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Abstract

In this chapter, we present the basic principle and recent develop-
ments of digital holography for applications in Micro-Electro-Mechanical
System (MEMS) structure and device inspection, micro-optics character-
ization, and quantitative phase contrast bio-imaging. Different types of
recording geometries and reconstruction algorithms of digital holography
are reviewed. We also present several experimental results that demon-
strate the capabilities of digital holography for various applications in sci-
ence and engineering. For material science, micro- and nanotechnologies,
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MEMS and microsystem, digital holography is performing almost ide-
ally in many conditions: it can provide precise, absolute, and calibrated
data, rendering possible the quantitative comparison with a certain gauge
and standard; it can be designed compact enough which allow measure-
ments being made on-line during the fabrication stage; it can be rapidly
adapted to changing requirements because of its flexibility provided by
digital processing. For micro-optics testing, digital holography offers the
great advantage in measuring small lens structures with a very compact
and simple geometry. Several biological applications, such as morphol-
ogy and functional studies are presented, proving that digital holographic
microscopy can bring quantitative phase information with fast imaging
capabilities, non-scanning and non-invasive features.

1. Introduction

Holography, invented in 1947 by the Hungarian physicist Dennis Gabor (1),
is a two-step imaging technique comprises the successful combination of in-
terferences and diffraction. As illustrated in Fig. 1, the interferences encode
the amplitude and the phase information of the object wave simultaneously and
the diffraction acts as a decoder which reconstructs a wave which seems to be
formed from the previously illuminated object. As the etymology of the word
“holography” suggests, a hologram contains all the necessary information of the
object, holography has been widely applied in optical metrology since not only
the intensity but also the optical phase and therefore the depth and contours of
the object can be recovered. However, the cumbersome procedures and stringent
requirements on equipment in traditional holography such as the use of photo-
graphic plates for recording, wet chemical treatment, and physical illuminating,
significantly restricted its practical applications.

Work presented by Konrod et al. (2) in 1972 was the first attempt to re-
place the silver photo plate with a matrix of holographic discrete values and
then reconstruction to be performed by numerical calculation. At the time, it
took 6 hours of calculation to reconstruct a field of pixels, using the Minsk-22
computer. The discrete values were obtained from a plate hologram by 64 bit
digitization with a scanner. From that time period on, microtechnological pro-
cesses have enabled detector matrices with sufficiently miniaturized pixels to be
obtained in order to respond to the Shannon criteria concerning the discretisa-
tion of the spatial distribution of light (3). On the other hand, the computerized
processing of images became accessible thanks, in the most part, to the notable
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Figure 1. Recording and reconstruction in conventional holography.

improvement in the performance of microprocessors, particularly in their pro-
cessing power as well as in their virtual memory space.

The idea of “digital holography” that to replace the analogue recording and
decoding of the object with a digital recording/decoding process simulating a
diffraction from the recorded image now has become a reality. In compari-
son with traditional holography, the main advantages of digital holography is
that the hologram can be directly recorded by a digital imaging device, making
chemical processing unnecessary. Besides, the intensity as well as phase infor-
mation of a holographically stored wavefront can be retrieved directly and quan-
titatively through the numerical reconstruction process realized by a computer.
The capability of whole field information storage in a hologram and the use of
computer technology for fast data processing offer more flexibilities in exper-
imental configuration and significantly increase the speed of the experimental
process, opening up a lot of possibilities to develop digital holography as a novel
metrological tool. Over the past two decades, the use of digital holography for
three-dimensional (3D) surface measurement and quantitative phase imaging
has become one of the most active research areas in optical metrology. There
has been an enormous progress in digital holography systems development and
methodologies and moreover, this technique has found various applications in
diverse fields of science and engineering: characterization of MEMS compo-
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nents (4, 5, 6), vibration analysis (7, 8, 9, 10), displacement and deformation
measurement (11, 12), material analysis (13), surface profilometry (14, 15, 16),
image encryption and information security (17, 18), measurement of micro-
optics (19, 20), lensless imaging (21, 22), quantitative phase contrast imaging
(23, 24), 3D object recognition (25, 26), extending depth-of-field (27, 28), par-
ticle imaging and velocimetry for flow field (29, 30, 31, 32), 3D microscopy
(33, 34), aberration compensation (35, 36, 37, 38), tomographic 3D imaging
(39, 40), 3D display (41, 42, 43), just to cite a few.

In this article, we conduct a brief review of digital holography including its
basic principles, key methodologies, and typical applications. In Section 2, the
two steps in digital holography - digital recording and numerical reconstruction
are thoroughly discussed respectively in Sections 2.1 and 2.2. The different op-
tical configurations for digital holographic recording are introduced in Section
2.1.1. In the digital recording process, hologram is recorded onto a CCD or
other digital recording devices. The limited resolution of commercially avail-
able CCD sensors pose some restrictions on the recording geometry, which are
investigated in Section 2.1.2. As is presented in Section 2.2.1, in the numeri-
cal reconstruction stage, suppressing the zero-order and the twin image is the
first step to ensure reliable phase retrieval of the object wave. Then the ob-
ject wavefield is numerically propagated from the hologram plane to the image
plane based on diffraction theory of wave propagation, which is reviewed in
Section 2.2.2. After numerical reconstruction, the complex object wavefield in
digital form can be obtained. Direct manipulations of the deduced amplitude
and phase for the numerical correction of aberrations are introduced in Section
2.2.3. In Section 3, we focus on three typical applications of digital holography
in MEMS and microsystem metrology (Section 3.1), characterization of micro-
optics (Section 3.2), and quantitative phase contrast bio-imaging (Section 3.3),
respectively. Finally, summary and perspectives are given in Section 4.

