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Digital Holographic Microscopy for MEMS/MOEMS
Device Inspection and Complete Characterization
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Abstract | Digital holography became feasible since the availability of
charged coupled devices (CCDs) with smaller pixel sizes, higher pixel
numbers and high speed computers. Fresnel or Fourier holograms are
recorded directly by the CCD and stored digitally in the computer. The
reconstruction of the wavefield, which is done optically by illumination of
a hologram in conventional holography, is performed by numerical meth-
ods in digital holography. In the numerical reconstruction process, not
only the intensity but also the phase distribution of the stored wavefield
can be computed from the digital hologram. This offers new possibilities
for a variety of applications. This review article describes the principle
of digital holographic microscopy (DHM) and its major applications in
microelectro-optomechanical systems (MEMS/MEOMS) inspection and
characterization. MEMS structures are generally realized using different
material layers involving various process steps. Static and dynamic char-
acterization of MEMS devices form an important part in carrying out their
functional testing and reliability analyses. Development of a digital holog-
raphy (DH) based system for micro-device inspection and characteriza-
tion is presented in this review. A reflection mode hand-held type compact
DH microscope system is developed based on the lensless magnification
configuration. Application of the developed system is demonstrated for
MEMS structures such as cantilever, diaphragms, accelerometer, micro-
heater inspection. Further, both static and dynamic characterizations of

these MEMS structures are illustrated.

Keywords: digital holographic microscopy, MEMS characterization, static, dynamic characterization.

1 Introduction

Optical metrology has many advantages over
other measurement techniques because of its
non-invasive, high sensitivity, large temporal
and spatial resolution features. Various optical
methods are being used for imaging and meas-
urement applications. The miniaturization of
the object/device size puts new challenges for
optical metrology. Some examples are dynamic
microscopic imaging, and measurements on
micro-structures (MEMS/MEOMS devices). The
requirements are better measurement system

performance for full 3D, large field of view and
high imaging resolution as well as real time analy-
sis. Holography is an important tool for optical
metrology. Dennis Gabor invented holography
in 1948 as a two-step lensless imaging process for
wavefront reconstruction.! The phase, amplitude,
polarization, and coherence of a wave field can
be stored in a hologram during recording. Since
these quantities cannot be measured directly with
conventional detectors, which are only sensitive
to the intensity, this makes the holographic tech-
nique most attractive. In classical holography,
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photographic plates or thermoplastic films are
used to record holograms in vibration free envi-
ronment and then optically reconstructed. The
handling of these materials is time consuming
and the vibration isolation requirement makes
holographic technique less popular to implement
in industrial environment. With the recent devel-
opment in fast computers and high resolution
charged coupled devices (CCD), digital hologra-
phy (DH)? is expected to overcome the problems
of classical holography and also enhance its utility
in real time imaging and processing of the holo-
grams. Digital recording devices (CCD sensor)
provide flexibility to record holograms directly
in digital form at video rate. The reconstruction
process is then performed numerically giving
quantitative analysis of amplitude and phase of
the wavefront.”* This offers new possibilities for
a variety of applications, which in classical holog-
raphy was done only qualitatively. Over the past
decade there has been an enormous progress in
DH systems development and methodologies for
wide range of applications.”'® DHM is digital
holography applied to microscopy. DHM distin-
guishes itself from other microscopy techniques
by not recording the projected image (contains
only single axial plane information) of the object,
instead recording the light wave front informa-
tion (contains entire 3D information) originat-
ing from the object and digitally recorded as a
hologram. Later the object 3D image is recon-
structed on the computer by using a numerical
reconstruction algorithm."””?' The image forming
lens in traditional optical microscopy is replaced
by a computer algorithm without any mechanical
scanning used for 3D imaging.

Integration of mechanical elements, electronics,
optical components, and actuators on a common
silicon substrate using micromachining technology
constitute microelectro-optomechanical systems
(MEOMS).” It has a wide range of applications
in scientific and engineering fields. MEMS devices
are generally realized using different material layers
with different properties involving various fabrica-
tion processes that often involve chemical/plasma
etching, high temperature and other chemical
treatments. Consequently, their final shape, struc-
tural integrity and performance are affected by the
presence of residual stresses, appearing in the form
of undesired in-plane and out-of-plane deforma-
tions. Hence, characterization of the mechani-
cal properties such as geometrical imperfections
inherent to the process, stress gradient effects,
deformations, real boundary conditions and damp-
ing mechanisms of MEMS structures at different
stages of manufacturing process is very significant

from the fabrication process and device perform-
ance points of view. Further, it is very important to
study MEMS devices subjected to vibrations. The
purpose of dynamic MEMS testing is to provide
feedback about device behavior, system parameters,
and material properties for design optimization
and validating simulation results. Further charac-
terization in dynamic test conditions is essential for
final devices to verify their structural integration
and performance. Such characterization techniques
also help optimize process parameters. Dynamic
characterization of the mechanical properties
of MEMS structures is a challenging task. In this
review article we present our work on the applica-
tion of inline DHM for MEMS device inspection
and complete characterization. The potential use
of DH based microscopy system shows promising
applications for MEMS device characterization.”*
The main limitation of current DH based systems
is because of stand-alone bulky optical systems
need the samples to be brought to the measure-
ment stage. To this end this article also presents
a simple, compact (hand held) and powerful DH
based lensless microscopy system developed by the
authors for MEMS characterization. The proposed
system is based on the incorporation of lensless
magnification with DH to provide a compact sys-
tem suitable precisely to fulfill the MEMS devices
measurement requirements.

