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ABSTRACT

A MEMS cantilever IR detector that repetitively lifts from the surface under the
influence of a saw-tooth electrostatic force, where the contact duty cycle is a
measure of the absorbed IR radiation, is analyzed. The design is comprised of three
parallel conducting plates. Fixed buried and surface plates are held at opposite
potential. A moveable cantilever is biased the same as the surface plate.
Calculations based on energy methods with position-dependent capacity and
electrostatic induction coefficients demonstrate the upward sign of the force on the
cantilever and determine the force magnitude. 2D finite element method calculations
of the local fields confirm the sign of the force and determine its distribution across
the cantilever. The upward force is maximized when the surface plate is slightly
larger than the other two. The electrostatic repulsion is compared with Casimir
sticking force to determine the maximum useful contact area. MEMS devices were
fabricated and the vertical displacement of the cantilever was observed in a number
of experiments. The approach may be applied also to MEMS actuators and
Mmicromirrors.

Keywords: MEMS, Electrostatic, Repulsive force, Cantilever, IR Sensor, Casimir
Force, Finite element analysis

1. INTRODUCTION

One of the challenges in design and operation of MEMS devices is to overcome stiction of their parts to the substrate.
Current techniques require adding extra lateral components to lift the device from the surface at the expense of lowering
the fill factor . Edwards ° proposed a design to achieve an electrostatic force that lifts a cantilever up from the surface.
In this design, the critical components are arranged vertically, so that high fill factor is achieved.

Our initial theoretical and experimental results for the Edwards design are currently under review for publication®. To
summarize that manuscript, analytical calculation of the electrostatic force has demonstrated the upward sign of the force
on the cantilever and the position-dependent magnitude of the force. The calculation was based on the energy method,
which included the energy of the charge reservoirs necessary to maintain the various conductors at constant potential as
the cantilever’s position changes. These calculations used values for the coefficients of capacity and electrostatic
induction, which depend on the geometry of the conductors and their relative positions. These coefficients were
determined as a function of cantilever position using the 3D finite element method (FEM).

Additionally *, direct observation of the cantilever displacement was made by video microscopy and by electrical sensing
of electrically-controlled repetitive contact of the cantilever tip to the substrate surface. The device was fabricated
according to Edwards’s design. The process is described in references *°.

In this paper, we update our analytical calculation * to include the permittivity of the structural oxide, on which the
conductors are deposited. Here we present 2D finite element method calculations to verify the sign of the force and to
determine its distribution across the cantilever. Moreover, we vary the relative dimensions of the plates to optimize the
design for maximum net upward force. We also compare electrostatic, elastic, and Casimir forces, where the latter is a
contact force responsible for stiction.
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2. ANALYTIC FORCE CALCULATION

The model consists of three parallel plates (Figure 1, left). The buried plate is fixed at depth d below the surface and is
held at —V/2 potential. The surface plate is fixed at the surface and is held at +V/2. The cantilever is electrically
connected to the surface plate and is free to move vertically.

Fig. 1 (right) present a scanning electron microscope image for one of our fabricated devices. The cantilever tip is in
contact with a metal tip pad on the surface. This is the intended equilibrium “null position”.

Figure 1. (left) Schematic of system. (right) Scanning electron microscope image of a fabricated device with 100 um x 100 um
paddle.

The derivation of an analytic expression for the electrostatic force on the cantilever is presented in reference *. There, all
plates were considered to be square and to have the same 18 pum x 18 um dimensions. The permittivity of the oxide was
ignored. Here we present results of a new calculation that includes the permittivity of the structural oxide (PECVD
Si0,), with ?ew coefficients of capacity and electrostatic induction calculated by FEM (FastCap ). The expression for
the force is

