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1 Introduction optical detection techniques provides a good match with the

The rapidly expanding field of microelectromechanical sys- démands of MEMS measurements. As a result, several op-
tems(MEMS) is experiencing phenomenal growth in com- tical systems have been developed for measuring the _out-
munication and sensing applications. MEMS structures Of-plane displacement of MEMS structures. These optical
commercially available or under development for optical techniques may be broadly categorized as interferometric
communication applications include optical crossconnkcts, and noninterferometric. Noninterferometric ~techniques
add-drop wavelength multiplexefsgain equalizers,and typically modulate the power coupled into an optical fiber
tunable lasefsand filters® On the other hand, MEMS sens-  so that it is proportional to the displacement of the MEMS
ing applications have achieved commercial success indevice. These techniques include the optical beam deflec-
microaccelerometefsOther MEMS sensors currently un-  tion method!? the shutter method, and the lever metfidd.
der investigation include pressure sensomsagnetic field Interferometric techniques can be categorized as single-
sensor$, resonant transducer sensdrand gyroscopic  point measurement techniques and full-field optical mea-
sensors? Although not all MEMS structures involve mov-  syrement techniques. Single-point methods measure the
able components, the devices listed here share the commognsverse displacement at a single point on the MEMS
trait that they include some out-of-plane movable compo- grycture. Both bulk optickt and fiber optié® interferom-
nent. _ _ o eters have been used to characterize the displacement at
To develop viable MEMS devices for these applications, gpecific points on the MEMS device. These approaches
a noninvasive system _for charactenzmg out—of—plan_e dis- may be scanned to yield linear or two-dimensional dis-
glaqerglezntsAas a fuggtlznbof thf? a(;]tuanon parag(&()jtos f placement dat¥ Full-field optical measurement tech-
eswz €. i an ad te d ;ne I, tte.rrlleasuret ) e;ta re'niques: have been applied to MEMS structures, and
quently can be used 10 deduce material property INforma- 4o include  holographic  interferomet¥®  moire

tion. Information of this type provides feedback for adjust- interferometry® and stroboscopic interferometty
ing the fabrication and processing conditions to achieve . ) P X :
In contrast with sensing systems applied strictly for the

optimal device performance. With respect to device devel- devel f MEMS devi
opment, it is also important that the sensing system be ca-d€velopment o evices, some sensor systems are

pable ofin situ characterization. In this context, it is desir- intégrated as part of the overall system architecture. Detec-
able that the system be sufficiently flexible to make tion mechanisms used with MEMS sensors include electro-
measurements on MEMS devices mounted on a probe staStatic, piezoelectric, magnetic, piezoresistive, and optfeal.
tion or at the wafer level during process development and In this paper, we confine ourselves to detection schemes
manufacturing: based on optical methods. Both integrated optfc&land

The length scale of out-of-plane motion typically ranges fiber opti¢®?* approaches for characterizing MEMS sen-
from subnanometer to several microns of displacement. sors have been investigated. Since the fiber optic sensing
The fine resolution and wide dynamic range afforded by schemes are not inherently tied to the MEMS structure,
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they are amenable to the more general applicatian eftu 100
MEMS characterization.
In this paper, an optical fiber interferometer is described -

for measuring thein situ deflection characteristics of

MEMS structures. Common signal and reference beam
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paths, together with digital demodulation techniques, pro-
vide a robust sensing system, which is tolerant of angular (b)
misalignments of the fiber probe. The system can be ex-
panded to multiple sensor heads for the interrogation of
different elements in a MEMS device. To our knowledge,

this is the first time this interferometric system has been
applied to then situ characterization of MEMS structures.

