONE TWO-BEAM SECTION OF THE MICROMIRROR DEVICE
Parameters Symbol Value
Geometric:
Bimorph Actuator Length Ly, 170.1 ym
Substrate Thermal Isolation Length Ly 31.7 yum
Mirror Thermal Isolation Length Lin 56.7 ym
Mirror Plate Length L, 1 mm
Bimorph Actuator Width Wy 2x8.6 um
Polysilicon Width Wpoly 2x7 ym
Substrate Thermal Isolation Width Wis 2x8.6 um
Mirror Thermal Isolation Width Wim 2x8.6 ym
Mirror Plate Width Wi 2x15.6 um
Aluminum Thickness ty 0.5 ym

SiO; Thickness tox 1.25 ym
Silicon Thickness ti 15 um
Polysilicon Thickness tooly 0.2 ym
Bimorph Actuator Thickness ty 1.75 ym
Electrical:
Polysilicon Electrical Resistivity PEo 5.66x10"° Q/m
Polysilicon TCR é 5.85x10% K
Thermal:
Aluminum Thermal Conductivity K 237 W/(K'm)
SiO, Thermal Conductivity Kox 1.1 W/(K-m)
Silicon Thermal Conductivity Ksi 170 W/(K-m)
Polysilicon Thermal Conductivity Kpoly 29 W/(K'm)
Actuator Composite Thermal Conductivity K4 71.2 W/(K'm)
Substrate Thermal Isolation Composite Thermal Conductivity Kis 38.6 W/(K'm)
Mirror Thermal Isolation Composite Thermal Conductivity Kim 56.2 W/(K'm)
Mirror Plate Composite Thermal Conductivity Km 164.4 W/(K-m)
Mechanical:
Aluminum Elastic Modulus Ey 65 GPa
Aluminum Poisson Ratio Va 0.33
Aluminum CTE au 23x10°K!
SiO, Elastic Modulus Eox 70 GPa
SiO; Poisson Ratio Vox 0.17
Si0, CTE o 0.7x10° K"

device is shown in Fig. 8. The geometry and parameters of the
design are listed in Table I.

A. Device Design

The bimorph-actuator region is composed of an array of
72 bimorph beams that attach the mirror plate to the substrate.
Each bimorph beam comprises an SiO, bottom layer, an Al top
layer, and a polysilicon layer embedded in the SiO,. The em-
bedded polysilicon layer serves as an electrical resistor for heat
dissipation. The mirror plate is composed of an Al reflective
surface and a thick single-crystal-silicon bottom layer to ensure
mirror flatness. The thermal isolation regions are composite
structures of Al and SiO,.

The mirror plate tilts at an angle equal to the bimorph tip
angle. Thus, the ETM-LEM can be used to predict the mirror
rotation angle in response to an applied electrical input. Since
the device is symmetric about the bimorph-actuator array, one
two-beam section [shown in Fig. 7(a)] can be used in the mod-
els. A cross-sectional side view of a two-beam section is shown
in Fig. 7(b). The material properties used in the analytical
models were found from published data. The geometric and
material properties of one two-beam section of the micromirror
device are given in Table I.

The regions adjacent to the bimorph-actuator array dissipate
heat through conduction and convection. The external thermal
resistance to the left of the bimorph R+ is due to the conduc-
tion and convection in the substrate thermal isolation region and
is approximately equal to

2 - R
R ~ RrisRcis

N — = 36
RTis + 2RCis ( )

where RTis is the conduction thermal resistance of the substrate
thermal isolation region, and Rcis is the convection thermal
resistance of the substrate thermal isolation region. The external
thermal resistance to the right of the bimorph Rtg is due to the
conduction and convection in the mirror thermal isolation and
is approximately equal to

RBtr = Rtim + Btm 2+ Rcm (37)
where Rtim and R+m are, respectively, the conduction thermal
resistances of the mirror thermal isolation and mirror plate
regions, and Rcm, is the convection thermal resistance of the
mirror plate region. The more accurate forms of Rt and Rtr
were given previously in [16]. The expressions for the bimorph
actuator and external thermal resistances complete the models
of the electrothermal micromirror.
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TABLE I
TEMPERATURE-DEPENDENT MATERIAL PROPERTIES USED IN FEM SIMULATIONS

Material Property 1* order Temperature Dependence Reference

Thermal Conductivity:

Al 0 W/(K*m) Hatch [25]

Si0, 1.5x10° W/(K*m) Lee and Cahill [26]

Polysilicon -20x107 W/(K>-m) von Arx et al [27]

Elastic Modulus:

Al -0.06 GPa/K Dodge [28]

SiO, 0.014 GPa/K McSkimin [29]

Polysilicon -0.013 GPa/K Jeong et al [30]

