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In-line digital holography helps to relax the spatial resolution requirement on charge-coupled device sen-
sors for digital recording of holograms and to utilize the full sensing area for image reconstruction which
provides larger field of view and better imaging resolution. In this letter, a lensless in-line digital holo-
graphic microscopy is presented for dynamic metrology of micro-electro-mechanical systems devices. The
methodologies of interferometry and time-averaged in-line digital holography are presented for dynamic
measurements, which are also useful for simultaneous suppression of in-line waves from real image wave.
The experimental results are presented for dynamic thermal characterization of microheater and vibration
analysis of cantilevers.
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Recent technological development and miniaturization of
the test object features create new challenges for optical
metrology, e.g., to provide convenient tool for whole field
imaging and micro-systems characterization, and to pro-
vide experimental data for computer aided engineering
for fast and accurate measurements, etc. The require-
ments are better measurement system performance for
full three dimensions (3D), large field of view, and high
imaging resolution, as well as real time analysis. Holog-
raphy is an important tool for optical metrology[1]. In
digital holography (DH), digital recording devices (e.g.,
charge-coupled device (CCD) sensor) provide flexibility
to record holograms directly in digital form[2]. The re-
construction process is then performed numerically, giv-
ing quantitative analysis of amplitude and phase of the
wavefront. This offers new possibilities for a variety of
applications[3−5].

The integration of mechanical elements, electronics,
sensors, and actuators on a common silicon substrate
by micromachining technology constitutes micro-electro-
mechanical systems (MEMSs)[6,7]. Characterization of
the mechanical properties of MEMS structures at differ-
ent stages of manufacturing is very significant. The pur-
pose of dynamic MEMS testing is to provide feedback
about device behaviour, system parameters, and mate-
rial properties for design and simulation process. Also
dynamic testing is needed in final devices to test their
performance, characteristics, and reliability. Dynamic
characterization of the mechanical properties of MEMS
structures is a challenging task.

The capability of whole field information storage in
holography method and the use of computer technology
for fast data processing open the new possibilities to de-
velop DH as a dynamic metrological tool for MEMS and
micro-systems[8]. As a noble method, DH has received
increased attention and has been developed for various
applications of micro-systems measurement in the last
few years[9−11]. The most current methodologies of DH

are mainly based on off-axis system geometry which uti-
lizes only partial area of CCD sensor and provides poor
imaging resolution during reconstruction[12]. In contrast,
the in-line system helps to relax the spatial resolution re-
quirement on CCD sensors and to utilize the full sensing
area which provides larger field of view and better imag-
ing resolution[13]. The main limitation of in-line based
geometry of DH system is the overlapping of zero-order
wave and twin-image wave with real image wave during
reconstruction, which degrades the reconstructed image
quality and measurement results. In this letter, method-
ologies based on in-line digital holography have been ex-
plored and applied for dynamic measurements of MEMS.
A lensless in-line digital holographic reflection micro-
scope system is presented as the novel instrumentation
for the dynamic characterization of MEMS. The devel-
oped methodology aims to use optical full-field dynamic
measurement methods together with combined computa-
tional and experimental techniques, to implement com-
prehensive testability procedures in reliability testing of
MEMS for dynamic applications.

In an in-line digital holographic configuration, the ob-
ject and reference waves propagate along the same optical
axis. The optical geometry of a reflection lensless digi-
tal holography microscopic system is shown in Fig. 1.
A diverging laser beam from the fiber end provides the
magnification in a lensless geometry. The beam is di-
vided into two parts by using a beam splitter; one beam
illuminates the sample and the other is incident on the
plane mirror. The sample is illuminated by the diverg-
ing beam coming from the beam splitter. The scattered
light from the sample (called object beam) is combined
with the other diverging beam reflected from the mir-
ror (called reference beam) and the resulting interference
pattern is recorded by the CCD. The distance between
the object and CCD controls the magnification of the
system. Let (x, y) be the object plane and (ξ, η) be the
hologram plane. The hologram, which is the interference
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of the object wave O(ξ, η) and reference wave R(ξ, η),
can be written as

H(ξ, η) = |O(ξ, η) + R(ξ, η)|2

= |O(ξ, η)|2 + |R(ξ, η)|2 + O∗(ξ, η)R(ξ, η)

+O(ξ, η)R∗(ξ, η), (1)

where O∗ and R∗ are the complex conjugates of O and
R, respectively.