2. Principle

“Digital” holography differs from “analogue’” holography in terms of the record-
ing materials which are used and in the image reconstruction process for the
studied object. So generally, the digital holography technique can be divided
into two parts: digital recording and numerical reconstruction, as shown in Fig.
2. In the digital recording process, a “digital hologram” of the object is recorded
using different optical configurations onto a CCD or other digital recording de-
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vices. While during the numerical reconstruction process, the phase and ampli-
tude information of the object are carried out by the digital simulation of wave
diffraction in the “digital hologram”.

Object wave
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Figure 2. Digital recording and numerical reconstruction in digital holography.

2.1. Digital Recording
2.1.1. Recording Geometry

There are different setups for recording holograms. In general, they can be
classified into a variety of types from different standpoints. Since the digital
hologram can be interpreted as an interferogram of the object beam and the
reference beam, considering whether there exist a tilt angle between the two
beams, we can classify the recording setups into two main generic types: in-line
holography and off-axis holography. In-line holography can be further divided
into two modes. The first mode is so-called Gabor holography wherein only
one illumination beam is used. Part of the beam scattered by the object serves
as object beam and the other part of light unaffected by the object serves as
reference beam. In the other mode, one beam is split into reference beam and
object beam which illuminates the object. At the recording device, these two
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beams interfere with each other with no tilt angle between the two beams. In
off-axis holography, one beam is split into reference beam and object beam
by a beam splitter or a fiber coupler and finally recombined at the recording
device with a tilt angle. The drawback of in-line holography is that both the
undiffracted reference beam and object beam are in the same direction. Thus,
the in-focus image is always overlapped by the out-of-focus image (so-called
twin images). Therefore, the phase shifting technique is needed to determine
the phase and separate the twin images. The off-axis arrangement can overcome
this drawback in nature. We will discuss this point detailedly in Section 2.2.1.

Holography can also be classified into reflection mode and transmission
mode according to the different ways that light interacts with the object. If the
optical information recorded by the hologram is reflected by the object, the sys-
tem is characterized as reflection holography. If the optical information recorded
by the hologram is transmitted through the object, the system is characterized as
transmission holography. Holography can be also divided into lensless holog-
raphy and holography with lens. If no lens is used in the system or lenses are
used but not to manipulate the object wave after it interacts with object, the sys-
tem is a lensless holography system. If lens or microscope objective is used to
generate object image and to improve the lateral resolution, the system can be
called digital holography microscope. Based on the distance between the object
and hologram or between the focused object image and hologram when imaging
lens is used, holography can be divided into image-plane holography, Fresnel
holography and Fraunhofer holography. If the distance between the in-focus
object and the hologram is zero, it is called image-plane holography system. If
the distance is in the Fresnel diffraction region, it is called Fresnel holography
system. If the distance is very large, extending to the Fraunhofer diffraction
region, such system is called Fraunhofer holography system.

2.1.2. Digital Sampling of the Hologram

The main advantage of digital photosensitive material is that the image is ac-
quired quickly without having the chemical development stage, which repre-
sents a considerable time gain. Another advantage is that these plates are
reusable once the data is stored. Whatever digital recording device is used,
the hologram Iz (z,y) will be converted into a desecrate two-dimensional ar-
ray I7;(2',y) which consist of N x M pixels at a pitch of Az x Ay (2/ =
0,1,...,N—1landy =0,1,..., M —1). The fill-factors of the pixels in x and y
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directions are «, § € [0, 1] . Figure 3 depicts the pixel matrix, and the digitally
sampled holograms can be written as

z Y
Iy y) = {IH(% y) ®rect <E’ @)]
z Y r y
xrect | ——, ——— b{—,—].
ree <NA§U’ MAy) com <A§c’ Ay)

Here rect (z/alAx,y/BAy) represents a single two-dimensional pixel of the
CCD. The ® represent the two-dimensional convolution which describe the in-
tegration effect of one-single detector. The rect (x/N Az, y/M Ay) stands for

the finite size of the whole sensor chip. The periodic appearance of pixels is
expressed by the convolution with the comb-function comb (x/ Az, y/Ay).
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Figure 3. Sechmatics to show the sampling effect of the CCD pixels.

We should notice that, the spatial discretization of the recorded pattern and
the dimensions of the pixel elements impose certain conditions on the recording
of a hologram. As shown in Fig. 4, considering a simple case when the inter-
ference fringes generated by two monochromatic plane waves, at an angle of ¢
apart, have an inter-fringe distance of Ap:

A

REETTIOR) @

The Shannon theorem indicates that for the correct acquisition of a given peri-
odic signal, the sample frequency must be at least twice as high as the signal
frequency. Otherwise, there would be a loss of information due to the pixel
aliasing. In another words, the angle should must be not too large in order that
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the inter-fringe distance corresponds to at least 2 pixels in digitally acquiring
hologram

A
< 2sin”! )
rmax < Zsin <4 max {Az, Ay}) )

For a wavelength of 633nm and a pitch between the pixels of 4.65um, the max-
imum angle, corresponding to the limits of the Shannon criteria, is about 3.9°.
The small angular deviation which is thus permitted between the two beams
requires the use of a relatively precise adjustment device. Remember the real-
ity has turned out to be more complicated since the object wave is actually a
diffracted wave rather than a plane wave so the maximum inter-fringe distance
is object-dependent.

