











We performed ESD tests on the out-of-plane mode by applying the discharge waveform across the device layer and the
handle layer. A typical ESD waveform seen across the device (between the grating and the substrate) for a 6V zap is
shown in figure 3(a). This particular waveform is recorded from a device that was still functional after the ESD test. The
discharge time scale is of the order of milliseconds due to the large resistance of the device under test (DUT). A device
that fails by short-circuit would have a much shorter pulse. During each of the ESD tests, the trigger output from the
ESD tester, was used to initiate the velocity measurement in the LDV. The velocity was measured as a function of time
at the finger with the largest displacement in each half of the grating. The small linear offset due to noise in the velocity
transient was eliminated and this processed waveform was integrated to obtain the actual displacement of the point as a
function of time. Figure 3(b) shows the measured displacement transients during various ESD tests on a single device.
The peak discharge voltage is indicated next to each curve. The ESD failure levels were recorded for the two symmetric
halves of the grating, increasing the discharge voltage in steps of 1V. The inset of figure 3(a) shows the recorded failure
ESD levels of 4 different devices. All devices fail at or below 10V zaps. The failures due to these ESD tests could be
easily seen using the optical microscope or analyzed using an optical surface profiler.

In figure 3(b), for peak ESD voltages up to 1.8V appearing across the grating and the handle layer, the downward
displacement of the most compliant beam (point ‘P’ in figure 1(c)) sharply increases and return to the initial position
after ~2ms, as expected for an overdamped system, where the peak velocities are limited by the damping mechanisms
predominantly by squeeze film damping in this case. No failures are seen. Surprisingly, as the peak ESD voltage is
increased, a new stable plateau emerges at a displacement of 1.3um. The reason for the appearance of a stable non-
contact displacement level is still not clear and needs further investigations. On increasing the voltage further beyond
2.4V, the central grating beam starts colliding with the handle layer and remains stationary there until the instantaneous
voltage drops below a particular threshold voltage. This is seen as a horizontal line in figure 3(b) at a displacement of
~1.7um (ordinate), which corresponds to the gap between the grating and the handle layer. On increasing the test
voltage, the duration of contact increases and the response after release is nearly identical (see curves for 2.42V, 3.60V
and 5.54V). No permanent stiction is seen until the ESD voltage exceeds a failure threshold, proving that the contact
roughness is sufficiently large to prevent the occurrence of stiction' . Beyond the failure threshold, a micro-welding
defect occurs and prevents the grating from returning to its normal position.

By continuously recording the displacement transients during the ESD event, a detailed analysis of failure mechanisms
can be performed. In fact, a permanent failure would appear only for ESD levels of around 10V, but transients for lower
levels have shown how the displacement curves are different from what would normally be expected and how a simple
two step contact-release process cannot account for the emergence of a new stable plateau. Moreover, the dynamic
measurements show that in the specific case, ESD levels as low as 2.5V do not result in a failure, even if device layer
and substrate come into contact. This is the case thanks to the rough surface of the substrate; with a reduced surface
roughness, ESD failures may occur simply by stiction and for voltage levels smaller by a factor of 4.

The proposed method thus provides us ample information in the form of a clear threshold when contact is first created,
the failure mechanism and other conditions that can lead to failures below currently measured failure levels. The same
test method, if applied to an array of points on the device structure, can help in visualizing the dynamics through an ESD
event mode. This may particularly be useful in identifying the first device part that initiates failure through contact,
especially in complex devices. This information makes it possible to design appropriate stoppers and other mechanisms
to retard failures. Predicting ESD failures is difficult since many processes occur simultaneously. For instance, different
parts of a MEMS structure may move, charges may decay through a change in the capacitance or through leakage paths,
and the force acting on different parts itself is a function of the instantaneous voltage and the actual position of the part.
Under these conditions, analytical solutions may be impossible for complicated structures. Transient measurements made
during the ESD event offer on one hand, help in identifying the first appearing failure modes and thus help in refining the
design; on the other hand they offer a possibility to develop phenomenological models of the device under investigation.