This manuscript has been divided into the
following sections. Section II describes the digital
recording and reconstruction methods employed
for MEMS characterization. In Section III, DHM
system development and numerical methodolo-
gies for 3D imaging, static and dynamic measure-
ments are described. Further, a handheld DHM
system developed by authors is presented. Section
IV describes the characterization methodologies
and in Section V, results from the characteriza-
tion of various MEMS devices are shown and dis-
cussed. This section is divided into static, dynamic
and thermal load characterization. Finally, sum-
mary and perspectives are given in Section VI.

2 Digital Hologram Recording
and Reconstruction

2.1 Digital hologram recording

The interference of the reference beam and the
object beam is recorded by a CCD sensor which
is placed in the Fresnel diffraction region of the
object wave. The collimated reference beam is inci-
dent normally on the CCD and 61s the offset angle
of the object as shown in Fig. 1. For efficient utili-
zation of the recording sensor, it is important that
the sampling theorem must be fulfilled across its
entire CCD sensing area. Thus, for a certain lateral
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Figure 1:  Digital Fresnel holography set-up.

size of the object, the recording distance (between
object and CCD sensor) should be greater than
a particular minimum value. The limited reso-
lution of CCD sensors limits the angle 6 (called
interference angle) between the object and refer-
ence beams to few degrees only. For exact recovery
of the object information during reconstruction
process, the sampling theorem requires that the
interference fringe spacing must be larger than the
size of two pixels of CCD, i.e.

——
Collimator

A
f<— 1
<2Ax (1)

where A is the wavelength of light used and A _is
the pixel size of the CCD. The recording distance,
between the object and CCD, is an important
parameter to control the interference angle.

During the interference of object and refer-
ence beams the waves propagate along the same
optical axis. Consider (x, y) to be the hologram
plane and the object and reference waves denoted
by O(n,, ny) and R(n,, ny) at the CCD plane. Here
n,=0,1,...N, —landn =0,1,... Ny—larethe
plxel indices of the camera, and N_ X N is the size
of the CCD sensor in pixels. The hologram is the
interference of the object and reference waves, and
can be written as,

h(n,,n,)=|0(n,,n,)+R(n,n,)
- 2 2
=|0n,,n,)[" +|R(n,,n,)]|
+ Ox(n,, n, JR(n,., ny)
+O(n,, n, )Rx(n,., ny) (2)

Here O#* and R* are the complex conjugate of
O and R, respectively. The CCD, placed at the
hologram plane, records the interference pat-
tern as given in Eqn. 2. For digital recording, the
sampling theorem requires that the interference
fringe spacing must be larger than the size of two
pixels of CCD. The recorded pattern is converted

into a two-dimensional array of discrete signals
by using the sampling theorem. Let pixel size of
the CCD be A and A, then the digitally sampled
holograms can be written as,

H(nx’ny):[h(n )®rect[% ﬂLA]]

X rect| —> , Y |comb L,L (3)
N.A,N,A, A A

x y

where ® represents the two-dimensional convolu-
tion and (o, B) € [0, 1] are the fill factors of the
CCD pixels.

2.2 Numerical reconstruction methods
The reconstruction of hologram is a diffraction
process. The diffraction geometry is shown in Fig. 2.

Numerical reconstruction of hologram is per-
formed using the Fresnel diffraction theory. The
hologram H(nx, ny), recorded at (€, 1) plane, is
multiplied by the numerical reconstruction wave
R(n, ny) and the numerically reconstructed wave-
field U(n/, n;), at the image plane (x', '), at dis-
tance d’ from the hologram plane is given by the
Fresnel diffraction equation,?”

zkd’ o0 oo
U(n, n; )—

X2 X2

{er-¢y +(y’—77)2}}d§d77
(4)

where k = 2” , is the wave number.

2.2.1 Fresnel transform method: The impulse

response g(n,, n ) of the coherent optical system
can be defined as

idd

ok
8(ny,n,)= ’exp{id’

(&+7 )} (5)

—
Reconstruction
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< >
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Figure 2: Diffraction geometry of hologram

reconstruction.
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Using Equation (4), Equation (5) can also be
written as

U, n;):eifrd'(vzﬁ/z) I J H(n,, ny)

—00 —o0

XR(ny,n,)gn,,n,)

X exp[—Zﬂ'i{fV*- ﬂﬂ}]dggdﬁ (6)

Here szLd/' and /1:/{—;, are the spatial fre-
quencies present in the hologram. Thus the recon-
structed field is simply the Fourier transform of
the product of the hologram, the reconstruction
wave and the impulse response function. i.e.