Sine fringe
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beam * X%
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0 ﬁé
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Figure 4. The local density of the fringe is proportionate to the relative angle
between the object beam and the reference beam.

2.2. Numerical Reconstruction
The intensity distribution of the recorded hologram can be written as:
Iy(z,y) = |Of + |R]> + RO* + R*O, )

where R(z,y) and O(z,y) are the reference and object waves respectively, *
denotes the complex conjugate. In this format, it is easy to explain the three
components of a hologram. The 0-order, or de-term |O[* + |R|? is the sum
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of the squares of the modules of the two waves. The -1-order RO* is also
called the real image; it is directly proportional to the conjugate complex of
the object wave. This image is pseudoscopic, taking into account its inverted
contours (phase conjugation/retroflection). The +1-order R*O is also called the
virtual image, which is the most adapted to observation given that it is directly
proportional to the original complex field. The real image RO* and the virtual
image R*O, which combined are called the twin images. Only one of the twin-
images is required to reconstruct a hologram and retrieve the object wave.

2.2.1. Suppress the Zero-order and the Twin Image

In off-axis digital holography removing the zero-order and twin-image is gener-
ally trivial, this is because the three terms are separated in the spatial frequency
domain and one or the other can be removed through a band-pass filter (44). If
we assume a reference wave with an relative angular shift #, which has the form
R(z,y) = |R| exp(—iksinfx), then the intensity distribution of the hologram
becomes

Ir(x,y) = |O)* +|R|* + |R| O exp(—iksin 0z) 4+ | R| O* exp(iksin 0z). (5)

+1order,” | ~
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51 p—
s=zm =1

ik

Digital Holoé‘ram (H, )

3(H)

Numerical propagation
Figure 5. Numerical reconstruction process for a off-axis hologram.

If we now consider the Fourier transform of the hologram intensity, the in-
fluence of the two phase factors exp(=-ik sin ) can be interpreted as a transla-
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tion of the spatial frequencies associated with the real and the virtual images: the
spatial frequencies of the zero order of are located in the center of the Fourier
plane, while the spatial frequencies of the interference terms vary at different
carrier frequencies, which are located symmetrically with respect to the center
of the Fourier plane: —ksinf/2x for the virtual image and ksiné /27 for
the real image. This suggests that the different terms of the reconstructed wave
front can be spatially filtered. This whole process is displayed in Fig. 5, where
the new filtered hologram I¢(z, y) is defined by

It(z,y) = |R| Oexp(—iksinfx) = F{F {I;(z,y)} x H(u,v)} (6)

The Fourier transform and its inverse are denoted by .% and .% ~!, which is
usually implemented by the fast Fourier transform (FFT). (£, n) is the vector in
frequency space corresponding to (z, y). The function H is the transfer function
of the spatial filter, which should eliminate all spatial frequencies except those of
the virtual interference term wanted. To avoid suppression of the high-frequency
components of the virtual terms, the support of H should be chosen as large as
possible. Smoothed transfer function profiles such as Gaussian, Hamming, or
Hanning windows can be used to avoid the Gibbs effect in the reconstructed
images, which may arise if parts of the spectrum of the real or of the virtual
image are truncated.

In in-line digital holography configuration, however, the situation is more
complex since the three orders are superimposed and the virtual image is thus
mixed with the real image and the direct transmission of the reference beam.
They are also held within the same area in the spatial frequency domain, so
simple spatial filtering will not remove either one. Twin-image removal and sup-
pression is a complicated and well-researched area, and there is no individually
accepted method for removing the twin-image for in-line digital holography.
The most well adopted method is phase-shifting which requires the recording
of multiple independent holograms with different phase shift in the reference
beam (45). These can be achieved by using a piezoelectric transducer (PZT) ac-
tuated mirror or a phase spatial light modulator (SLM) controlled by a computer.
Assuming that the intensity reference wavefront is a constant, the interference
intensity with phase-shift §,, can be represented by

Ly(x,y) = |O + |R> + 2Re [OR - exp (i6,,)] 7

Here Re[*] stands for getting the real part of the complex number. In conven-
tional N-step phase shifting algorithms, é,, = 27n/N, where n is the number
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of the phase shift n = 1,2,3,..., N. By considering the above simultaneous
formulas, the phase can be solved as (46)

1 Ziv:l I, (z,y) sin(2mn/N)
SV Tn(, ) cos@an/N)’

Where A¢ is the phase difference between the object beam and the reference
beam. To solve the A¢ uniquely, at least 3 phase shift steps are required. For
example, in the most commonly used four-step phase-shifting procedure, the
reference phase is shifted by a step of /2 four times, the phase difference

