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a b s t r a c t
A simple optical setup combining interferometric and knife-edge methods is proposed for deﬂection
measurements and sensing both out-of-plane and in-plane movements of MEMS and NEMS devices. The
√
setup has 100 pm/ Hz in-plane measurement resolution for 1 m full-width-half-maximum spot size
√
illumination and 4 pm/ Hz out-of-plane resolution. The sensor offers large dynamic range. Sensor setup
can also be used to measure and differentiate combined modes in some cases.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Micro and nanoelectromechanical systems (MEMS and NEMS)
bring about the need for small scale measurements. A variety of
methods have been introduced to measure high-frequency vibration mode shapes and frequency response [1]: CCD-based detection
[2], Laser Doppler Vibrometry, interferometric measurements [3],
diffraction-assisted detection [4] or knife-edge method [5]. Optical
methods seem to be preferred method due to high resolution, its
non-intrusive nature, and simple setups. Measuring high-frequency
modes with a detector array-based approach require stroboscopic
illumination and complicated setups. Separating different vibration
modes is a challenging task not often possible with a lot of the
techniques.
A simple optical sensor setup for in-plane and out-of-plane
motion measurements is developed [6] and the work is extended
in this paper. Interferometry and knife-edge techniques are combined to achieve a simple test setup with high resolution that is
able to measure and able to distinguish various modes, particularly out-of-plane and in-plane deﬂections, for MEMS and NEMS
devices. After a brief description of the setup, in-plane and out-ofplane measurements for both small and large deﬂection cases, a
vibration measurement involving both modes, and noise issues are
described in the subsequent sections.
As shown in Fig. 1, the setup is composed of a single mode
633 nm red laser source, a beam splitter, an interference microscope

objective (i.e., Mirau objective), and a photodetector read-out circuit. Output of the photodetector circuit is fed to a preampliﬁer.
Preampliﬁer output is monitored by an oscilloscope and precision
data is obtained using a lock-in ampliﬁer.
2. In-plane mode
The knife-edge method illustrated in Fig. 2 is used for the inplane vibration measurements. The focused Gaussian laser spot is
centered at the edge of the moving device for the highest sensitivity
and the reﬂected light is monitored by the detector. Device should
have a sharp edge and reﬂect the incident light. The reﬂected light
is modulated as the device makes in-plane vibrations. Since the
Gaussian beam characteristics are well-known, the detected signal
can be used to calculate the in-plane vibration mode waveform.
The intensity of a Gaussian beam incident on the device can be
expressed in terms of its full width at half maximum (FWHM), sfwhm
as
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The collected light power at the photodetector is converted to a
voltage output by the preampliﬁer and can be expressed in terms
of the integral of Eq. (1):
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Fig. 3. Sensor output corresponding to 5 m sinusoidal in-plane deﬂection corresponding to a sinusoidal drive signal. (Square wave is a TTL monitor signal obtained
from the excitation signal).

Fig. 1. In-plane and out-of-plane deﬂection measurement setup for MEMS and
NEMS characterization.

where w is the width of the device and typically smaller than sfwhm
for NEMS devices [5], x0 is the position of the edge of the device
relative to the center of the laser spot, the constant term A is due
to the reﬂection from the interference objective reference mirror,
and B is a proportionality constant. The lower limit of integration
should be replaced with –∞ for w » sfwhm .

Fig. 2. (a) Operation of in-plane measurement. (b) Photodetector ampliﬁer output
as a function of the device edge position assuming w » sfwhm .