The CCD, placed at the hologram plane, records the in-
terference pattern as given in Eq. (1). For digital record-
ing, 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 (2D) array of discrete signals by using the
sampling theorem. Let M × N be the total number of
pixels of the CCD with corresponding sizes ∆ξ and ∆η,
and then the digitally sampled holograms H(m, n) can
be written as

H(m, n) = [H(ξ, η) ⊗ rect(
ξ

α∆ξ
,

η

β∆η
)]

×rect(
ξ

M∆ξ
,

η

N∆η
)comb(

ξ

∆ξ
,

η

∆η
), (2)

where ⊗ represents the 2D convolution and (α, β) ∈ [0, 1]
are the fill factors of the CCD pixels.

The reconstruction of hologram is a diffraction process.
The hologram H(ξ, η) is illuminated by the reconstruc-
tion wave R(ξ, η). The reconstructed wave field U(x′, y′)
at the image plane (x′, y′) at distance d′ is given by the
Fresnel diffraction equation[14]:

U(x′, y′) =
eikd′

iλd′

∞∫

−∞

∞∫

−∞

H(ξ, η)R(ξ, η)

exp[
iπ

λd′
{(x′ − ξ)2 + (y′ − η)2}]dξdη. (3)

If the hologram recorded with CCD contains M × N
pixels with pixel sizes ∆ξ and ∆η along the coordinates,
respectively, and then the reconstructed field defined by

Fig. 1. Optical system for lensless DH in-line reflection mi-
croscope.

Eq. (3) converted to finite sums as [15]

U(k, l) =
eikd′

iλd′
e
iπλd′( m2

M2∆ξ2
+ n2

N2∆η2
)

×
M−1∑
k=0

N−1∑
l=0

H(m, n)R(m, n)

e[ iπ

λd′
(m2∆ξ2+n2∆η2)]e[−2πi( mk

M
+ nl

N
)], (4)

where k = 0, 1, · · · ,M-1; l=0,1,2,· · · , N − 1. Equation
(4) is the discrete Fresnel transformation. The matrix
U(k, l) is the discrete Fourier transform of the product of
H(m, n), R(m, n), and exp{(iπ/λd′)(m2∆ξ2 + n2∆η2)}.
Thus the calculation of reconstructed wave field can
be done effectively by using the fast Fourier transform
(FFT) algorithm.

The numerically reconstructed wave field, because of
in-line geometry, represents the real-image wave, twin-
image wave, and zero-order term along the optical axis
and can be written as

U(k, l) = Ureal−image−wave(k, l)

+Utwin−image−wave(k, l)

+Uzero−order−wave(k, l). (5)

The pixel size of the numerically reconstructed real im-
age varies with the reconstruction distance and is given
by[15]

∆x′ =
λd′

M∆ξ
, ∆y′ =

λd′

N∆η
. (6)

The image intensity I and phase φ at the real image plane
can be calculated as

I = |U(k, l)|2, φ = arctan[Im(U(k, l))/Re(U(k, l))]. (7)

But, due to simultaneous presence of twin-image wave
and zero-order term, the intensity and phase of the real
image cannot be used directly for imaging and/or mea-
surement applications.

In DH interferometry for dynamic measurement, both
the amplitude and the phase difference of the two holo-
grams recorded at two different states provide character-
istics of dynamic phenomenon. The instantaneous dy-
namic deformation of any object can be measured using
high speed CCD camera, digital holograms are recorded
corresponding to the different deformations of the ob-
jects and their subtraction provides the dynamic changes.
When an object placed at the plane (x, y) is illuminated
by the coherent beam, the light wave reflected, scattered,
or diffracted from the object surface can be written as