I4($,y) _I2<x7y)>
Ii(z,y) — I3(2,y) )

Then the twin images has been well separated, and the complex amplitude of
the virtual image can be solved by

Ag(z,y) = tan

(®)

Ad(z,y) = tan™? < )

R*O = i {Iy(z,y) — Io(z,y) + 7 [I1(z,y) — Is(z,y)]} - 10)

In real applications, the phase shift number N should be chosen properly, by
considering the accuracy and noise level of the measurement. Generally, the
larger N is, a more accurate phase can be retrieved. After tens of years develop-
ment, the phase shifting algorithms have already formed a complete theoretical
system. For conventional N-step phase shifting algorithms, their behaviors, like
sensitivities to random noise, phase shift errors, intensity nonlinearity error, etc.
have been studied exhaustively (47, 48, 49). In some specific applications, the
phase shifting algorithm can even been customized to minimize the given error
sources (48, 49).

2.2.2. Numerical Propagation the Wavefront

Once we obtain the +1-order R*O, a numerical representation of the original
reference wave can be multiplied to the processed hologram to obtain the com-
plex object wavefront O at the hologram plane (for the case when the reference
wavefront is a collimated wave with constant intensity, this step can be simply
omitted due to the form of R* is only a constant). However, the real ampli-
tude and phase of the object, is located at the object plane —d away from the
hologram plane. Therefore, a numerical propagation based on diffraction theory

Complimentary Contributor Copy



52 Chao Zuo, Qian Chen, Weijuan Qu et al.

ylk r]lk

pd N
< 7z

Hologram Plane Image Plane

Figure 6. The coordinate system to describe the wave propagation.

should be performed to play the wave back to its original position in order to
get the intensity and the phase of the object wavefield precisely.

With the coordinate system of Fig. 6, the diffraction of a light wave at
the hologram plane is described by the Huygens-Fresnel principle or Fresnel-
Kirchhoff formula as (50)

+oo  p+oo ;
r(&,n) = j% / O(cc,y>“p(+kp>cos0dxdy, (11)

with

p=\/(x—§)2+(y—77)2+d2, (12)

where I'(£, ) is the object wavefront at image plane propagated from the holo-
gram plane and p is the distance between a point in the hologram plane and a
point in the reconstructed image plane, as shown in Fig. 6. The angle 6 is also
shown in Fig. 6. From geometry cos @ = d/p and substituting into Eq. (11),
I'(¢,n) can be written as

+oo  p+oo ;
I',n) = ji/\/ O(z, y)e)(piijzkp)cos Odxdy. (13)

Equation (13) is the basis for numerical hologram reconstruction. As the re-

constructed wavefield I'(£, n) is a complex function, both the intensity as well
as the phase of the object can be determined quantitatively. Though the direct
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calculation the integration of Eq. (13) is quite time-consuming and memory-
demanding, it can be efficiently implemented based on FFT under Fresnel ap-
proximation, or considering Eq. (13) as a convolution, or recasting Eq. (13)
from the angular spectrum point-of-view. The Fresnel approximation is based
on the binomial expansion of Eq. (13) with the assumption that the x and y
values as well as & and 7 values are small compared to d, which reduces Eq.
(13) to the form

+oo +oo
e = 20 [ [ oo {35 [0 =+ =) fdsds. (19

If we expand the exponential term and pull the irrelevant variables out of the
integral, Eq. (14) can be represent as

L& n) = %j{fm exp {j—ﬂ &+ 772)]

oo oo j j2m
/ O(:c Y) exp L\d (:c +y )] exp {—W (x€ + yn)] dxzdy.
15)
The Eq. (15) is referred as the Fourier representation of the Fresnel diffraction
since it can be evaluated as an Fourier transform if we assume u = {/Ad , and

v = n/Ad . Alternatively, Eq. (13) can also be written as a convolution if the
cosf =d/p ~ 1

+oo +oo

—o
where the impulse response g(x, y) is given by
1 exp (jk:\/ac2 +y2 + d2>
9(x,y) = — : (17

A Vi + d?

The convolution of Eq. (16) can be calculated by using FFT according to the
convolution theorem,

L& n) =F {F{0(x,9)} F {g(x,y)}} . (18)

The Fourier transform of the impulse response function G (u, v) is called trans-
fer function. From the angular spectrum view point, the transfer function G
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should have the following form

Gu,v) = F {g(z,y)} = exp {z’kd\/l — ()= (W) w4+t <At (19)
Thus we have

L&, n) =F {F{0(z,y)} G(u,v)}. (20)

This saves one Fourier transform compared with Eq. (18). It should be noted
that under Fresnel approximation, the transfer function G becomes

Gr(u,v) = F {g(z,y)} = exp (jkd) exp [—jmAd (+%)]  (21)
Put Eq. (21) into Eq. (18), and represent it as a convolution, we have

['(&,n) = O(z,y) * gr(z, y)

exp(jkp) [T [T g 2 2
jT/ O(»’U y)exp{m[(:c—f) +(y—n) }}d»’ﬂdy
(22)
in which (ikd) ‘
_ explJ JT

The numerical implementation of Egs. (15), (18), and (20) are referred as Fres-
nel transform method, convolution method, and angular spectrum method, re-
spectively. These three methods are most widely used method in digital hologra-
phy reconstruction. Actually, there are even two more methods since the transfer
function in angular spectrum method can be replaced by its Fresnel approxima-
tion [Eq. (21)] and the impulse response in convolution approach can also be
approximated by its Fresnel counterpart Eq. (23).