Uny,n;)= S{H(n,, n,)
XR(ny,n,)g(n,n,)} (7)

If the hologram recorded with CCD contains
N x N, pixels with pixel size A and A, along the
coordinates respectively. Then the reconstructed
field defined by Eqn. (7) converted to finite sums

as:?

xBx

K ?
ikd’  i7Ad'| ——+——
ikd NIAL N2A2

2.2.2 Convolution method: Reconstruction by
convolution approach is useful if the pitch of the
reconstructed image has to be independent of
the reconstruction distance. It can be shown that
the diffraction integral (Eqn. (6)) becomes a con-
volution for a linear space invariant system. Then
the numerically reconstructed wavefield can be
written as,

U(n;,n;,)=[H(nx, n},)R(nx,ny)]

®g(n,m,)]

here, ® indicates a two dimensional convolution.
The reconstructed wavefield can be calculated by
using the convolution theorem,

U(n}, n}) =37 [S{H(n,, n,)R(n,, )}
S{g(n,n,)] (10)

The calculation of the Fourier transforms
can be performed effectively by the FFT algo-
rithm. The Fourier transform of the impulse

U(n;,n;)zwe
. k onl
N,-1N,-1 %2 12 A2 4 A2 l:—z;z‘i[%+N—yH
xy Y H(nx,ny)R(nx,ny)e[’id( ) e o (8)
n,=0n,=0
where k=0, 1, ...... ,Nx—landl=0,1,2, ...... )

Ny — 1. Equation (8) is the discrete Fresnel trans-
formation. The matrix U(n;,n;) is the discrete
Fourier transform of the product of H(nx, ny),

response is called the transfer function G(n, m)
of free space propagation and numerically
defined as,?

G(n,, ny)z exp

A

R(n, ny) and exp{(in/Ad")(m*A} + nzAﬁ)}. Thus
calculation of reconstructed wavefield can be done
effectively by using the fast Fourier transform
(FFT) algorithm. The pixel size of the numerically
reconstructed image varies with the reconstruc-
tion distance and is given by,

, Ad’ , Ad’
A= R Ay = 9)
N.A, NyAy

2id | Ang + N2 A’ AP A(n, +NJA, [2d° )
. NZA2 B

(11)
2.2
NyA,

Then the reconstructed wavefield is given by,
U, n;)
=37 S{H(n,,n,)R(n,,n,)}G{(n,,n,)}] (12)

The pixel size of the reconstructed image by
convolution method is same as the pixel size of
CCD and does not vary with reconstruction dis-

tance,ie. AL =A and A} =A,.
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The Fresnel approach of reconstruction
(Eqn. (7)) is fast and useful when the object is
larger than the CCD, but variation of pixel size
with reconstruction distance creates problems
in application such as particles sizing and colour
holography. The pixel size of the reconstructed
image remains constant with reconstruction dis-
tance in convolution approach but it is used when
the object size is smaller than the CCD. In case of
large sized object, zero padding of holograms is
necessary before reconstruction by convolution
method.

The image intensity I and phase ¢ at the real
image plane can be calculated by,

I=|U(nx,,n),»)|2 and
g=arctan[ImU(n,, ny,))/Re(U(nx,,ny,))] (13)

where Re denotes the real part and Im the imagi-
nary part.

3 DHM System Development

for MEMS Characterization
3.1 In-line based DHM system
For recording digital holograms different optical
configurations have been reported in literature
depending on the application, object condition,
phase information and reconstruction meth-
ods. In this article we focus on inline reflection
and lensless reflection DHM systems. An optical
arrangement of the in-line digital holographic
microscopy system is shown in Fig. 3. A cw laser
beam (He-Ne laser 632 nm or DPSS-532 nm)
is divided into two parts and intensities of the
beams are adjusted to maximize the contrast of
the interference fringes. A long distance micro-
scope (LDM) is used in the object beam path
to magnify the object micro-features. The mag-
nified object beam interferes with the in-line
reference beam after combining, using a cube
beam-splitter and then recorded numerically
using a CCD sensor and stored in a computer for
further digital image-processing.

mirror beamsplitter
yl &, Mirror
d /\ ]‘
collimator

~ "

lens .. beam spatial

filter
laser DM
object

beamsplitter
cube

Figure 3: In-line digital holographic microscope

set-up.®

3.2 Lens-less in-line DHM system

The reflection type lensless DH microscopic sys-
tem geometry is shown in Fig. 4. A diverging laser
beam from the fiber end provides the magnifica-
tion in a lensless geometry. The beam is divided
into two parts by using a beam splitter; one beam
illuminates the sample and other incident on the
plane mirror. The sample is illuminated by the
diverging beam, coming from the beam splitter.
The scattered light from the sample (object beam)
is combined with the other diverging beam,
reflected from the mirror (reference beam) and
the resulting interference pattern is recorded by
the CCD. The distance between object and CCD
controls the magnification of the system.

3.3 Lensless magnification

DH with collimating object wave provides no mag-
nification. It has two limitations: first is the poor
lateral resolution because of the pixel size of avail-
able CCD sensors and the second is poor depth
resolution for 3D imaging.'** In order to get mag-
nification without using any lens system and to
overcome these problems, a diverging wave can be
used in place of the collimated wave to illuminate
the object. The concept of diverging wave is shown
in Fig. 5. The divergence of the wave provides the
geometrical magnification and thus improves the
system resolution. At the same time numerical aper-
ture of the system is increased which results in better
depth resolution.

This optical system is housed in a compact
metal casing (box) as shown in Fig. 6. The illu-
mination source is a single mode optical fiber
end which provides the diverging laser beam
attached to the casing. The other end of the fiber
is attached to the laser. The wavelength of the light
is choosen according to the application and/or the
required lateral resolution. For the presented sys-
tem, a fiber coupled laser diode with wavelength
642 nm is used. The diverging beam is delivered
from the end of an optical fiber, where the smaller

CCD

mmm Original beam

Transmitted/
B reflected beams from
BS

mmm Interference beams

Point source

Beam splitter
(BS)

Mirror

Sample

Figure 4: Optical geometry of the lensless DH
system.?3
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Figure 5: Lensless magnification.