Power Coupling Efficiency (%)

S~~~

In Sec. 2, the interferometer is described with respect to its 0 e
optical configuration and digital demodulation technique. 0 100 200 300 400
The operational characteristics of this system are analyzed Probe/Target Separation Distance (um)

in terms of its dynamic range of measurement and its range _ _ N _

of operating frequencies. In Sec. 3, experimental results for Fig- 2 Analysis of the power coupling efficiency of the fiber probe,

the characterization of a MEMS electrostatically deflectable SRoWing (a) the geometry of the system and (b) the power coupling
. efficiency versus probe-to- target separation distance at zero tilt of

beam are presented. The well-known polysilicon MEMS e finer axis with respect to the target normal.

cantilever beam was chosen as the test structure so that

mature modeling techniques could be used to validate the

system response. In Sec. 4 is the conclusion.
nal path of the interferometer. The reference and signal

2 Fiber Interferometer fields copropagate back through the fiber until they reach
) ) the fused fiber coupler, where an additional 3-dB power
2.1 System Configuration reduction is encountered. Finally, the interference signal is
The interferometer system configuration is shown in Fig. 1. detected with a photodetector. _ . .
Polarized light with a wavelength of 0.6328n is coupled The efficiency of coupling of the signal field back into

into a single-mode optical fiber. The light is then split with the fiber probe is a critical feature of this interferometer
a 3-dB fused fiber coupler. One of the output pigtails of the configuration. We have modeled the coupling efficiency of
coupler is attached to a piezoelectric transducer stackthe fiber probe, assuming Gaussian field propagation out of
[made from lead zirconate titanat®ZT)], which moves the fiber anq refle_ctyon off a tilted specular surface. The
the tip of the fiber along the axis of the fiber. This pigtail POWer coupling efficiency versus the probe-to-target sepa-
serves as the fiber probe of the interferometer. The cou-fation distance is plotted in Fig. 2. Given zero ftilt of the
pler's other pigtail is unused. It is immersed in index- fiber probe with respect to th_e target surface normal, the
matching fluid to minimize back reflections. probe-to-target separation distance must be Iess_ than
The tip of the fiber probe is cleaved so that the normal to 195um for greater than 4% power coupling of the signal
the cleaved fiber facet is collinear with the fiber axis. The field back into the fiber. _ o
cleaved facet serves as both the interferometer’'s beamsplit- Figure 3 shows the power coupling efficiency versus
ter and its beam combiner. The air-fiber interface at the probe tilt angle at a separation distance of 100. From
cleaved facet of the fiber probe provides 4% power reflec- an implementation perspective, high tolerance to angular
tion back into the single-mode fiber. This reflected field is misalignment of the probe is desired. The bare fiber probe
the interferometer’s reference beam. The light transmitted tolerates approximately4 deg of misalignment at a sepa-
through the fiber probe’s facet reflects off the MEMS struc- ration distance of 10@.m. This limitation is sufficient for
ture to be measured and is coupled back into the fiber.thein situ characterization of MEMS structures.
Consequently, the cleaved facet now acts as a beam com- The optical configuration described above has been used
biner. The round-trip distance traveled out of the fiber, off with var\sling demodulation schemes to characterize MEMS
the MEMS structure, and back into the fiber forms the sig- sensors; hard disk surface®, and biological
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Fig. 3 Analysis of the power coupling efficiency of the fiber probe,
showing (a) the geometry of the system and (b) the power coupling
efficiency versus tilt angle of the fiber axis with respect to the target
normal at a separation distance of 100 um.
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Fig. 4 Interferometric measurement of a PZT-driven mirror. The up-
per oscilloscope trace is the signal driving the PZT-mounted mirror,
and the lower trace is the amplified output signal from the photode-
tector. The output signal exhibits the characteristic waveform for a
47 phase shift.

for a 4m-rad optical-path-length difference. Direct mea-
surement data corresponding to optical-path-length differ-
ences of Zr and 4 versus the voltage applied to the PZT
stack are plotted ax’s in Fig. 5. Agreement between the
direct measurement result and the demodulation output
from the OPD-20Qplotted asO’s) is evident in Fig. 5.