Assuming a N x M hologram with the sampling intervals Az and Ay, the
reconstructed object field at a distance d should also be the matrix of N x M
which describes the complex amplitude distribution of the real image and with
sampling intervals A& and An. All the five different numerical implementations
of the diffraction integral are summarized in Table 1. Among these method,
the angular-spectrum method is most widespread used in digital holography,
because it offers several advantages, including maintaining the pixel size, rig-
orously satisfying the scalar wave equation, and no minimum distance require-
ment for the reconstruction plane.
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Table 1. Numerical implementations of the diffraction integral for digital
holographic reconstruction.

Method Category Algorithm Impulse Response/ Transfer function Sampling interval “F;;
=(m. 17):9,\1{/%(!71:A52 +riant)| AE= \/"'
) ST A
Fresnel transform Direct integration r=-7{oc} J /‘d‘ 1
D) =exp| j 2 (KA + KAy ap===
k) eq{jm( EIYEre ;} =i
Convolution Convolution based on [ (o) = (o)) )= Lexp[ Jh (ko) + (Iay)* +d* ) A& = Av 5
impulse response ¢ ’ T i AR = A
Fresnel approsimation | Convolution based on | [ _ oy 0 v 0= SBR[ e ) Af=Av .
based convolution impulse response L & jad P\ d J An =2y ?
Convolution based on if o . (. mY n ¥ AZ = Ax
) ' r-4(= (06} Glm,n) = exp| ikd 1| 2 -2 2
Angular frequency transfer function ol =l ki1 450 | <[ 1570 Ap=a .
Fresnel approximation Convolution based on ot ) N s 2 )] AZ=Av
r=="{{0}¢G, 7, = exp( jkd Jexp| —jmd| ——+ 2
based angular frequency transfer function {710J6r} Gy (m,m) = exp( jikd Jexp| =7 d| ‘ Nad AT ,‘| An =y

2.2.3. Aberration Compensation

Assuming an ideal case that the reference and object wave without the presence
of specimen are assumed to be plane waves, and the specimen modulates the in-
tensity and introduces a phase delay ¢(x, y) resulting from a height difference of
the specimen in reflection configuration or from a refractive index or/and thick-
ness difference in transmission configuration, the virtual image term extracted
can be represented by

RO™ = |R[[Olexp (i¢) . (24)

Therefore, both the intensity and the phase of the object can be reconstructed
accurately if the wavefield is numerical propagated back to the original location
of the object plane. Now let us consider a more general case that the reference
and object wave without the presence of specimen are not perfectly plane waves,
but with additional phase aberration W and Wy, respectively.

R = |R|exp (iWR), (25)

and
O = |0'| exp (iWor) . (26)

the object wave diffracted by the specimen can be represented as

O = |O| exp (i¢) - exp (iWor) . 27
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Then the virtual image terms extracted becomes
RO™ = |R[|O]exp (i¢) Q(z, ), (28)

where )(x, y) is the phase aberration term that needs to be compensated, which
is determined by the phase difference between the reference wave and un-
diffracted object wave

Qla,y) = expli (Wor — Wr)]. (29)

The most common aberration in digital holographic microscopy is the off-axis
tilt and the defocus associated with the use of a microscope objective. As we
have discussed in Section 2.2.1, the off-axis tilt introduces a linear phase factor
in the virtual image terms, which only translates the spatial frequencies asso-
ciated with the real and the virtual images from the center of the Fourier plane
to higher frequencies domain. The main propose of introducing a microscope
objective in the object arm is to increases the transverse resolution of the digital
holography system, produce a magnified image of the object at the hologram
plane. However, the objective induces quadratic wavefront distortion, which
influences only the phase but not the amplitude image. Considering these two
types of aberration, the phase aberration term can be general which can be gen-
erally represented by

Q(z,y) = expli(kyx + kyy)] exp[i(lx:vz + lyyz)], (30)

where the factors £, k, denote the linear phase difference between O and R due
to the off-axis geometry. The parameters I, [, in Eq. (30) describe the relative
divergence between the object and reference beam due to the mismatch in spher-
ical phase curvature. A lot of work has been done in recent years to compensate
the phase aberration in digital holographic microscopy in order to accurately re-
cover the phase information induced by the object only. They can be categorized
into two groups: physical (23, 37, 51) and numerical (35, 52, 36, 53, 54, 38, 14).
The basic idea behind physical methods is to introducing the same curvature in
the reference beam to nullify the effect of aberration in the objective. It can be
achieved by using a same objective lens in the reference arm, located at the same
distance as in the object beam (23), or introducing an adjustable lens to man-
ually flatten the wavefront by changing its position in the reference arm (37).
If the quadratic aberration is completely eliminated and there is no test object,
the spectra of the virtual image should be a shifted delta function with sharp
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point distribution (52, 37). Therefore, one can simply monitor the shape of the
spectrum to judge whether the spherical phase curvature is totally compensated
during the setup alignment process.

