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The use of LDV on micro-scale structures |

fairly new.

Sandia has used LDV to analyze
Radio-frequency MEMS switches.
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Radio-Frequency MEMS switch, closed by electrostatic
actuation: Left: SEM image, Right: Nonlinear
displacement vs. voltage, identified from dynamic test.
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microscope (AFM) cantilevers.
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AFM can image DNA
molecules.
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LDV has been used for analyzing atomic force
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LDV has enabled experimental modal analysis of a

i ‘
AFM probe cantilever. *

* Length L=350microns, width /=35microns, thickness #=1micron.
« Silicon density p=2300kg/m?, Young’s E=160GPa.
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LDV was used for investigating nonlinear behavior
of other micro-cantilever beams.

o

* Micro-cantilever beams manufactured at
Sandia using the SUMMIiT™ process
have been found to respond nonlinearly
to base excitation, even at low
amplitudes (tip motion = 1/200%" of the
beam length.)

* A 200 um by 10 um by 2.5 um beam
was tested in near vacuum.
* Beam tip and base motion were recorded

using a Polytec LDV focused through a
Mitutoyo optical microscope.

* Restoring Force Surface method was
applied in an attempt to determine the
cause of the nonlinearity.

Moving base
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Measurement uses LDV and vacuum
chamber.

The motion of a MEMS cantilever, forced to vibrate at 82 kHz, was measured with an LDV,
focused through a 20X objective lens.
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Single-frequency excitation resulted in response

with many high harmonics.

Autospectrum of Base and Tip Velocity
at 590 nm Tip Amplitude
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 Figure shows beam tip and base
autospectra at 530nm tip amplitude.

* Beam tip responds at many harmonics
of the excitation frequency.

* No harmonics are visible in base
motion.

» The harmonics continue out beyond the
1500 kHz cutoff frequency of the LDV
anti-aliasing filter.
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Restoring Force Surface (RFS) method was apple’
to the test data.

 The RFS method 1s based on Newton’s second law:

J = fapp — frest(ic;j?) = mx

app

 For a linear system the restoring forces are:
frest(z, ) = Japp — mT

frest(z, ) = kx + cx

Restoring force surfaces:

Linear system: Nonlinear system:
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Restoring force surface from LDV measurement .

was
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» Measured Force (acceleration) data plotted
versus tip displacement and velocity.

» The force versus displacement data shows a
linear trend, but there are significant
deviations from a linear surface.

» These deviations from linearity occur only at
high velocities.

 The representation in this figure is

cumbersome (millions of data points) and
cannot be used to predict the response of the

system.
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Nonlinearity may be an artifact of the microscope.

» To make sure that the nonlinearity was not an artifact of the LDV, we tested the LDV-
microscope system with a vibrating macro-scale accelerometer.

» Both the LDV and the accelerometer were measuring a sinusoidal velocity generated by an
electromechanical shaker.

* Signal from the LDV with the microscope exhibits a nonlinear relationship with the
accelerometer signal.

* In-plane motion has been known to cause speckles to

1 ‘S;r'r:aomc #10 = . . .
] i orieus generate signals in the LDV that appear as higher
harmonics.
é S. Rothberg, "Numerical simulation of speckle noise in laser
g'- £ vibrometry," Applied Optics, vol. 45, pp. 4523-33, 2006.
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Velocity from LDV measurement compares fairly
well with integrated acceleration signal.

* On the micro scale, probably no other non-invasive method measures velocity more
accurately than LDV with microscope.

* We examine the accuracy of a microscopic LDV with a macro-scale setup, where an
accelerometer 1s the reference.
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» The LDV signal matched the time-integrated accelerometer signal well, except
around velocity extremes.
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In-plane pseudo vibration does not seem to cause
the apparent nonlinearity.

» ‘Speckles’ may have moved in-plane, in and out of the laser spot.
Accelerometer surface under microscope.

Objective magnification 5X Ob]ectlve magmﬁcatlon 20X

Optics made
laser spo
image appear
larger than
actual.

[.8mm ‘

* In the present case, the measured cross-axis motion < -30dB.

* In-plane speckle noise do not explain the nonlinearity.
* Instead, the distortion appeared to be due to the microscope.
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Acceleration from LDV appeared to be nonlinear
with accelerometer signal.

 For investigating nonlinearities using the restoring-force surface method, acceleration is

required.
 Acceleration was obtained by time-differentiation of velocity from LDV.
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» Without the microscope, time-derivation of the LDV signal matched the accelerometer

signal.
 With the microscope, time-derivation resulted in large distortions of the LDV sig —



The microscope appears to distort the time-
derivative of the LDV signal.
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unexpected drops.
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Time-derivative of microscopic-LDV signal revek
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The deflection was larger than the microscope ‘
supplier’s specified depth of focus.

» The test conditions were all well within the LDV supplier’s specifications.

» However, the deflection amplitude was 17.4um > 14.0um/2 specified by the microscope

supplier.
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Conclusions

« With or without a microscope, the LDV gives a velocity signal that compares well with
time-integrated accelerometer signal.

» Minor velocity distortion from the microscope can result in major acceleration distortion.

 In the test case with the accelerometer, the most severe
distortion occurs at high displacement rather than high
velocity.
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» The LDV with the microscope gives accurate
accelerations if
— the experimental conditions are within specifications.

— the displacement is within the depth of focus. a6t - Objective Magnification 5X |
— No Microscope

-200

LDV derivative, m/s®

4001

Restoring Force (F/mass in m/sz) X 105 : & L s
057 -200 -150 -100 -50 0 50 100 150 200
y. \ ' \ Accelerometer, m/s?
£ lf \ \ \ *
= , / \ 2 * In the micro-cantilever test, the high harmonics were
E . [ [/ . strong even when the displacements < depth of focus
§ \ Y| (1.6um for mag. 20X). Therefore, the nonlinear
A \\ ISRV N response was not likely to be an artifact of the
A § L ¢ ’ 4 microscope in the LDV system.
Ny
05 ' N Sandia
~500 0 500 @ National
wL (nm) Laboratories



@,

Acknowledgment

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the
United States Department of Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000.

Thank yout

hsumali@sandia.gov

T VAL =3
MV A A

&.\
ity Administrat

Sandia
@ National
Laboratories