An FR4-based electromagnetic scanner, which is developed for
laser scanning and Fourier transform spectroscopy applications, is
used in this part to achieve large deﬂections [7]. Fig. 2(b) shows the
sensor output as a function of lateral displacement, x. The ﬁgure is
obtained by moving the device with a micrometer stage underneath
the laser spot to acquire the calibration constants A and B (full width
at half maximum, sfwhm, of the spot is 13.7 m). This procedure
needs to be repeated once before measurement of each device. In
this particular case, A and B are found as 17.7 mV and 27.25 mV,
respectively.
In order to ﬁnd the resolution of the setup, the lock-in ampliﬁer
is used. Measured root mean square (rms) output is divided by the
measured noise level, which is the moving average deviation of the
rms output. The measured resolution is proportional to the spot
size and when normalized for 1 m spot diameter, it is calculated
√
as 100 pm/ Hz. Smaller spot sizes result in better sensitivity at the
cost of smaller depth of focus and tighter alignment tolerances.
Small and large deﬂection cases are analyzed separately. When
the deﬂections are much smaller than the spot size, the response of
the sensor is fairly linear around the center of the Gaussian beam.
As the deﬂections increase, the response becomes non-linear and
takes the shape of Fig. 2(b) during the half cycle when the device
is moving into the laser spot. For very large deﬂections, the sensor
output looks like a square wave where the widths of the rising and
falling edges correspond to the width of the Gaussian spot. Fig. 3
shows the response of the sensor to a small sinusoidal excitation
that result in a deﬂection in the amount of 5 m resulting in nearly
141 mV peak-to-peak sensor output.
Fig. 4 illustrates the sensor output signal for large in-plane
deﬂections where the sensor response becomes non-linear and the
integrated light intensity starts to saturate. Assuming sinusoidal
oscillations, the slope of the rising and falling edges can be used to
compute the total deﬂections or to make a more accurate numerical
ﬁt. Using the steepest slope of the large in-plane deﬂection data,
accurate numerical ﬁt is found. The steepest slope occurs at the
highest sensitivity point (at the middle of the Gaussian spot) and it
is the best reference for the data ﬁtting. The best numerical ﬁt to the
curve is obtained assuming 38.7 m sinusoidal device deﬂection
and illustrated in the Fig. 4.
The sensor deﬂection is typically sinusoidal in our experiments
but the method is not limited to sinusoidal deﬂections, non-linear
and non-sinusoidal deﬂections can also be characterized. Arbitrary
deﬂections can be measured as long as the detector output is not
saturated and the deﬂections are smaller than the illuminating
spot. For NEMS devices, these conditions are easily satisﬁed and
arbitrary deﬂection waveforms can be measured with high sen-
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3. Out-of-plane mode
Optical interferometry is commonly used for out-of-plane
deﬂection measurements. As a novel contribution, an interference
objective (Nikon 10× Mirau Objective) is introduced to the knifeedge measurement setup which enables interferometric readout
with focused light.
As illustrated in Fig. 1, the light incident to the photodetector is modulated using interference of two reﬂected lights, one
from the reference mirror of the objective, and the other from the
device; therefore, the modulated light carries the vertical deﬂection
information. The expression below represents the light intensity
modulation [9].



I = Iref + Isamp + 2
Fig. 4. Sensor output corresponding to a large in plane deﬂection and the numerical
ﬁt assuming 38.7 m sinusoidal deﬂection.

sitivity. For MEMS devices with large deﬂections (»m), the spot
size can be increased by defocusing or limiting the NA of the beam
to capture the full device motion, this allows for measuring nonsinusoidal and non-linear deﬂections with some compromise in
sensitivity.
The comb-drive actuated MEMS stage shown in Fig. 5(a) is characterized using the proposed method [8]. Frequency response of
the in-plane mode of the device is shown in Fig. 5(b).

Fig. 5. [8] (a) Comb actuated MEMS stage (b) in plane mode frequency response of
the MEMS stage.

Iref Isamp cos

 4z 


(3)

where Iref is the reﬂection from the reference mirror, Isamp is the
reﬂection from the device and z is the out-of-plane deﬂection of
the device. The sensor output voltage after the preampliﬁer can be
expressed in general form using two constants:
Vop = A + B cos

 4 (z + z(t)) 
0


(4)

where z0 is the mechanical path difference between the sample
and the reference arms of the interferometer, and z(t) is the outof-plane deﬂection waveform of the device. The constant A carries
no importance for the amplitude measurement and can be ignored.
The constants z0 and B can be determined in a calibration routine by
moving the sample in the vertical direction with a high-precision
computer controlled mechanical stage. Vibration isolation of the
optical table is required to minimize the noise in this measurement.
Sensor output variation with vertical displacement is illustrated in
Fig. 6(a). Fully constructive interference results in a maximum sensor output of (A + B) illustrated with Position 2. If the stage is moved
by /4(=158 nm) away from Position 2, corresponding to 180◦ phase
difference, a fully destructive interference is obtained that gives the
minimum sensor output (A − B) illustrated with Position 3. Position
1, corresponding to z0 = ±/8 (or k/4 + /8 where k is an integer), is
in between Position 2 and 3 and results in the best sensor sensitivity
with linear sensor output for nm scale deﬂections.
The small and large deﬂection responses of the sensor are quite
different for the out-of-plane mode as well. For the demonstration of small out-of-plane mode response of the setup a piezo stack
is used. Piezo stack oscillations provide a stable reference for this
measurement. Adjusting the DC offset of the excitation signal allows
precise control of the rest position (z0 ) of the sample.
Small deﬂection (<50 nm) responses of the sensor are illustrated
in Fig. 6(b) and (c) for two different nominal gap cases. The sensor output is observed at the excitation frequency if z0 = ±/8 (for
Position 1) or at twice the excitation frequency if z0 = 0 or ±/4 (for
Positions 2 and 3). TTL signals of the sinusoidal excitation signals are
illustrated in the ﬁgures in order to express the relations between
frequencies of the input and the observed output. The device deﬂection amplitude was 39 nm in both experiments; the difference in
sensor output amplitude is caused by the variation in the sensor
responsivity with z0 . It is important to note that the strong variation
of the sensor output harmonic content with z0 for small deﬂections can be exploited to distinguish the in-plane and out-of-plane
deﬂections by making two measurements, one at Position 1 and
one at Position 2 or 3.
√
The noise rms value is measured as 9.5 V/ Hz at narrow
bandwidth while using a vibration isolation table and the method
described earlier. The resultant best sensitivity is obtained as
√
4 pm/ Hz at Position 1.
The FR4-based electromagnetic scanner [7] is used here again
for measuring large out-of-plane motions (z > /4). The sensor out-
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Fig. 7. Interferometric output of a 906 nm out-of-plane deﬂection. (Square wave is
TTL monitor signal obtained from the excitation signal).

