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Abstract

In this work, thermo-mechanical simulations emphgyia 3D finite element analysis
(FEA) of a current driven V-shaped actuator is enésd. The structure’s hot arms consist of
polysilicon, which was used as the active matefoal deflection due to the joule effect.
COMSOL 3.3 with stationary and parametric solveraswused to calculate the resulting
deflection when current is applied. An analyticabdal in MATLAB was used to validate the
results of COMSOL 3.3.
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Introduction

Thermo-electrical actuators are an attractive goiuin the field of microsystems and
micro technology due to their high deflection wattmall input current. Compared to electrostatic
actuators [1][2], where high drive voltage is reqdi thermal actuators [3] are more compact.
Moreover, the thermoelectric actuators are of eggras their displacement and force are more
important than for their electrostatic counterpaiteermoelectric polysilicon-based actuators
function in ranges of current and voltage compatiblith traditional integrated CMOS
electronics. All these advantages allow for usehef thermoelectric actuators in microphone-
grips, micro-relays or engines step by step.

Currently, considerable experimental efforts arelickted to improve the presented
actuator’s reliability. For this, it is necessaoydontrol technological process steps and evaluate
the performance of the used materials in real djgraconditions. In order to have a better
understanding of the electro-mechanical interastiomvolved and the actuator’s
thermomechanical behaviour, a 3D finite elementyaimodel has been introduced.

COMSOL Numerical Models

Figure 1 shows a schematic of the actuator. Theasmt is made of polysilicon and anchored at
both ends. The current is injected through mettteddes deposited at the anchored ends. The
two hot arms measure 100 pm in length, 4 um intwaatd 0.5 pm in thickness. They are linked
with a junction 4 um wide, i.e. two times the widtheach hot arm and form an an@le 7° with

the horizontal axis. When current is applied, isss the hot arms to heat and expand due to the
joule effect; expansion is in opposite direction thee two arms, so the resulting force will move
the junction upwards. As presented in figure 1, #wmtuation mechanism is based on the
symmetric dilation of the arms.
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Figure 1: Schematic of the studied V-shape actuator

For the needs of the simulation, the structureldees) meshed using the free tetrahedral moving
mesh (ALE). The meshed structure is shown in Figh&re are x mesh nodes.
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Figure 2: Meshing of the structure in COMSOL.

There are three types of boundary conditions: etatt thermal and mechanical. The electrical
boundary ones assume a constant current valuendt 8pplied at one of the fixed end, while the
other fixed end is connected to ground. Electrisalation is imposed to the whole structure.
Concerning the thermal boundary conditions, bokedi ends assume 300 K and the whole
structure is thermally isolated. The convectionfitcient at the interface of air and polysilicon is

5. Finally, mechanical boundary conditions congistixing the anchored ends and leaving the
rest of the structure free to move.
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Results and Discussion:
a. Static analysis:

The simulation is done in two steps. In the fiteps a thermo-electrical analysis is performed, so
as to obtain the temperature distribution causedhbyapplied current. These results are then
used in the second step (thermo-mechanical anplysd we finally obtain the displacement as
function of the applied current.

Electro-thermal modeling:

The Direct Spooles solver is used to calculateviiitage and temperature distribution as
the current is applied through the resistive pdily@n film. In this solver, the set of equations is
derived by the principle of electrical charge comagon (1) and total thermal energy (2) as
presented below [4]:

» Conservation of electrical charges :
-0QoOv -3%=0 (1)
» Equilibrium principle of thermal energy:

-0OkTMOT) =oM)|OV]® @

Whereo is the electrical conductivity, T is the temperatWV is the electrical potentiaf; jhe
current density, k is thermal conductivity. Thegratal and temperature distributions obtained by
the electro-thermal modeling of the actuator amshbelow.
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Figure 3: Distribution of the electric potential in the actuator.
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Figure 4: Distribution of the temperature in the aduator.