O(x, y) = O0(x, y)eiφ0(x,y), (8)

where O0(x, y) is the complex amplitude of the light and
φ0(x, y) is the phase representing the object surface prop-
erties. This object wave interferes with the in-line refer-
ence wave and a hologram is recorded using CCD. For
different deformations of the object, the amplitude of
the object wave is the same; however, the phase changes
corresponding to the deformation. In-line holograms are
recorded corresponding to different deformation states of
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the object.
During reconstruction, the zero-order wave and the

twin image overlap with this real image wave. Apart
from a magnification term, the reconstructed wave can
be written as

U(x′, y′) = O0(x
′, y′)eiφ(x′,y′) + UI+II, (9)

where the first part of the right hand side is the recon-
structed real image wave, and UI+II is the sum of back-
ground reference wave (zero-order wave) and twin image
wave. The background noise in the final reconstructed
real image of the object is due to the zero-order wave
and out-of-focus twin image wave and does not change
with different deformation states of the same object. This
is because the twin image forms on the opposite side of
hologram plane relative to the real image and appears
as a defocused image at the real image plane. In the
case of small objects, the twin image wave diverges sig-
nificantly at the real image plane. Also, when the holo-
gram is reconstructed with a converging beam, the di-
vergence of the out-of-focus twin image at the real im-
age plane further increases, and thus the effect of phase
becomes significantly negligible compared with the real
image wave. Thus, in order to eliminate the background
reference beam and the twin image, phases of the recon-
structed image wave are calculated corresponding to the
two different deformation states of the object and then
subtracted. The numerically subtracted phase becomes
the modulo 2π interference phase, which provides the de-
formation map. If φ0(x, y) is the phase corresponding to
the static state of the object (reference state) and φ1(x, y)
is the phase corresponding to the deformation state, and
then the subtraction of the phases of numerically recon-
structed in-line holograms can be written as

∆φ2π = φ1 − φ0. (10)

For a sinusoidally vibrating object in the (x, y) plane,
the instantaneous object wave O′(x, y, t) at any instant
scattered from the vibrating object is

O′(x, y, t) = O0(x, y)eiφ0(x,y)ei[ ~K·~zv(x,y,t)], (11)

where φ0(x, y) is the phase representing the mean defor-

mation state of the vibrating object, ~K is the sensitivity
vector, and ~zv(x, y) is the amplitude of vibration.

For time-averaged recording, the frame capture time
τ of the CCD should be larger than the period of ob-
ject vibration[16]. The time-averaged object wave thus
becomes

O(x, y) = 1
τ

τ∫
0

O′(x, y, t)dτ

=O0(x, y)exp{iφ(x, y)} × J0{ ~K · ~zv(x, y)},(12)

where J0 is the zero-order Bessel function and φ(x, y)
represents the phase of the object wave which contains
the information both about mean static deformation and
zeros of Bessel function, defined as

φ(x, y) = φo(x, y) + φJ (x, y), (13)

where φ0(x, y) contains object surface information and
φJ (x, y) is the time-averaged phase. The in-line reference

wave interferes with the object wave from the vibrating
object and thus the time-averaged hologram is recorded
by the CCD.

The reconstructed wave, in this case, can be written as

U(x′, y′) = O0(x
′, y′)eiφ(x′,y′)J0[ ~K · ~z(x′, y′)] + UI+II, (14)

where the first term on the right hand side is the recon-
structed real image wave and UI+II is the background
noise. This background noise in the final reconstructed
real image of the object is due to the zero-order wave and
out-of-focus twin image wave, and does not change signif-
icantly with different deformation states of the same ob-
ject. However, since the speckle pattern changes stochas-
tically between exposures, the background noise may not
be exactly equal.

The amplitude and phase of the numerically recon-
structed real image wave are, apart from a magnification
term, as follows:

A(x′, y′) = |U(x′, y′)| = O0(x
′, y′)

J0{ ~K · ~zv(x
′, y′)}, (15)

φ(x′, y′) = arctan
Im(U(x′, y′))

Re(U(x′, y′))

= φo(x
′, y′) + φJ (x′, y′). (16)

In order to suppress the background noise, two time-
averaged in-line holograms of the object are recorded.
One corresponding to the reference state (either static or
vibration) and the other is the vibration state. Consider
an object vibrating at two different amplitudes ~z1 and
~z2 corresponding to the two states. The phases of the
mean deformation states are φ1 and φ2, respectively. On
numerical reconstruction, the wave fields can be written
as