Coefficient of Thermal Expansion:

Al 2.3x10° K2 Nassini ef al [31]

Si0, 0K? Zhao et al [32]

Polysilicon 6x10"° K? Geisberger et al [33]
B. Models Compared to FEM Simulations and 30 ! ' ! ! T
Experimental Results : : :

25 ............................. 4

DC characterization of the micromirror was conducted in
an open-air environment by measuring the 7-V characteristic
and mirror rotation angle over a range of applied voltages.
The mirror was positioned on a rotation stage. The electrical
resistance was determined at each actuation point by taking the
ratio of the applied voltage to the measured current. Although
the average temperature change could not be measured directly,
it was calculated from the measured electrical resistance by
using the polysilicon TCR with (24). The polysilicon TCR was
found to be 5 85 x 10~2 K~ in a previous experiment [23].
The micromirror tilts at an angle of approximately 32° at room
temperature due to the residual stress present in the material
layers of the bimorph. We did not make precise measurements
of the residual stress present in the material layers; therefore,
we did not model the total angle that includes both the initial tip
angle due to the residual stress and the tip angular rotation due
to a temperature change. Thus, the following analysis focuses
only on the tip angular rotation resulting from actuation.

In the following analyses, the experimental data are com-
pared to the models and FEM simulations. Both the LEM
and the model which includes actuator convection (using RT1
and R, respectively) are considered. The model that consid-
ers the actuator convection is labeled as “actuator convection
model” in the following figures. FEM simulations of the elec-
trothermomechanical behavior of the device were conducted in
CoventorWare. In the models, we assumed that most mate-
rial properties were independent of temperature. This assump-
tion is not accurate in reality because many of the thermal
and mechanical properties of Al, SiO,, and polysilicon are
temperature-dependent. To simulate the effect of temperature-
dependent material properties on the behavior of the de-
vice, we conducted one set of FEM simulations with mostly
temperature-independent material properties (all material prop-
erties being temperature-independent except for polysilicon
electrical resistivity) and another set which included first-order
temperature dependence of selected material properties. In
the following figures, we refer to the temperature-independent
FEM simulations as “FEM simulation 1” and the temperature-

Rotation Angle ( °)
o S

-
o
T

Lumped Element Model
FEM Simulation 1

FEM Simulation 2
Experimental

50 75 100
Average Temperature Change (°C)

125 150

Fig. 9. Plots of the mirror rotation angle (i.e., bimorph tip angular rotation)
versus the average temperature change.

dependent simulations as “FEM simulation 2.” The first-order
temperature-dependent terms used in the FEM simulations are
listed in Table II.

Fig. 9 shows the thermomechanical data where the mir-
ror rotation angle (equivalently, the bimorph tip angular ro-
tation) is plotted against the average temperature change for
model, FEM simulation, and experimental results. The LEM
and temperature-independent FEM simulation curves match
very closely, showing that the analytical model is very accu-
rate when the material properties are temperature-independent.
The temperature-dependent FEM simulation curve lies slightly
above the other curves. This is largely due to the increase of the
Al CTE with temperature. The experimental curve lies between
the temperature-dependent FEM simulation curve and the LEM
curve, indicating that the temperature dependence of the Al
CTE may have been overestimated in the FEM simulation.

Fig. 10 shows the electrothermal data where the average
temperature change is plotted versus the following: 1) power;
2) voltage; and 3) current for model, FEM simulation, and
experimental results. Before the experiments were conducted,
the convection coefficient on the surface of the device was
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to rotate about a xed axis [34]. The experimental data match
the model and FEM simulation results within 15% for all of the
reported measurements on the micromirror device.

VII. CONCLUSION

ET-LEM and TM-LEM of an electrothermal bimorph actua-
tor have been developed. The models were integrated to form
an ETM-LEM which predicts the bimorph tip angular rotation
in response to an applied power, current, and voltage. The
thermal LEM demonstrated the importance of the balancing
factor in predicting the location of the maximum temperature
and the division of heat ow and conduction thermal resistance
on each side of the maximum temperature node. The ET-LEM
demonstrates how the TCR provides feedback from the thermal
domain to the electrical domain. The ET-LEM was applied
to a bimorph actuator and could also be applied to a wide

Fig. 11. Plots of thel -V characteristic of the electrothermal bimorphvariety of electrothermal transducers. It was analytically and

actuator. experimentally veri ed that the bimorph tip angular rotation
is linearly proportional to the average temperature change.
It was also veri ed that the average temperature change and
tip angular rotation of an electrothermal bimorph actuator are
linear with respect to the voltage when actuated past half the
critical voltage. All of the experimental measurements agree
with the model and FEM simulation results within 15%.
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