Figure 6: Packaged handheld digital holographic
microscopy system.?®

the diameter of the fiber (for example in the order
of wavelength) the greater the cone of the emit-
ted light coming through it. Therefore, a smaller
diameter fiber may increase the Numerical Aper-
ture (NA) of the system and thus the system
resolution.

4 Characterization Methodologies

4.1 3D profile measurement

Numerically reconstructed phase information is
used to measure the 3D profile of the MEMS sam-
ples. The sample height/depth f can be written as:

_A
_4ﬂ'

t (14)

Direct phase values can be converted into
height/depth values if the measurement is less
than half the wavelength of the source used. For
larger measurement values, phase unwrapping
method is used to remove the phase jumps. In
case of steep height measurements of more than
half wavelength, the phase jumps cannot be iden-
tified accurately and it creates errors in measure-
ments. It is important to note that for direct 3D

profile measurements, we used the off-axis geom-
etry of our DHM system to remove the effect of
twin-image wave and zero-order wave from the
real-image wave. However, for static and dynamic
deformation measurements, we used the in-line
geometry of DHM system, and in order to sup-
press the effect of twin-image and zero-order
waves effect interferometric methods are used, as
described in the following sections.

4.2 Static and deformation
measurements

Static measurement is performed using interfer-
ometry method. The instantaneous fast dynamic
deformation of sample can also be measured using
high speed CCD camera with the system. When a
sample surface is illuminated by the laser beam,
the light wave reflected from the object surface
can be written at the hologram plane as,

O(nx')n}/')zoo(nx') n}" )e%("wﬂy') (15)

where O (n,., ny,) is the amplitude of the reflected
light and ¢,(n,/,n,) is the phase that represents
the object surface properties. This object wave
interferes with the reference wave and hologram
is recorded using CCD.

The phase subtraction of the reference state
from the deformed state represents the modulo
27 interference phase, which provides the defor-
mation map. Let ¢, be the phase corresponding to
the static state of the object (reference state) and
@, be the phase corresponding to the deformation
state, then the subtraction of the phases provides
the interference pattern written as,

Ap =0~ (16)

4.3 Vibration measurements

For a sinusoidally vibrating object, the instantane-
ous object wave at any instant coming from the
vibrating object is defined as,
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O'(n,, ny, f)
=0,(n,, n, )ei%(nxr,ny')ei[Kiv(nxf syt (17)

where ¢ (x, y) is the phase representing thg mean
deformation state of the vibrating object, K is the
sensitivity vector and Z, (x, y) is the amplitude of
vibration.

Time-averaged method is used to record the
hologram. For this method, the frame capture
time 7 of the CCD should be larger than the
period of object vibration. The time averaged
object wave is written as,**

1¢ .,
Oln,n,)= ;jo (> 1,0, )dT = Oy (1, 1,)
0

xexpfig(n,,n, )} xJo{K-Z,(x, y)}
(18)
On numerical reconstruction of time averaged

hologram using digital holography system, the
reconstructed real image wave is written as,

Ulng,n,)=04(n,, n},,)e“ﬁ("”'’ny')]o[I2 Z(ny,n )l

(19)

The amplitude of the numerically recon-
structed real image wave is written as follows,

A(ny,n,)=Ung,n,)|

=0y(ny,n,)]o{K-Z,(ne,n,)}  (20)

and the phase is,

Im(U(n,., rzy/)
Re(U(n,, ny»)

=¢,(ny,n, )+ ny,n,) (21)

An,, n}/) =arctan

Here amplitude is modulated by the zero-order
Bessel function which provides the information
on the mode shape and amplitude of vibrations of
the object. The numerically reconstructed phase
from time-average hologram is a combination
of phase due to mean static state information ¢,
and the time average phase ¢. ¢ varies from -7
to +7, whereas ¢, is the binary phase (with values
0 and *) that changes at the zeros of the Bes-
sel function. However, in the presence of both
static deformation and vibrations, the phase of

time averaged hologram represents the mixing
of the mean deformation and the time-averaged
fringes represented by the reconstructed phase
information.

5 Applications of DHM in MEMS Device

Characterization
5.1 Numerical phase

and 3D measurements

First we have explored the technique to inspect
the semiconductor wafer warpage. In Fig. 7.
a semiconductor device whose surface shows
warpage and is detached from the adhesive bond
was inspected.” The recorded hologram is
shown in Fig. 7(a), the reconstructed phase image
is shown in Fig. 7(b) which shows the modulo
—21 phase which can be further seen clearly in
Fig. 7(c). To reconstruct the 3D map from unwrap
phase, the phase unwrapping is done and shown
in Fig. 7(d)—(e). The warpage revealed by the
unwrapped phase image is shown in the 3D repre-
sentation in Fig. 7(f).