U1(x
′, y′) = O0(x

′, y′)eiφ1(x
′,y′)

J0[ ~K · ~z1(x
′, y′)] + (UI+II)1 (17a)

for the refernce state, and

U2(x
′, y′) = O0(x

′, y′)eiφ2(x
′,y′)

J0[ ~K · ~z2(x
′, y′)] + (UI+II)2 (17b)

for the vibration state, respectively. (UI+II)1 and (UI+II)2
do not change for different deformation states of the same
object. Thus the subtraction of wave field provides the
information about vibration behaviour of the objects
free from background noise. To do this, the amplitude
and phase of the individual wavefields are extracted first.
The difference in amplitudes then provides the Bessel
type vibration fringes while the difference of phase gives
the mean deformation.

Experimental results are presented for dynamic in-
terferometric measurements and vibration analysis. In
dynamic interferometric measurements, a sequence of
holograms is recorded during the dynamic changes in
the sample and phase subtraction, between two different
states, providing the dynamic deformation information
of the sample. The experimental setup shown in Fig. 1
is used for thermal deformation study of the elements
of a microheater device. A single mode fiber with a
core diameter of 10 µm is attached to a He-Ne laser.
The hologram is recorded using the CCD, having 960 ×
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1280 pixels with 4.65×4.65 (µm) in size.
The microheater is fabricated through PolyMUMPs[17],

a commercial three-layer polysilicon surface microma-
chining process used for MEMS applications. The optical
microscopic image of the microheater sample is shown
in Fig. 2. The active area of the microheater is fixed at
140×140 µm2. The length, width, and spacing are varied
to achieve different resistance values ranging from 420 to
1850 Ω. The sheet resistances of Poly-1 and Poly-2 are
10/square and 20/square, respectively. The temperature
of microheater elements varies linearly with the input
electrical power. However, larger temperatures lead to
increased thermal stresses on the heater structures, re-
sulting in mechanical deformation of the device. The
dynamic deformations arising in the structure are ana-
lyzed using the presented system as a non-contact and
non-destructive tool.

The electrodes are connected to the power supply. A
series of holograms were recorded corresponding to the
different voltages between the electrodes. Two points
on different elements on the micro-heater are shown in
Fig. 2. In order to measure the thermal deformation in
micro-elements, the holograms are recorded by varying
voltages from 1 to 10 V. The numerical reconstruction
of the holograms is performed at different voltages and
the phase information is reconstructed corresponding to
each state. The subtraction of the phases of the de-
formed state (corresponding to the applied voltage) and
reference state (without applying voltage) provides the
deformation fringes. Figures 3(a)–(f) show the defor-
mation fringes for the voltages of 1.0, 2.0, 3.0, 6.0, 7.0,
and 8.0 V. Deformation fringes can be clearly observed,
showing the different deformation value in electrodes.
As expected, the number of fringes increases with the
increase of voltage, which shows the increase in the ther-
mal deformation corresponding to the applied voltages.
It can be clearly observed that the deformation fringes
are also expended in the other electrodes, particularly
at larger voltages, which results in higher temperatures.
Thus, this kind of analysis is particularly useful for full-
field dynamic study of micro-size devices, where different
components of the device showing different deformations
subject to the same input conditions.

Vibration analysis of the aluminium nitride (AlN) can-
tilevers is performed using the time-averaged lensless
in-line digital holographic microscopy system. AlN films
have piezoelectric properties, and represent an alter-
native to piezoelectric transducer (PZT) films[18]. AlN

Fig. 2. MEMS micro-heater sample.

Fig. 3. Out-of-plane thermal deformation fringes in micro-
elements as a function of applied voltages. (a) 1.0 V, (b)
2.0 V, (c) 3.0 V, (d) 6.0 V, (e) 7.0 V, and (f) 8.0 V.

Fig. 4. Numerically reconstructed image of cantilevers.

cantilevers of size 800×50 µm are fabricated using surface
micromachining process. The numerically reconstructed
image of the three static cantilevers electronically con-
nected together is shown in Fig. 4 and the vibration
analysis of these cantilevers is presented here. The mode
shapes of the vibrating cantilevers are obtained from the
reconstruction of time-averaged in-line holograms. The
amplitude of the reconstructed real image wave, which is
modulated by the J0 function, gives the mode pattern.
The system shown in Fig. 1 is used for vibration analy-
sis.