It should be note that only the defocus aberration can be physically compen-
sated and the tilt aberration can only be corrected numerically (unless one really
wants to change the recording setup from off-axis type to in-line type). Fortu-
nately, in the absence of defocus aberration, tilt correction can be realized by
an simple spectrum centering procedure — locate the amplitude maximum cor-
responding to the central frequency the virtual image spectrum and then shift it
to the center of the spectrum image (see Fig. 5). This procedure has been shown
quite effective in most cases and can be easily incorporated into the spatial fil-
tering and the numerical reconstruction steps without the need of additional
Fourier transform (52, 37). However, it is noteworthy that this method has three
main drawbacks: first, the precision of this method is limited to only one-pixel,
second, this method based on the assumption that the zero frequency is the dom-
inant frequency component of the object, which may be not true if the object is
complex or demonstrate significant periodicity. Finally, if the phase curvature is
not completely eliminated, the spectrum will no longer demonstrate a punctual
central frequency which makes the spectrum centering difficult.

The major drawback of the physical methods is they require a precise align-
ment or adjustment of the optical elements involved and a perfect wavefront
curvature matching between the object and reference arms is difficult to realize
in practice. Alternatively, the phase aberration can be removed during post-
processing of the digital hologram by numerical methods. In general, the task
of phase aberration compensation is to found a phase term which can be direct
multiplied to the hologram or subtracted from the final reconstructed phase map
to counteract the effect of the aberration term Q(z, y), therefore, the numerical
compensation method can be further classified into hologram plane methods and
image plane methods. The compensation term, which is also called phase mask
or compensation phase factor, can be obtained by manual adjustment (14, 55),
exploiting some pre-knowledge about the setup (35, 14, 55), using an addi-
tional reference hologram without the specimen (36, 35), low-pass filtering the
hologram spectrum (36), applying 1-D curve fitting (52), 2D standard spherical
surface fitting (54), Zernike polynomials fitting (53), etc.

Compared with the image plane approaches, compensation in the hologram
plane avoids the need of adaption the phase mask when the reconstruction dis-
tance is changed (36, 37). Furthermore, phase aberrations at hologram plane
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will partially convert into intensity distortion during wave propagation. Com-
pensation in hologram plane can avoid such kind of image distortion. However,
extracting the phase mask or compensation phase factor at the hologram plane
involve 2D phase unwrapping which is found difficult since the object field is
out-of-focus. Besides, the additional reconstruction, unwrapping, as well as the
2D fitting resides on the large computational requirements which make them
costly from a processing and computational point-of-view, precluding real-time
monitoring. Recently, a simple and effective numerical phase aberration com-
pensation method based on principal component analysis (38) is proposed to
overcome these difficulties. A close inspection of Eq. (30) reveals that the ideal
model for Q(x, y) is in fact a rank one matrix. This allows the definition of two
vectors p(z) = expli(kzx + l,x%)] and q(y) = expli(kyy + l,y?)] with the
phase aberration matrix re-written as Q(x,y) = pq’, where {-}¥ denotes the
complex-conjugate transpose. The illuminating feature of this is the problem
of phase compensation is recast as finding the first principal component of the
exponential term of the filtered hologram. By decomposing the phase matrix
using singular value decomposition (SVD), the dominant rank one subspace of
(@ can be extracted and then the linear and quadratic coefficients in p and ¢ can
then be identified independently on the unwrapped phase components of left and
right dominant singular vectors using least-squares fitting. Besides, the whole
algorithm can be implemented in cropped spectrum within the spatial filter (+1
order region) without any redundant data, which enables a very fast processing
speed.

As an example, Figure 7 demonstrates the phase aberration compensation
experimental results on macrophage cells. If one simply applies the spectrum
centering procedure to the hologram, the reconstructed phase [Fig. 7(a)] shows
concentric circular patterns introduced by the quadratic phase factor. Besides,
the center of these concentric circles is shifted due to the residual tilt caused
by improper spectrum centering (the center of the +1 order spectrum no long
demonstrate a sharp peak and thus is difficult to locate automatically). The
quadratic phase aberration was effectively flattened and no curved or tilted back-
ground can be perceivable when the PCA compensation method was applied, as
shown in Figs. 7(b)-7(d).
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Figure 7. Phase aberration compensation using the PCA algorithm. (a) Wrapped
phase map with spectrum centering only, (b) Wrapped phase map obtained after
PCA phase aberration compensation. (c) Unwrapped phase map from (c). (d)
Pseudo-three-dimensional plot of two individual cells indicated by red boxes in

(c).

3. Practical Systems for Digital Holographic
Microscopy

We have developed several practical holographic systems (so-called digital
holoscope) with different optics configurations and for different applications.
The compact digital horoscope (CDH) - a reflection type lens-less digital holo-
grahy microscopic system geometry is shown in Fig. 8. A diverging laser beam
from the fiber end provides the magnification 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
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Figure 8. The Compact Digital Holoscope (CDH). (a) Optical configuration.
(b) Packaged system (size: 55mm x 75mm x 125mm); (c) The new system
integrated with the board camera.