5.2 MEMS and microsystems
characterization

5.2.1 Surface profile and 3D measurements
of micro-diaphragm: 3D profile measurements
of MEMS circular micro-diaphragm are carried
out using the quantitative phase information
obtained from digital holographic microscope.
The diaphragm was fabricated by bonding a pie-
zoelectric plate onto a SOI (silicon on insulator)
wafer with 20 um thick device layer. The thick-
ness of the piezoelectric layer was thinned down
to about 40 um by using chemical/mechanical
polish. The back side silicon was etched away by
deep reactive ion etching. The hologram of the
sample is recorded (Fig. 8.a) using the optical
system as shown Fig. 4. The reconstructed ampli-
tude contrast and phase contrast images of the
diaphragm are shown in Fig. 8 (b) and (c) respec-
tively. The phase contrast image is significantly
different from the amplitude image and is used to
measure the surface profile of the diaphragm. The
unwrapped phase can be seen clearly in Fig. 8(d)
because of the phase jumps of more than 2.
Fig. 8(e) shows 3D map of the unwrapped phase
image, and the quantitative value of the phase was
converted to a length scale. To calculate the devia-
tion of the diaphragm the line profile is plot-
ted across the diameter of the unwrapped phase
contrast image and is shown in Fig. 8(f). It is
important to note that the amplitude, phase and
3D profile of the sample is obtained from a sin-
gle hologram. The developed software provides a
near real time reconstruction. Thus, this system
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Figure 7: Semiconductor wafer warpage (a) Digital hologram, (b) Wrapped phase profile (¢) Modulo-2r
phase image (d) Surface profile (e) Unwrapped phase image (f) 3D perspective.3+3°

is useful for the full field fast 3D measurement of
MEMS sample surfaces.

5.2.2 Cantilever and microheater device
inspection: The application of lensless DH system
is presented here for MEMS cantilevers (300 im X
50 um) on silicon fabricated using aluminium
nitride (AIN) patterning® and thermo-mechanical
characterization of microheaters (140 wm X
140 pm) fabricated through PolyMUMPs three-
layer polysilicon surface micromachining proc-
ess, and is subjected to a high thermal load.””**
Microheaters are basically resistive beams which
can attain a temperature of 300-400°C due to
joule heating, when sufficient voltage is applied
across them. The design of microheaters is opti-
mized for low power consumption, low thermal
mass, better temperature uniformity across the
device and enhanced thermal isolation from the
surroundings. Fig. 9 shows the conventional opti-
cal microscope (50x) and the DH microscope
(numerically reconstructed amplitude image of
the hologram) images of the array of cantilevers

and a single microheater chip. It is clear from the
Fig. 9 that DHM images are matching with optical
microscope images with similar resolution.

5.2.3 Accelerometer device inspection: The per-
formance of a MEMS accelerometer when mounted
on two different substrates, ceramic and PCB is
tested due to concerns of cracking at the interface
of the device and the PCB substrate.” The surface
profile of the device after packaging is studied for
both the cases and shown in Fig. 10. Fig. 10(a) and
(b) show the phase image and its 3D map of the
device when mounted on a ceramic substrate and
Figs. 10(c) and (d) are for PCB substrate respec-
tively. It can be clearly seen that the 3D surface map
is flat for ceramic substrate while that for the PCM
substrate is warped suggesting the introduction of
mechanical stress at the interface between device and
substrate. This study reveals the importance of the
substrate on the characteristics of the MEMS device.
Indeed, the warping of the device when mounted on
a PCB substrate was a possible reason for damage of
this system as compared to the ceramic substrate.
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Figure 8: (a) Digital hologram of micro-diaphragm, (b) Reconstructed amplitude image, (c) Reconstructed
phase image, (d) Unwrapped phase image, (e) 3D profile of unwrapped phase, and (f) Line profile.5:¢

Figure 9: Optical microscopic images (a) and (c), numerically reconstructed digital holographic images
(b) and (d) of cantilever and microheater structures respectively.%6-8

5.3 Static and dynamic measurements

5.3.1 Deflection measurements of MEMS can-  to PZT films. Out-of-plane static deflection analy-
tilevers: Aluminium nitride (AIN) films have pie-  sis of the AIN cantilevers (300 um X 50 um) is per-
zoelectric properties, and represent an alternative  formed using the DHM system.* The experimental
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Figure 10: Accelerometer device analysis, (a)
and (b) phase image and 3D profile of sensing
area for ceramic substrate, and (c) and (d) phase
image and 3D profile of sensing area for PCB
substrate.?®

set-up shown in Fig. 4 is used for deformation study
of the cantilevers. The upper and lower electrodes
are connected to the power supply, and holograms
are recorded corresponding to different applied
voltages between the electrodes. The phase infor-
mation is reconstructed of the recorded hologram
recorded at different voltages. The subtraction of
the phases, as defined in Eqn. 16, of the deformed
state (corresponding to the applied voltage) and
reference state (without applying voltage) provides
the deformation fringes. Figs. 11(a) & (c) show the

deformation fringes for the two different voltages.
Variation in fringe density due to different level
of deformation with two applied voltage is clearly
observed in the DH phase image. The deforma-
tion profile along the length of middle cantilever
is plotted in Figs. 11(b) & (d) respectively. This
kind of analysis is only possible with DHM and
is useful to study of different parts of same device
simultaneously corresponding for the same input
conditions.