Time-averaged holograms are recorded corresponding
to the resonant frequencies of the cantilevers. The mode
shapes corresponding to the first, second, and third res-
onant frequencies are shown in Fig. 5, which is obtained
by amplitude reconstruction of time-averaged holograms.
The vibration modes shown are presented corresponding
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Fig. 5. Mode shapes corresponding to the resonant frequen-
cies of (a) 30.46 kHz, (b) 191.40 kHz, and (c) 533.0 kHz.

Fig. 6. (a) Frequency spectrum of the cantilevers, and reso-
nant frequencies of cantilevers corresponding to (b) the first,
(c) the second, and (d) the third resonant frequency.

to the first, second, and third frequencies at 30.46, 191.40,
and 533.0 kHz, respectively.

The scanning frequencies corresponding to the res-
onant frequencies are performed and the amplitudes
of the cantilevers are calculated. Equation (15) is
used for vibration amplitude measurements. The fac-

tor ~K · ~zv(x
′, y′) = Kzvg

′, where K = 2π/λ, for the
experiment system λ = 0.6328 µm and geometric fac-
tor g′ = 2. This factor represents the zeros of zero-order

Fig. 7. (a) Time-averaged amplitude; (b) time-averaged
phase.

Bessel function of the reconstructed image. The zeros of
first order Bessel function used correspond to the dark
fringes for calculating the amplitude values. The fre-
quency spectrum of the cantilevers is shown in Fig. 6(a).
As it can be clearly seen (Fig. 5) that all the cantilevers
are not vibrating at the same resonant frequency; this
is further explored in Figs. 6(b)–(d). Figure 6(b) shows
the resonant frequency of each cantilever corresponding
to the first resonant frequency, and similarly Figs. 6(c)
and (d) show the second and third resonant frequencies,
respectively.

The main advantage in using digital holography is to
obtain the quantitative phase information of the recon-
structed image wave. The numerically reconstructed
phase from time-averaged holograms contains two parts,
one (varying from −π to +π) represents the object mean
static state and the second part (binary values 0 and
±π) is called time-averaged phase which shows the ze-
ros of the J0 function[19]. The amplitude reconstruction
from time-averaged hologram is modulated by zero-order
Bessel function, and thus the contrast of higher order
fringes becomes quite poor because of the reduction in
the intensity of Bessel function (Fig. 5). The better vis-
ibility of the vibration modes is possible to obtain using
the time-averaged phase information. For pure sinusoidal
vibration of the object, the subtraction of phases of time
average from the reference hologram provides only the
time-averaged phase. It is presented in Fig. 7. Figure
7(a) shows the amplitude reconstruction from the time-
averaged hologram recorded for the first resonant fre-
quency. It can be clearly seen that the contrast of higher
order fringes is significantly poor, particularly in the case
of the first (on the top) cantilever. Figure 7(b) shows the
subtraction of phase of the time-averaged hologram from
the reference state (static state), the time-averaged phase
represents the binary jumps and thus the contrast of the
fringes is significantly improved.

In conclusion, a lensless in-line digital holographic mi-
croscopy is presented as a novel tool for dynamic metrol-
ogy for MEMS. The novelty is the incorporation of lens-
less magnification with in-line digital holography method
to provide the compact geometry precisely suitable to
fulfil the metrological requirements of micro-size objects.
The methodologies of dynamic measurements are pre-
sented that simultaneous suppress the zero-order and
twin image waves from the real image wave. Thermal
deformation in micro-elements is presented as the first
application of dynamic interferometry. The results are
presented for full field analysis of a microheater device.
The second application is presented for vibration char-
acterization of cantilevers. Frequency shift is found in
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the resonance frequencies of similar cantilevers. The pre-
sented system is thus a simple, compact, and powerful
tool for MEMS and micro-systems inspection and char-
acterization.

This work was financially supported by the National
Research Foundation of Singapore under Proof of Con-
cept (POC) scheme (No. 2008 NRF-POC0001-068).
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