4. Combined motions
If there are both in-plane and out-of-plane deﬂections, the two
modes can be decoupled by adjusting the optical setup. In-plane
motion can be eliminated by moving the spot from the edge to the
center (at least for MEMS devices); and out-of-plane motion can be
eliminated by a small tilt of the sample stage to prevent interference
at the detector. However, tilting the stage changes the measured
displacement by about a factor of cos().
For NEMS devices with sub-micron deﬂections, the elimination
method described above may not be used, and it may be hard
to understand the motion from the circuit output when multiple
modes are excited. For this reason a MATLABTM code is developed
to simulate the expected sensor signal for the speciﬁed motion.
Eq. (3) can be modiﬁed for the combined modes. The term Isamp
becomes position (i.e., time) dependent in the presence of in-plane
deﬂections. Rewriting the Eq. (3) in terms of the reference intensity
output voltage (Vref ) and the in-plane motion output voltage (Vip )
yields:



Vip+oop = Vref + Vip (x(t)) + 2

Fig. 6. (a) Sensor output variation with vertical deﬂection (b) and (c) sensor outputs
when the rest position of the device is set to Position 1 and Position 2, respectively.
(Square waves are TTL monitor signals obtained from the excitation signals).

Vref Vip (x(t)) cos

 4z(t) 


(6)

Estimation and data ﬁt is possible if the two motions are of the
same frequency or at the harmonic frequencies of each other. Fig. 8
illustrates the experimental output and the best ﬁt simulation result
assuming sinusoidal deﬂections in both x- and z-directions with
equal frequencies.
Fig. 9 illustrates the simulation results assuming two modes are
at different frequencies and amplitudes and excited simultaneously.
In such cases or in existence of arbitrary and non-linear motions
in one of the modes, the elimination method or frequency ﬁltering techniques would be helpful in separating the modes and in
predicting the individual mode frequencies and amplitudes.
5. Noise handling

put in Fig. 7 is obtained by sinusoidal excitation of the scanner
in out-of-plane mode and exhibit multiple peaks in one period
due to repeated constructive and destructive interferences. The
square-wave in the ﬁgure is the TTL output of the signal generator used to monitor the phase of the input signal. In this type of
motion, advance calibration is not needed. The deﬂection amount
and the rest position can be found by fringe counting and measuring local extrema. Each peak-to-peak variation of the sensor
output within a period corresponds to a /4 deﬂection. Fractional
fringes can be treated similar to those obtained in the small deﬂection case and their amplitudes can be found using Eq. (4). The
analysis resulted in a deﬂection of 906 nm for the waveform in
Fig. 7.

There are many different noise sources such as mechanical noise,
photodetector noise, laser noise, electrical noise sources that affect
the sensor output. Best resolution is obtained by eliminating all
those noise sources as much as possible.
In order to get rid of the mechanical noise, devices with smaller
thermomechanical noise are selected particularly for the small
signal experiments. Especially, a piezo stack was used for small outof-plane deﬂection experiments. The mechanical noise coupling
from the environment is reduced by ﬂoating the optical table.
For sensitive measurements, the output of the circuit is ampliﬁed by a low-noise pre-ampliﬁer followed by a lock-in ampliﬁer
which attenuates the noise in the frequencies other than the operating frequency.
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6. Conclusions
A single-detector based simple optical characterization method
is developed for micro/nanomechanical device characterization.
√
√
100 pm/ Hz/m in-plane and 4 pm/ Hz out-of-plane resolutions
were achieved. Simplicity of the optical setup and demonstration of
simultaneous measurement of in-plane and out-of-plane measurements are the main distinguishing features of the presented work
compared to other methods discussed in the literature [1–5]. The
resolution can be improved further by laser noise canceling [10].
It is shown that applying the knife-edge and interferometric
methods together is easy and efﬁcient for deﬂection measurements
with large dynamic range (from sub-nm to tens of microns—where
the range is limited by the detection instrument and the fundamental noise sources). Another advantage of the system is that the
measurement bandwidth is only limited with the detection circuitry. Therefore, measurements at a very large spectrum, from DC
to MHz range, are possible with the setup. The setup can detect
simultaneous motions for in-plane and out-of-plane deﬂections to
determine the frequency response of the device and the purity of
the modes.
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