4. COMBDRIVE FAILURES ACCELERATED BY SHOCK AND VIBRATION

Combdrives are key components in many commercial MEMS devices, as they allow electrostatic actuation without pull-
in in the actuation direction which is seen in parallel plate actuators. There is however a lateral pull in for comb-drives,
where the comb snaps-in perpendicular to the actuation direction (see figure 4).
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Figure 4. (a) An illustration of the mechanism of lateral snap-in occurring during operation below the normal snap-in
voltages: (i) Normal position of the fingers of the combdrive at a given voltage (ii) Additional overlap created by a
mechanical disturbance (iii) Snap-in at a voltage lower than the normal snap-in voltage, due to the presence of
extra comb finger overlap that forces the structure into a laterally unstable domain. (b) Schematic of the
combdrive showing the parameters used in the model.

The tuning of the diffraction grating has a quadratic dependence on the voltage applied at the combdrives. The tuning
range is limited in our case by the lateral snap-in voltage V,p.in, coms- The operation voltage is therefore chosen to be well
below Viuap-in, coms» and in order to increase the maximum tuning of the MEMS grating, a proper identification of the
snap-in voltage becomes crucial.

Here, we investigate in particular, the impact of vibration and shock on the snap-in voltage of combdrives. To address
this problem, we study how snap-in is initiated and then extend the model to include external mechanical contributions
that lead to snap-in at much reduced voltages.

In an ideal combdrive, the actual lateral force is always balanced from both sides, and there is no net lateral force. Under
a small lateral perturbation, the combdrive experiences a nonzero lateral force. When the net lateral force across the
combdrive increases beyond the maximum reaction force supported by the anchor springs, the structure becomes
unstable. This snap-in voltage is influenced by various parameters such as the combdrive geometry, uniformity of the
gap between the fingers and the surface finish on the vertical walls, which is determined by the fabrication process.

The lateral force required to cause snap-in is directly proportional to the comb finger overlap length and the square of the
applied voltage. In turn, the overlap length is a function of the applied voltage and of the initial geometry, and additional
overlap can be created by external shocks or vibrations (figure 4a). Thus, external shocks and vibrations reduce the snap-
in voltage. A schematic of the modeled combdrive system is shown in figure 4 (b).

Let /,,.14y be the initial overlap between the fingers in the absence of any voltage. The initial position of the combdrive is
shown in dotted lines. In the presence of a voltage, V, across the combdrive, the overlap / is obtained as

I, =1 +k, V2 (1)

overlap

where £, is the axial (y-axis) compliance of the combdrive springs with respect to the applied voltage. This holds true
until the point of lateral snapping of the combdrive. Let the lateral force required to cause lateral snapping be given by
Jonap- Assuming little variation of the overall lateral (x-axis) stiffness of the combdrive spring with axial displacement, the
Jonap for any combdrive follows the relationship,

2
fsnap o lV—snap —in,comb Vsnap —in,comb (2)

where Vygp-in coms 1 the snap-in voltage and Iy.g.qp-im,coms 1S the corresponding overlap just at the instant just before snap-in.
To cause snap-in at a voltage below V,.-in coms, the additional overlap required can be deduced from (1) and (2) as,

2 4 4
/ .y (Vsnap —in,comb ] ek [Vsnap —in,comb ~ v J (3)
add overlap v y Vv 2
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Figure 5. Conditions for axial shock induced lateral snap-in of combdrive at operation voltages below the normal
snap-in voltage. The curve shows the predicted conditions. The shaded region indicates the domain where the
developed model is not directly applicable since the required overlap exceeds the total length of the combfingers.