a<,+Za€+a<+a<,+ac

_v? 0Cq2
F=1 [ 252 -2 )
The coefficients in Eq. 1 are functions of the height of the cantilever metal above the surface metal, which we represent
by the distance . Because of the structural oxide, the minimum value of ¢'is 0.5 pm. These coefficients are plotted as a
function of {'in Figure 2 (left). Three of the coefficients have negligible derivative. Of the other three, the slope of Cy;
is positive and exceeds in magnitude the negative slopes of Cy, and C;; at every point. Hence, by Eq. (1) the electrostatic

force is in the direction of increasing C, i.e. upwards. The resulting force from Eq. 1 is compared with the calculation
results that ignored oxide * in Fig. 2 (right). The effect of oxide is to increase the magnitude of the force by nearly 4x.
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Figure 2 (left). Coefficients of capacity and electrostatic induction for three plate system of conducting plates of 18 um x 18 pm
dimensions. The cantilever metal rests on 0.5 um of SiO, , which defines the minimum separation ¢ between cantilever and surface
metals. (right) Calculated force applied on cantilever with and without consideration of oxide permittivity.

3. 2D FEM CALCULATIONS AND DESIGN OPTIMIZATION

The force can also be determined by integrating the negative electrostatic pressure g,E*/2 over the entire surface of the
cantilever. We calculate the electric field distribution for a 2D model of the device using the finite element modeling
software Elmer ®. Since the calculation is 2D, the magnitude of the force is not quantitatively accurate for the actual 3D
device, but the results are qualitatively informative. A 2D mesh was designed for a simplified 3-plate configuration
(leaving out the oxide, the tip, and the legs) using Gmesh 2.7 °. The cantilever is given 100 nm thicknesses while surface
plate and buried plate were considered as two dimensional sheets. The minimum mesh size is set to 100 nm to reveal any
dependence on plate thickness.

Figure 3 presents the resulting spatial distribution of the vertical component of the electric field vector when all three
plates have 10 pm dimensions [see electronic version for color]. Since the electric field is normal to a conductor surface,
there are no horizontal electric-field components to consider, except at the ends, where the electric forces cancel by
symmetry. The buried plate potential is set to -20 V while surface plate and cantilever are at +20 V. The field between
surface and buried plate is strong and negative (downward). A negative fringe field extends to the bottom outer edges of
cantilever, but the fields on top of cantilever are positive. The negative field below the cantilever drops to zero near the
center while the positive field on top of the cantilever does not reach zero.

We stress that the sign of the field has no influence on the sign of the local electrostatic pressure g,E*/2, which is always
outwards from the conductor surface. Thus, when mentally integrating over the surface of the cantilever from the image
in Fig. 3, one should pay attention only to the magnitude of the field. Since this is larger over the top-surface of the
cantilever than over its bottom surface, the net force is upwards.
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Figure 3. Electric field distribution of 10 pm long 3-parallel-plate system. Top and middle plates are at +20 V while the bottom plate
is held at -20 V. Gaps between plates are 1 pm.

Field values are imported into Mathematica '° for integration over the surface. Since fields peak near the edges, it is
critical that all integrals have exactly the same limits. To ensure this, we perform a first order interpolation before
integration. We then integrate the value of the negative electrostatic pressure (1/2) g, E* over top and bottom cantilever
surfaces to find the net electric force density in N/m.

Figure 4 (left) presents a plot of the total force density acting on the cantilever as a function of surface-plate length,
holding the dimensions of the buried plate and cantilever constant. The separation ¢ is also held constant at 1 pm.
Figure 4 (inset) expands the cross-over region, where the force becomes positive (upward). This appears when the
surface plate length is 95% of cantilever length, and it peaks at 105%.
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Figure 4. (left) Net force density vs. size of the surface plate relative to that of the cantilever. (right) Net force density vs. cantilever
displacement.

Figure 4 (right) presents a plot of the net force density vs. the vertical separation ¢ between cantilever and surface
metals. The surface plate length was taken to be 5% larger than the others to achieve maximum net force, according to
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Fig. 4 (left). Force density is plotted instead of force because these are results of a 2D calculation. The net force density
approaches zero when C reaches 2 um.