2.2 System Dynamic Range

The displacement measurement and frequency response of
the interferometer system described above have a large dy-
namic range. The digital demodulation technique facilitates
both fractional-fringe and fringe-counting interrogation of
the interferometric signal. This technique has a theoretical

6 . , : . .
mgmbra_neg. The common signal and reference paths in gynamic range greater than®r measuring surface dis-
this optical configuration eliminate signal fading due to placements.

non-signal-induced polarization drift and optical-path-
length drift in the fiber. Also, the common signal and ref-
erence paths obviate the need for high-cost polarization-
preserving single-mode fiber.

Demodulation of the optical signal is implemented by
sampling the photodetected signal and performing digital
signal processing on it. The OPD-200 digital demodulator —
is a commercially available instrument from Optiphase™,
Inc., which was used to perform the digital demodulafibn.
The demodulation algorithm is based on a passive homo-
dyne scheme using a phase-generated cafrier.our in-
terferometer, the phase-generated carrier is imposed on the ®
signal by modulating the open-air signal path between the
fiber probe and the MEMS structure.

We verified the digital demodulation of the fiber inter-
ferometer by comparing the phase output from the OPD-
200 with a direct measurement of the phase. A PZT-
mounted mirror was used in place of the MEMS structure
in Fig. 1. The mirror was vibrated sinusoidally at 1 kHz
with varying drive voltages applied to its PZT stack. The
direct measurement of the mirror motion was obtained by
noting that at integer multiples of2rad in the interferom-
eter’s optical path difference, characteristic waveforms are
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Fig. 5 Comparison of the OPD-200 digital demodulator output with
a direct measurement of the interferometer’s phase (X, direct mea-

produced by the interfering beams. For example, the bot- syrement data point; O, OPD-200 data point; solid line, linear fit to
tom trace in Fig. 4 illustrates the photodetected waveform the OPD-200 data).
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The ultimate system resolution of a displacement- (a) ?_. y
measuring interferometer refers to a limit on the system’s  2-um-thick x
ability to detect surface changes. This limit is expressed in ~ flexure e 200 um |

arms

terms of the smallest displacement that can be detected if

the signal-to-noise ratidSNR) is unity?® Photodetector

guantum noise and analog-to-digital converter quantization _

noise are examples of noise sources that cannot be elimi- 35um-thick
polysilicon post

nated from the system. In the present system, the detector

guantum noisdalso called shot noigesets the limit to the

ultimate performance of the interferometric system. We osorn

have determined the quantum-noise-limited sensitivity of ,

the interferometer shown in Fig. 1 to be 24 p. 3.5-um-thick z soonficial e
The degree to which this ultimate resolution may be PoVs!ieonbeam (b) .