5.3.2 Deformation measurements on MEMS
microheaters: The experimental set-up shown
in Fig. 4 is used for thermal deformation study of
the micro-heater.”® The electrodes are connected
to the power supply, and a series of holograms
are recorded corresponding to the different volt-
ages between the electrodes. The hologram of
the same sample is recorded, and the numerically
reconstructed amplitude image of the hologram is
shown in Fig. 9(d). Two points on different elec-
trodes of micro heater as shown in Fig. 9(c) are
used to calculate the thermal deformation value at
different voltages. For dynamic thermal deforma-
tion measurements, the numerical reconstruction
of the hologram is performed. The holograms
are recorded by varying voltages from 1 volt to
10 volts. The phase information is reconstructed
corresponding to the each state. The subtraction
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B R IINNILET I <27 |
12624
10820
" 9017
BRINMBTHNAT0 13273
5410
3607
4
1803 |
B RARRRN I (b) .
(a) 76 153 229 305 381 458 534 610 687 763 839
(um)
E (nm)
E 19097 | Y
; 16710
14323
11936
& R R LR T T A 18095
7161

4774

ARSI | ~

76 153 229 305 381 458 534 610 687 763 839
(Hm)

Figure 11: Static deflection measurements in cantilevers (a) & (c) phase subtracted image from the refer-

ence state at different applied voltages, and deformation profile of centre cantilevers are shown in (b) & (d)
respectively.®®
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of the phases of the deformed state (correspond-
ing to the applied voltage) and reference state
(without applying voltage) provides the deforma-
tion fringes. Fig. 12 (a)—(l), shows the deforma-
tion fringes for the voltage changes from 1.0 volts
to 3.7 volts. Deformation fringes can be clearly
observed in the electrodes. It is observed that the
number of fringes increases with increase in the
voltage, which shows the increase in the thermal
deformation with applied voltages.

The deformation fringes corresponding to the
higher voltages are shown in Fig. 13 (a)—(1), cor-
responding to the voltages varying from 7.0 volts
to0 9.7 volts. The number of fringes in the electrode
is large, which shows the higher thermal deforma-
tion. It can be also observed that the deformation
fringes are also expended in the other electrodes,
and increases with increase in temperature. It is
an indication of the full field thermal deformation
in the device at higher voltages. Thus, this kind of

Figure 12: (a) Thermal deformation profile in MEMS micro-heater at applied voltages (a) 1.0V, (b) 1.25V,
(c)1.5V,(d)1.75V, (e) 2.0V, (f)2.25V,(g) 25V, (h) 2.75V, (i) 3.0V, (j) 3.25 V, (k) 3.5V, and (I) 3.75 V.

Figure 13: (a) Thermal deformation profile in MEMS micro-heater at applied voltages (a) 7.0V, (b) 7.25V,
(c)7.5V,(d)7.75V, (e) 8.0V, (f)825V,(g)8.5V, (h)8.75V,(i)9.0V, (j)9.25V, (k) 9.5V, and (I) 9.75 V.*8
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analysis is particularly useful for full field study of
smaller devices, where different components of
the device showing different deformations behav-
ior, subject to the same input conditions.

The structural deformation due to thermal
stress is quantitatively obtained from the phase
analysis of hologram fringes. The vertical defor-
mation is measured at two points: one on the
electrode, and the other on the microheater, as
indicated in Fig. 9(c). The amplitude of deforma-
tion at the applied voltage can be calculated from
the obtained fringe patterns shown in Figs. 12 and
13. To do this, the phase difference value is con-
verted into the path difference which represents
the vertical deformation. Since an 8 bit CCD sen-
sor is used for recording the hologram and the
wavelength of a source is 632.8 nm, it provides a
theoretical vertical measurement accuracy of about
2.5 nm.”® The experimentally obtained deforma-
tions for the microheater and the electrode, as a
function of applied power are compared with the
analytically calculated deformations of the doubly
clamped beam (at the centre of the beam) and
cantilever beam is shown in Fig. 14. It is observed
that the analytically obtained values closely match
the experimentally observed deformations. As
the electrode has a much lower spring constant
(0.249 Nm™) compared to the microheater struc-
ture (2.44 Nm™), the vertical deflection of the
electrode is much higher than the microheater.
Proposed DHM analysis is very useful in study-
ing the response of different parts of the same
micro-device simultaneously, for the same input
conditions, and the method can be applied to char-
acterize the MEMS structures. Thus, the proposed
characterization of MEMS-based microdevices is

x10°
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Figure 14: Experimentally measured and analyti-
cally computed thermal deformation with varying

power at two different points on the device: (1) on
the top electrode, and (2) on the microheater.®®

useful in inferring the residual stress inside the
structure. Analysis of a deformation profile under
operating conditions using a non-destructive
approach is useful in evaluating the effect of a
heating cycle on the structure and the effect of a
fabrication process on the final behaviour of the
MEMS structures in order to ensure a reliable
fabrication of the MEMS. The proposed method
can also be extended to measure the non-periodic
deformation. In particular, applying this method
of characterization, it is possible to evaluate the
deformation profile of the MEMS structures not
only under the static condition but also under the
dynamic condition by taking a sequence of holo-
grams using a high-speed CMOS camera.

5.4 Vibration analysis

5.4.1 MEMS diaphragm: Vibration analysis
of an ellipse shaped MEMS diaphragm with the
major and minor axes 7 mm and 6 mm respec-
tively is studied.”” The diaphragm was fabricated
by bonding a piezoelectric plate onto a SOI (sili-
con on insulator) wafer with 20 um thick device
layer. The thickness of the piezoelectric layer was
thinned down to about 40 um by using chemical/
mechanical polish. The back side silicon was etched
away by deep reactive ion etching. The diaphragm
is excited by applying an AC driving voltage across
the piezoelectric layer. The digital reflection holog-
raphy system used to investigate the vibration
analysis of the diaphragm. The mode shapes of the
vibrating MEMS diaphragm are obtained from
the reconstruction of time-averaged in-line holo-
grams recorded corresponding to the resonant fre-
quencies. The amplitude of the reconstructed real
image wave, which is modulated by the A function,
gives the mode pattern. Fig. 15 shows the vibra-
tion modes of the diaphragm corresponding to
the resonant frequencies. These patterns can be
obtained either by reconstruction of single time
average hologram, or by subtraction of holograms
in two states at the same frequency.