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 divergence of the wave provides the geometrical magnification
and thus improves the system resolution. This optical system is housed in a
compact metal casing (box) as shown in Fig. 8(b). The illumination source is a
single mode optical fiber end which provides the diverging laser beam attached
to the casing. The wavelength of the light is chosen according to the application
and/or the required lateral resolution. For the presented system, a fiber coupled
laser diode with wavelength 642 nm is used. The premise behind this configu-
ration is to use minimum optics to optimize the aberration and make the system
very light-weight, portable and compact, enabling it to be easily integrated into
other systems for various types of applications. By using a board-level camera,
the total size of the system can be further shrinked by about 30%, as shown in
Fig. 8(c). The newest version of the system has also incorporated the laser and
the controller into the system body [Fig. 9(a)]. The measurement field of view
can be further expanded by combining a motorized stage with the system, as
shown in Fig. 9(b).

Another interesting non-conventional digital holography configuration
- Common-Path Digital Holoscope (CPDH) is shown in Fig. 10. A single
diverging spherical wave passing through the microscope objective illuminate
the two adjacent sides of the beam splitter with the semi-reflecting layer ori-
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Figure 9. The compact digital holoscope with the built-in laser (a), and a mo-
torized stage (b).

ented along the optical axis with a slight tilt angle. The two halves of the beam
transmit through or reflect from the opposite sides of the beam splitter’s semi-
reflecting hypotenuse, and then combine and exit the beam splitter forming the
interference. The sample is placed in the path of one of the half beams. This
common-path configuration offers advantages of simplicity, vibration insensi-
tivity, and inherently compensated the phase curvature.

(b)

Figure 10. The Common Path Digital Holoscope (CPDH). (a) Optical configu-
ration. (b) Packaged system. (c¢) The whole system under operation, the sample
is a micro-lens array.

Finally, a transmission digital holographic microscopy system with the

Michelson interferometer configuration is shown in Fig. 11. The beam emit-
ted from a laser is coupled into a 1x2 single-mode fiber coupler and then split
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(a) (b)

Figure 11. The Michelson-structure digital holoscope. (a) Optical configura-
tion. (b) Packaged system.

into a reference wave and the object wave. Both the object wave and reference
wave are combined by the cube beam splitter, and interference occurs at the
plane of a CCD camera. A microscope objective is inserted in the object arm
to provides the geometrical magnification and thus improves the system lateral
resolution. The system is also equipped with a motorized stage.

Those digital holographic microscopy systems provide the following attrac-
tive features:

Nanometric depth and height resolution;

Full field analysis: line profile analysis, color maps 3D plot of sample
height;

Real-time measurement: capture live hologram and reconstruct ampli-
tude, phase and 3D image in real-time;

Static and dynamic analysis;
Non-contact and non-invasive;

User friendly software.

4. Applications

Featured by digital recording and numerical reconstruction, digital holography
has brought the field of optical holography a big step forward to practical appli-
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cations for precision quantitative phase measurement on the micro- and nano-
scales in numerous and various fields. The advantages gained by the pure digital
recording and processing of the hologram make digital holography an easy and
versatile tool to adapt to different applications under different environment, with
the accuracies comparable to interferometers, simplicity as any types of optical
microscope, and providing additional information in the third dimension.

4.1. MEMS and Microsystem Metrology

One important application for digital holographic microscopy is the inspection
and characterization of micro-devices. The integration of mechanical elements,
electronics, sensors, and actuators on a common silicon substrate by micro-
machining technology constitutes micro-electro-mechanical systems (MEMSs).
Inspection and characterization of MEMS during different stages of fabrication
is becoming increasingly important for performance, reliability and repeatabil-
ity of device. Digital holographic microscopy offer new possibilities for non-
invasive inspection and characterization of the MEMS and micro-device, which
are fabricated using Si-based micro-fabrication process, and usually possesses
well reflectivity. digital holographic microscopy can be used to provide the
feedback about the material properties, device behavior and simulation process
throughout the various stages of processing, manufacturing, assembly, and test-
ing.

4.1.1. 3D-Profile Measurement

In digital holographic microscopy, the object wavefront is encoded in the holo-
gram during the recording process through interference with a reference wave-
front. The object wavefront is then retrieved by numerical reconstruction of
hologram. From the digital object wavefront, its amplitude and the phase can
be extracted. The amplitude provides the 2D intensity image while the phase
provides the optical path length difference (OPD) which contains the 3D infor-
mation of the object
A

o

For reflective specimen, such as MEMS samples, their 3D profile can be ob-

tained by directly converting their phase map into height/depth values using
_OPD(z,y) _ Ad(z,y)

H(z,y) = ——5 == = ==, (32)

OPD = k1. (31)
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Note if the measurement range is larger than half wavelength of the light source
used, phase unwrapping is needed to remove the phase jumps (56). In the case
when discontinuity more than half wavelength exists, spatial phase unwrapping
cannot identified the phase order correctly and temporal phase unwrapping are
then needed by introduced two or more wavelength illuminations.