achieved depends on numerous factors. The foremost con-
sideration for this interferometer configuration is the field Fig. 6 Geometry of a MEMS flexure beam showing (a) the top view
contrast ratio. In practice, it is very difficult to secure a and (b) the side view.
unity field contrast ratio. For values of field contrast not
equal to one, the fringe contrast and the SNR decrease,
thereby increasing the minimum detectable displacement.uses a surface mesh and solves the electrostatic aspect of
In practice, we have achieved a system resolution of severalthe problem, while FEA uses a volume mesh and solves the
nanometers. mechanical aspect of the problem. When considering elec-
The number of bits in the digital demodulator that are trostatically actuated devices, the coupled approach tends to
used to keep the fringe count limits the full measurement several advantages over a pure finite-element approach, in-
range of the interferometer. This limitation places an upper cluding faster simulation times and higher accuracy.
bound of 2.6 mm on the measurement range. In practice, The flexure beam was electrostatically excited into
however, an increased separation distance between the fibefransverse motion with the application of a 2.5éro to
probe and the MEMS structure results in decreased effi- peak sinusoid oscillating at 1 kHz. An example of the in-
ciency of coupling into the fiber and loss of optical signal. terferometer’s measurement is shown in Fig. 7. Channel 1
Davis et af® have shown that the OPD-200 digital de- s the upper trace and shows the voltage signal driving the
modulator is capable of performing demodulation with low flexure beam. Channel 2 is the lower trace and shows the
signal levels. With an operating wavelength of 15, demodulation output from the OPD-200. Given the round-
they have characterized hard-disk surfaces with displace-trip path taken by the signal beam in our interferometer
ments greater than 350m. For our operating wavelength  configuration(see Fig. ], the peak-to-peak deflection of
of 0.6328um, this corresponds to a displacement greater the device under test may be described as
than 140um. The practical measurement range of several
nanometers to more than 140n is well suited to the out-  ,, :7‘ A¢
of-plane characterization of MEMS structures. pk=pk™ 477
The interferometric system is capable of measuring dis-
placements ranging in frequency from dc to one-half the whereA ¢ is the phase difference between the signal and
frequency of the phase-generated carrier. The OPD-200reference beams. The digital demodulator scale is set to 0.5
provides the drive signal for the phase-generated carrierrad/V, which corresponds to a peak-to-peak beam deflection
and is capable of modulation rates up to 95 kHz. In our of 5.5nm.
interferometric configuration, however, the PZT stack lim-
its the modulation frequency. The PZT and drive electron-
ics in our system limit the carrier frequency to 10 kHz.
Therefore, our system is capable of measuring displace-
ments ranging from dc to 5 kHz.

3 Characterization of a MEMS Flexure Beam

A MEMS flexure beam is a clamped-free cantilever beam,
where a small section of the beam material near the base o
the post has been removed to produce a hinge point on the.
beam(see Fig. 6. Polysilicon flexure beams with dimen-
sions given in Fig. 6 were fabricated via the Multi-User
MEMS ProcessesMUMPs®) foundry service available
from JDS Uniphasé! We used the fiber interferometer to
measure the transverse deflection of the flexure beam unde
electrostatic actuation. Additionally, we simulated the mo-
tion of -the flexure bea-m using a coupled boundary-element Fig. 7 Interferometric measurement of a MEMS flexure beam. The
analySIS(BEA). and fm.lte_element analys(t;EA) soft_ware upper oscilloscope trace is the signal driving the MEMS structure,
tool (IntelliSuite™ Windows NT Version 5)lavailable and the lower trace is the OPD-200 demodulator’s output. The de-
from Corning IntelliSense. In the coupled approach, BEA modulated output signal scale corresponds to 25.18 nm/V.

|
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Fig. 8 Coupled boundary element analysis and finite element analy-
sis simulation of a MEMS flexure beam. The signal driving the

MEMS beam is 2.5 sin(27-1000¢) V.

Fig. 10 Removal of the frequency-doubling effect. The upper oscil-

\ . loscope trace is a biased excitation signal driving the MEMS struc-
beam’s deflection based upon the COUpIed BEA and FEA ture, and the lower trace is the raw interferometer output signal prior

tEChni_que- The _meSh size was gn, and the fOI_IOWing to demodulation. The signal driving the MEMS beam is 5
material properties were used for the polycrystalline silicon +5 sin(2-1000t) V.
beam:

Figure 8 shows the numerical simulation of the flexure

YOU”QS modulus: 160 GPa flected towards the substrate. During the positive-voltage
Density: 2.3 gm/crh portion of the excitation sinusoid’s periddee Fig. %)],
Poisson’s ratio: 0.226 the E field is in the —z direction. The positive charg®),
accumulated on the beam’s electrode experiences aForce
The data in F|g 8 indi.cate that the flexure beam deflects :QE, so the beam is again deflected towards the substrate.
toward the substrate with a frequency of 2 kHz and a peak-  E|ectrostatically driven MEMS structures experience
to-peak amplitude of 4.0 nm. This simulation result com- gy electrostatic attractiofas opposed to electrostatic re-
pares well with the experimental data. pulsion. Thus, for a bipolar excitation signal with zero