Time averaged holograms were recorded corre-
sponding to a wide range of applied frequencies. In
addition to the frequencies shown in Fig. 15, some
additional resonant frequencies are also obtained.
The mode shapes corresponding to these resonant
frequencies are shown in Figs. 16 (a)—(h).

The amplitude of vibration can be determined
from the obtained mode patterns. Eqn. (20) is used
for vibration amplitude measurements. Zeros of
first order Bessel function are used corresponding
to the dark fringes for calculating the amplitude
values. The time averaged fringes of the diaphragm
by increasing the amplitude values at the resonant
frequency 15 kHz is shown in Fig. 17. The vibration
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Figure 15: Vibration modes shapes of MEMS diaphragm verifying the frequency spectrum corresponding
to the frequencies (a) 12 kHz, (b) 48 kHz, (c) 60 kHz, (d) 120 kHz, (e) 130 kHz, and (f) 143 kHz.*®

Figure 16: Vibration modes shapes corresponding to the resonant frequencies (a) 14 kHz, (b) 29 kHz,
(c) 45 kHz, (d) 70 kHz, (e) 90 kHz, (f) 105 kHz, (g) 145 kHz, and (h) 175 kHz.33

amplitude values are plotted for different applied  the reconstructed image wave.” As discussed pre-
voltages and shown in Fig. 18. viously, the numerical reconstructed phase from

The main advantage in using digital holography  time-averaged holograms contains two parts, the
is to obtain the quantitative phase information of  first part represents object surface roughness and
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Figure 17: Vibration fringes of MEMS diaphragm as a function of applied voltages (a) 0 V, (b) 1.0 V,
(c) 1.5V, (d) 2.0V, (e) 25V, (f) 3.0V, (g) 3.5V, and (h) 4.0 V.
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Figure 18: Vibration amplitude variation with

applied voltage for MEMS diaphragm.

the second part is called time average phase, which
shows the zeros of the J, function. For reconstruc-
tion of single exposure hologram, the first part
of the phase term reconstructs the object surface
roughness information. Thus for object with opti-
cally rough surfaces, it contributes to the speckle
noise. However, in double exposure case, if there
is any mean static deformation during vibration
amplitude change, the subtraction of the phase
term represents the mean deformation. Again
for rough object surface the mean deformation
fringes occur due to speckle correlation, and for
time averaged case the mean static fringes mix
with the vibration fringes. For pure sinusoidal

vibration of the object, the subtraction of phases
of time average and reference hologram provides
only the time average phase. This is shown in
Figs. 19 (a)—(c) corresponding to the frequencies
(a) 14 kHz, (b) 45 kHz, and (c¢) 105 kHz. Com-
pared to Fig. 15, all zeros of the I, function can
be clearly identified from the time average phase.
The eventual use of binary jumps is particularly
useful in case of higher vibration amplitudes. It is
because the time averaged amplitude fringes are
modulated by zero-order Bessel function, so for
higher order fringes the contrast becomes signifi-
cantly poor, while the time average phase shows
the binary jumps and thus has the same contrast
for all orders.

Although the time average phase contains
binary values (with numerical values 0 and * 7),
it provides a clear representation of the zeros of
I, function; while the simultaneous presence of
static phase appears as the speckle noise. The dou-
ble exposure method cannot completely remove
this noise because of the stochastic variations of
speckles in the two exposures. This effect can be
seen in Fig. 20. In order to explore the mixing of
the phase information during phase subtraction,
first we have considered the case of pure static
deformation, achieved by selecting a non-reso-
nant frequency and applying an off-set voltage
to the membrane between exposures. The phase
subtraction represents modulo 27 interference
phase, same as in conventional digital holographic
interferometry. Fig. 20 shows the pure mean static
deformation fringes obtained from time averaged
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Figure 19: Time average phase representing the binary jumps corresponding to the zero of the Bessel

function.®®

Figure 20: Modulo 27 interference phase representing mean static deformation obtained by applying
offset voltage at non resonant frequencies.*

in-line holograms. The holograms are recorded at
a non resonant frequency of 25 kHz, at different
voltage with increasing offset voltages (0.5 volt,
1.5 volts and 4.5 volts) applied by the frequency
generator.

Mixing of the phase fringes is best visualized
when the applied offset voltage excites the mem-
brane in resonance. The mixing shows the cluster
of mean deformation and time average phases,
which represent the exact vibration behavior
of the membrane in the presence of mean static
deformations. Thus, the importance of mean
static deformation is to study the actual behavior
of vibrating objects in the presence of mean static
change. Figs. 21 (a)—(c) show the patterns cor-
responding to the different mean and vibration
amplitudes at a resonant frequency of 15 kHz.
For double exposure recording, the reference
hologram is recorded without vibration, and the
time-averaged holograms recorded with driving
voltages of 1.0, 1.5, and 2.0 volts and correspond-
ing offset voltages 0.75, 1.5, and 2.5 volts respec-
tively. It can be clearly seen in Fig. 21(a) that the

mean deformation fringe also appears inside the
time average phase with a phase jump. This phase
jump may be attributed to the balancing condi-
tion of the membrane created by the offset volt-
age. As the offset voltage increases, the number of
fringes inside the time average fringe also increases
(Figs. 21 (b) and (c)).