Figure 5 presents the spatial distribution for the vertical component of the electric field at =1 pm and 3 pm. As the
height increases the negative fringing fields penetrate more into the space under the cantilever, while the positive field on
top gets weaker. The net force eventually changes sign. Figure 5 (top) represents a situation with upward force on the
cantilever. Fig. 5 (bottom) represents a downward force situation.

2
- pm

- e
RY?
T_) 2 pm
X
-10 0 +10 +20

Vertical electric field component (MV/m)

-20

Figure 5. Distribution for the vertical component of the electric field vector (V/m) for z= 1 (top) and 3 um (bottom). The dark line in
the middle shows where substrate surface is located.

Since the field distribution is not uniform along the edge and stronger fields appear at the corners, force density results
from 2D calculations cannot simply be multiplied by the plate’s length to get total force on a 3D plate. The 2D model
lacks two of the edges, which are the locations of highest charge density and surface fields (Figs. 3 and 5). Hence, these
2D calculations underestimate the magnitude of the force.

Figure 6 presents the net force as a function of surface plate to cantilever size ratio for the different cantilever heights
indicated in microns next to each curve. For larger separations ¢, the optimum ratio increases. The maximum achievable

net force is a decreasing function of £ To achieve positive force at larger separations requires a larger surface plate to
screen the buried plate.
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Figure 6. Force Density vs. surface plate to cantilever length ratio for different cantilever heights ¢, whose values are indicated next to
each curve in microns.

4. COMPARISON TO ELASTIC AND CASIMIR FORCES

Casimir force causes stiction between metal surfaces in MEMS devices ''. It strongly depends on the separation between
plates and becomes significant when this separation is very small. The electrostatic forces studied here can be generally
useful in MEMS applications if they are able to overcome sticking forces. For proper function of the Edwards device °,
the upward electrostatic elastic force needs also to overcome the elastic restoring force, which tries to keep the tip of the
cantilever in the null position.

The Casimir force for two square parallel plates of length L and separation z is '*'*'*

m?chL?
F =
240z%

)

If the metal tip on the underside of the cantilever and the surface contact pad are both squares of dimensions 2 um by 2
um, the numerical value of the force is

_ 52x1073°Nm*

z4

F 3)

We have estimated the spring constant for the cantilever, assuming a pair of 18 pm x 2 um x 0.4 pm oxide legs, to be 0.6
N/m "% Fig. 7 (left) compares the three forces in a log-log plot. The slopes of Casimir and Elastic forces are -4 and +1,
respectively, as expected for power laws. The electrostatic force (including oxide permittivity, and using z = ¢'- 0.5 um)
is comparatively flat in this plot. For plate separations of less than 18 nm, the electrostatic force is unable to overcome
the Casimir force. The situation is improved if the tip dimension is reduced to 25 nm, as shown in Fig. 4 (right). Then
Casimir force will be less than electrostatic force for any gap higher than 2 nm. The average roughness of the surface of
a commercial polished silicon wafer has this value, and it is unlikely that the two plates can be made parallel with this
precision. Hence, we concluded that for sufficiently small tip, the electrostatic force can overcome the Casimir force.
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Figure 7. Casimir, elastic, and electrostatic forces for (left) 2 um x 2 um and (right) 25 nm x 25 nm tip dimensions.

5. SUMMARY

In this paper we have investigated vertical electrostatic force for a MEMS cantilever device consisting of three parallel
metal plates. The cantilever plate is moveable and biased the same as a fixed surface plate, which is biased oppositely to
a buried plate. The force on the cantilever is upwards, i.e. away from the surface. This force is maximized when the
ratio of surface plate to cantilever dimensions is several percent greater than unity. Higher permittivity of the structural
material gives stronger force. The electric force is compared to Casimir and elastic forces, and it was shown that
sufficiently small tip allows the electrostatic force to lift the cantilever from the surface, if the contact distance is (on
average) at least 2 nm. This method of achieving lift forces for MEMS devices is applicable to other types of devices
such as micromirrors, switches, and sensors.
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