Of particular interest is the oscillation frequency of the mean; the oscillation frequency of the beam is twice that of
flexure beam. The demodulation output shown in the lower the excitation signal. This frequency-doubling effect may
trace of Fig. 7 indicates that the flexure beam is oscillating phe removed by adding a dc bias to the excitation signal
at 2 kHz, ortwice the excitation frequency. During the gych that the excitation signal is always a positive voltage
negative voltage portion of the excitation sinusoid’s period g, always a negative voltage. Figure 10 shows a biased
[see Fig. @a)], theE field is in the+z direction. The nega-  excitation signal(upper tracg and the raw interferometer
tive charge,— Q, accumulated on the beam’s electrode ex- output signal prior to digital demodulatioflower trace.
periences a force given bly=—QE;so the beam is de- The excitation signal is %5 sin(27-100Q) V. Note that
both the excitation and the raw interferometer’s response
are oscillating at 1 kHz.

Two points of clarification are necessary with respect to
the interferometer data displayed in Fig. 7. First, the inter-
ferometer measures relative phase shifts between a refer-
ence light wave and a signal light wave. The demodulator
reads both the offset phageepresenting the optical-path
mismatch and the dynamic signal created by the beam
flexure. Therefore, a zero voltage reading at the demodula-
tor output does not necessarily correspond to zero deflec-
tion. Second, an artifact of the digital demodulation scheme
is a fixed time delay in the output data, which corresponds

—bL to the time for one demodulation cycle. For the modulation

(b) tr+rrbt | v frequency used in Fig. 7, the delay is about Lt
= l l l 1 l l T Finally, we measured the deflection at the tip of the flex-
ure beam as a function of the excitation voltage at 1 kHz.

As shown in Fig. 11, the experimentally measured data are
in reasonably good agreement with the simulation data.
However, a discrepancy in deflection amplitudes at the
Fig. 9 Electrostatic attraction of a MEMS cantilever beam with (a) Iarger eX(.:ItatIOI’.] voltages exists b_etwee_n the experlm_ental
negative voltage applied to the beam and (b) positive voltage ap- and the simulation data. Further simulation results indicate
plied to the beam. that magnitude of this discrepancy is not attributable to

Optical Engineering, Vol. 42 No. 1, January 2003 109
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Fig. 11 Tip deflection of the MEMS flexure beam versus applied
voltage at a frequency of 1 kHz (X, FEA simulation data point; solid
curve, quadratic fit to the simulation data; O, experimental data
point; dotted curve, quadratic fit to the experimental data).

variations in the beam parametdesg., Young’s modulus
and beam lengthor to the onset of spontaneous collapse of

the flexure beam. Furthermore, simulation indicates that the 14.

flexure beam has a transverse mode resonance at 73 kHz.
Our beam oscillation frequency of 2 kHz is sufficiently
removed from resonance that overshoot of the beam cannot
be the cause of the discrepancy. This discrepancy between

the experiment and simulation is currently under investiga- 16.

tion.

17.

4  Summary

We have reported a fiber optic interferometer, which is suit- 18.

able for thein situ characterization of MEMS structures.
The optical configuration of the interferometer is robust

with respect to environmental perturbations as well as to 19.

angular misalignment of the fiber probe. Commercially

available digital signal-processing instrumentation is used 2g

to demodulate the interferometric signal. We determined
that the theoretical dynamic range of the system is greater,,
than 16.

We have applied this interferometer to measure the 22-

transverse deflection of a MEMS flexure beam. We inves-
tigated the response of the flexure beam to both bipolar and

unipolar excitation sinusoids, and we characterized the tip 23

deflection as a function of applied voltage. Our experimen-

tal results were in reasonably good agreement with coupled24.

BEA and FEA simulation of the flexure beam.

25.
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