5.4.2 Cantilever vibration analysis: Vibration
analysis of the aluminium nitride (AIN) canti-
levers is performed using the time-averaged dig-
ital holographic microscopy system. AIN films
have piezoelectric properties, and represent an
alternative to PZT films. AIN cantilevers of size
300 x 50 um long are fabricated using surface
micromachining process.*®**** The chip of the
MEMS cantilevers device is attached to a stand-
ard SD card holder as shown in Fig. 22, which is
in turn attached to the frequency generator. The
lensless in-line digital holographic microscopy
is explored for imaging and dynamic charac-
terization of MEMS cantilevers. The numerically
reconstructed image of the three static cantilevers
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Figure 21: Mixing of mean deformation and time average phases, representing the balancing of the dia-
phragm in the presence of both vibration and mean deformation.*?

Wire Bonding Pads (Al)
P \\

! \
Bottom Electrode (CrNi} Upper Electrode (CrNi)

Figure 22: Layout of the 300 x 50 um long canti-
levers. The actuation of the cantilevers is done by
applying a voltage between the upper and bottom
metal electrodes.®

Figure 23: Numerically reconstructed image of
cantilevers.®

electronically connected together is shown in
Fig. 23 and vibration analysis of these cantilevers
is presented here.

The mode shapes of the vibrating cantileversare
obtained from the reconstruction of time-averaged
in-line holograms. The amplitude of the recon-
structed real image wave, which is modulated by
the A function, gives the mode pattern. Time aver-
aged holograms are recorded corresponding to the
resonant frequencies of the cantilevers. The mode
shapes corresponding to the first, second and third
resonant frequencies are shown in Fig. 24, which
is obtained by amplitude reconstruction of time-
averaged holograms. The vibration modes shown
are corresponding to the first, second and third
frequencies at (a) 30.46 kHz, (b) 191.40 kHz and
(c) 533.0 kHz respectively.

The scanning of frequencies corresponding to
the resonant frequencies is performed and ampli-
tudes of all cantilevers are calculated. The zeros of
first order Bessel function are used corresponding
to the dark fringes for calculating the amplitude
values. As it can be clearly seen (Fig. 24) that all the
cantilevers are not vibrating at the same resonant
frequency. The vibration amplitudes of each can-
tilever are calculated at each resonant frequency
and plotted as shown Fig. 25. The frequency spec-
trum of cantilevers are shown in Fig. 25(a) and
Figs.25(b)—(d)). Fig. 25(b) shows the resonant fre-
quency of the each cantilever corresponding to the
first resonant frequency and similarly Figs. 25(c)
and (d) show the second and third resonant fre-
quencies respectively.

From the above Figure it is clearly observed
that the resonant frequencies of the cantilevers
change from higher (right) to lower (left) fre-
quency side. This means in terms of fabrication
process these are the cantilevers from edge to centre
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Figure 24: Mode shape corresponding to the resonant frequencies (a) 30.46 kHz, (b) 191.40 kHz, and
(c) 533.0 kHz.™
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Figure 25: (a) Frequency spectrum of the cantilevers, and resonant frequencies of cantilevers correspond-
ing to (b) First resonant, (c) Second resonant, and (d) Third resonant frequency.*

of the wafer. We suspect that this behavior is because
of change in the stiffness coefficient at various loca-
tion of wafer during fabrication process. Thus a
complete dynamic analysis of an array of cantilevers
is demonstrated using the DHM system.

6 Summary and Perspectives

In this review article we have presented the recent
developments in DHM technique and its appli-
cations in MEMS structure and device charac-
terization. Numerical reconstruction methods
and their extension for MEMS inspection and

complete characterization are discussed. Devel-
opment of inline DHM system for complete char-
acterization of MEMS is presented. The numerical
methodologies developed for the analysis and its
application in static, deformation and dynamic
measurements and analysis are demonstrated.
The applications of the system are presented for
different MEMS device characterization. Static
inspection of the semiconductor wafer, MEMS
diaphragm, cantilevers and microheater struc-
tures are shown. Utility of the develop system in
deflection measurement of array of cantilevers
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and deformations study of array of micro-heaters
under device actuation conditions are demon-
strated. Vibration analysis of an array of cantilev-
ers, MEMS diaphragm under different voltages
and frequencies using the time-averaged method
is discussed. Methodology for deformation analy-
sis under device vibrating conditions is illustrated.
The developed system is best suited for full-field
and real-time measurement of MEMS and simi-
lar microstructure samples for static and dynamic
characterization in real time. Proposed DH based
microscopic analysis can easily be applied to
any MEMS/MOEMS device and other similar
microstructures.

This review article has highlighted the DHM
applications in MEMS metrology. However,
DHM has been successfully applied in wide range
of micrometrology applications due to its unique
advantages such as: 3-D information extraction
with single imaging, phase shift imaging capabil-
ity, digital autofocusing, no optical aberration
correction, low cost etc. as compared conven-
tional optical microscopy. More specifically, due
to DHM’s capability of non-invasively visualizing
and quantifying biological tissue, bio-medical
imaging applications have received large share of
attention in recent years. Furthermore, DHM’s
capability in label-free cell counting in adherent
cell cultures, label-free viability analysis of adher-
ent cell cultures, label-free morphology analy-
sis of cells, label-free cell cycle analysis and red
blood cell analysis has made the system a poten-
tial tool in complete bio-imaging and analysis
applications.

Received 10 February 2013.
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