Thermo-mechanical modeling:

Based on the results of the previous “electro-tla¢rrmodeling, the thermo-mechanical
behaviour of the structure is modeled assuming leottls fixed. The solver addresses the
resolution of the structural problem which consiststudying three vector fields, namely the
displacement u(x), deformatiog(x) and stresss(x), as well as their relationship. Figure 5
presents the relations among these quantitieshensimulation results are shown in Figure 6.
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Figure 5: Relations among displacement, deformatioand stress.
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b. Parametric analysis:

Figure 6: Deformation of the actuator.

To study the behavior of the actuator as a funcbbrthe current applied, parametric
modeling is carried out. Current is varied in tleexge 0 to 30uA in 5uA steps. As current
changes, both the displacement and temperaturechdhge. The results of the parametric
analysis are presented in Figures 7-9.
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Figure 7: Variation of the potential as a functionof the current applied.
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Figure 8: Variation of the temperature in the actudor as a function of the current applied.
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Figure 9: Variation of the displacement as a functin of the current applied.

MATLAB analytical model:

The heat equation inside a unit cell o #tructure is given by the following equation
assuming stationary conditions [5]:

dT dT
-k wh — | +J?pwhAx=-k_wh — + F.Axw
P |:dx:|x Ia,v P |:dx:|x+Ax S

T-T,

3)
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Where h is the thickness, x is the length, w iswhdth, k  is the thermal conductivity of the

polysilicon, J is the current densitf, is the aspect ratio ang, is the thermal resistance. The
aspect ratiok is inserted in order to take into account the rtfedr exchange with the

surrounding air [6] and is defined by:

Fs :h(Ztv +1j+l
wl h

(4)

The thermal resistané® , is between the substrate and the actuator. krgepon the thermal
conductivities,k, andk, and the thicknessds andt, of the air and nitride layers respectively:
t t
=V 4 N 5
Rr k, K, ®)

A second order differential equation isaoéed by taking the limit ofAx--> 0 of the
equation (3), which yields:

2 -
O ey FeT-Te ©)
? dx? h R

L, Total losse thermal energy per unit volume.
Total thermal energy generated by j@ffect per unit volume.
Total losses of heat conduction per unit volume.

The solution of equation (6) allows us taifthe temperature distribution of the hot arms and
the junction:

T, =T, +ce™ +c,e™

T (x)=T, + Csemjx + C4e_mjx (7)
T,(X) =T, +c.e™ +ce™
Where G (with i=1 to 6) are the constants to be determined
(1 1 0 0 0 0 N (el (T.-T,0)
e g™ —eMh —e ™ 0 0 c2 || T, -Ta
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The solution of the above equation alloesdetermination of the constantsa@d as a
consequence the temperature distributions alongaharms of the actuator.
Therefore, F1, Tj and T are the average temperatures in the first hot grenjunction and the
second arm respectively.

1 ¢t
T = I_J.O T, (X)dx
h

— 1 (latw;
Ty =" T, (x)dx (9)
W]- n
htW;

— 1 (2w,
Th2 = |_J.' Thz(x)dx
h

This set of equations is solved using MAB.Aigure 10 shows the results of the analytical
modeling using MATLAB.

1300

1200

1100

1000

500

800 -

700

ternpérature (%)

B00 -

500

400 -

i] 50 100 150 200 250
localisation dans l'actionneur (pm)

Figure 10: Temperature distribution for various values of the actuation current.

Conclusion :

The design and simulation of a V-shaped thermotete@ctuator are presented. The two
independent simulation methods used (COMSOL, MAT)A#Id similar results; temperature
is maximum in the central part of the actuator. $imeulation shows that with increasing current,
temperature and deflection also increase gradudlys increase is however limited, as high
temperatures may cause plastic deformation and fdilige of the actuator. In this respect,
simulations can help improve the actuator’s religband lifetime, by determining a safe current
and temperature operating range.
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