Acceleration (g)

In general, (3) can be expressed in terms of the critical acceleration'' required to cause failure:

gy = A loverlap (Vsnap —Vin,comb Jz 1+ ky[ Vr:‘rap—in,cozmh - V4J (4)
V

where A is a general term representing the expression for converting the displacement to the peak half-sine pulse

acceleration, for shock inputs, from the critical shock model and is defined as the peak acceleration of the disturbance

required to create a 1m displacement and has the units of [s]. The half sine pulse approximation for the acceleration

curve closely matches the shock experienced during collisions and will hence be used here''.

The input parameters required in (4) were obtained using experimental characterization methods''. The mean initial
overlap, lo,eriqp, Was found to be 3.25um based on optical profile images. The average lateral combdrive snap-in voltage,
Vsnap-in.coms» Mmeasured on a few devices is 97.5V. The axial compliance (with respect to the actuation voltage) k,, was
obtained as 2nm/V2. The value of A depends on parameters like the shock pulse duration (typically around 200ps),
resonant properties of the in-plane mode (like the quality factor and resonant frequency). The average value of A is
approximately 3.25x10” g/m where g is the acceleration due to gravity''. With these parameters, the critical acceleration
for the combdrive failures through snap-in can be computed and is shown in figure 5.

Figure 5 shows that high shock levels lead to reduced snap-in voltages. At zero shock levels, we recover the normal
snap-in voltage of 97.5V. The shaded region shows the portion where the required overlap for failure exceeds the total
length of the finger and is hence not valid. The model is then applicable only for voltages above 67 V. For voltages
below 67V, the exact failure levels may vary between devices depending on variables such as the contact surface
roughness, geometry, and number of fingers in contact simultaneously''. If a collision directly results in welding like
defects in sufficiently large number of fingers, the contact may be strong and may lead to permanent defects. In this case
the failure acceleration levels are expected to be smaller compared to the predicted values in figure 5. However, if this
does not occur, the mobile part may rebound after collision and may be stable; the model in this case does not define the
upper limit for failure.

Figure 5 also shows the experimental results of shock testing where the failure levels are indicated by a star''. The results
in the valid region closely match the prediction curve. The dispersed failure conditions in the shaded region are likely to
be due to the inter-device variations. The ‘x’ in the dataset indicates a device that did not fail until ~6000g half sine pulse
shock, which is the upper limit of the shock tester. This is probably an example of the case described previously where
collisions simply results in rebound and no failures appear. These results clearly show how devices may not be
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completely robust even when operated at half the actual snap-in voltage in mechanically disturbed conditions. The
model, with its close match between predictions and measured failure levels, helps in defining correct operating
conditions. Moreover, it can help to avoid performing extensive shock tests to estimate the in-use and transportation
failure limits, as a function of the operating voltage.

CONCLUSION

We have implemented a setup for measuring the dynamics of mobile parts during an ESD event in a MEMS tunable
grating. The analysis of the ESD event dynamics brings additional insights into the complex behavior of MEMS devices.
A MEMS tunable grating was chosen as test vehicle here. The dynamic analysis allowed one to identify critical parts and
help in implementing new protection structures, such as stoppers. Moreover, the analysis revealed subtle mechanisms,
not recordable in standard testing, but extremely helpful in preventing new failure paths. The results of ESD dynamics
may also act as key inputs for developing phenomenological model, which may greatly benefit the MEMS reliability
community.

We also analyzed how combdrive snap-in can occur at operation voltages far below the normal snap-in voltage, if the
device is subjected to mechanical shocks or vibrations. We showed how sufficiently large excitations can provide
suitable conditions for failures even at operation voltages close to half the actual snap-in voltage. The mechanism for
failure has also been proposed here. An analytical model of conditions leading to comb drive snap-in has been developed
and the results of the shock tests followed the predicted behavior accurately. The ability to chart out different regimes of
the model is essential to understand the conditions for failure and the mechanisms that cause it, and propose possible
improvements to the device design. Finally, the model with its good experimental agreement can reduce the need to
perform time consuming shock tests to estimate the reliability.
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