A piezo-attenuated circular micro-membrane diaphragm are profiled using
the quantitative phase information obtained from a digital holographic micro-
scope. The diaphragm was fabricated by bonding a piezoelectric plate onto a
silicon on insulator (SOI) wafer with 20um thick device layer. The thickness
of the piezoelectric layer was thinned down to about 40pm by using chemi-
cal/mechanical polish. The back side silicon was etched away by deep reactive
ion etching. The photogram of the device is shown in Fig. 12(a), taken under
a conventional bright-field reflective microscope. The hologram of the sample
is shown in Fig. 12(b). The reconstructed amplitude image and phase image
are shown in Figs. 12(c) and 12(d), respectively. Since the phase jumps in the
wrapped phase map is more than 27, phase unwrapping is performed to ob-
tain the continuous phase map, as shown in Fig. 12(c). The unwrapped phase
map can be converted to the height distribution according to Eq. (32), and the
color-coded 3D profile of the sample is illustrated in Fig. 12(f). It is important
to note that the amplitude, phase, and 3D profile of the sample are all decoded
from the single hologram. The defect on the top part of the membrane can be
clearly seen from the phase image, but not observable from the conventional
bright-field microscope image or the reconstructed intensity image.

4.1.2. Displacement and Deformation Measurement — Digital Double
Exposure Method

The double-exposure method of holographic interferometry is a powerful tool
for measuring small displacement and deformation during changes of the object
state (57, 31). Single exposure interferometric method is limited to specular
reflector only, while double exposure holography allowing very small motions
of arbitrary, diffusely reflecting objects to be detected. In conventional dou-
ble exposure interferometry, two holograms of a specimen before and after de-
formation are recorded on a single holographic plates. After illumination of
the hologram with the reconstructed reference wave, the two slightly different
waves are reconstructed at the same time. If the complex amplitude of the object
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Figure 12. 3D profiling of a piezo-attenuated circular micro-membrane di-
aphragm. (a) Microscope image of the test sample. (b) Recorded digital holo-
gram. (c) Reconstructed amplitude image. (d) Reconstructed wrapped phase
map. (e) Unwrapped phase map. (f) Color-coded 3D rending of height distribu-
tion.

wave in the initial state and deformed state can be represented by

Ol(xvy) = ’O’exp[ubl(x?y)]? (33)

and
02(x7y) = ’O’exp{i [¢1(x7y)+A¢l(xvy)]} (34)

The intensity of a holographic interference pattern is then can be represented as
I(z,y) = |O1(2,y) + Oa(z,y)| = 2|0 {1 + cos [A¢u(x, )]} . (35)

Note here we assume the deformation is small so that the amplitudes of the
object before and after deformation are unchanged. The resulting intensity of
the holographic interferogram exhibits the cosine-shaped distribution, making
it difficult to retrieve the interference phase correctly from one single fringe
pattern. Usually, three or more phase-shifted interferograms are required to
reconstruct the phase by a phase-shifting algorithm.

In the same way, digital holography can be employed to perform double-
exposure holographic interferometry. Two holograms corresponding to different
states of the object are recorded and stored subsequently and then added point
wisely to generate a digital double-exposure hologram (31). But to demodulate
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Figure 13. Thermal deformation analysis of a piezo-attenuated circular micro-
diaphragm. (a) Microscope image of the test sample. (b) Recorded digital holo-
gram at room temperature (25 ° C). (¢) Reconstructed amplitude image. (d) Re-
constructed wrapped phase map.

the phase information, additional experimental effort is still required. Actually,
digital holography provides an alternative and much simpler way to realize dou-
ble exposure interferometry. In each state of the object a digital hologram is
recorded. Instead of superimposing these holograms as in conventional double-
exposure method, the digital holograms are reconstructed separately according
to the theory of Section 3. Direct subtraction between the two numerically re-
constructed unwrapped phases provides the phase difference between the two
states. Besides, if the phase difference is smaller than 27, the phase unwrapping
can be saved. Another benefit from the digital double exposure method is the
phase aberration can be simultaneously suppressed by the subtraction

The digital double exposure holographic interferometry was applied
to study the thermal deformation of a piezo-attenuated circular micro-
membrane diaphragm. The microscopy image of the sample is shown in Fig.
13(a). It is similar with the one shown in Fig. 12 but with different size and
electrodes structure. The diaphragm is heated from room temperature (25 ° C)
to 300 ° C by an electrical heater The recorded hologram of the sample at room
temperature is shown in Fig. 13(b). The reconstructed amplitude image and
phase image are shown in Figs. 13(c) and 13(d), respectively. Since only the
thermal deformation is interested in this test, the hologram at room temperature
is severed as the reference. To get the deformation map at different temperature,
the unwrapped phase map obtained by the holograms recorded at 50, 100, 150,
200, 250, and 300 ° C are subtracted from the reference phase [Fig. 13(d)], and
the resultant phase difference maps corresponding to the thermal deformations
at different temperatures are shown in Fig. 14. The corresponding deformation
3D maps of the diaphragm are shown in Fig. 15, converted from the unwrapped
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Figure 14. Wrapped phase difference maps obtained from double exposure
and digital phase subtraction (a) 50 ° C, (b) 100° C, (c) 150° C, (d) 200° C, (e)
250°C, and (f) 300 ° C.

phase map by using Eq. (32). Note when the deformation is small (50 ° C), the
deformation can be directly obtained from the phase difference without phase
unwrapping. Figure 16 shows the cross-sections along the white dotted line
indicated in Fig. 13(d). It is shown that the out-of-plane displacement of the
diagram shows a circular symmetric parabolic distribution and the deformation
around the central region of the diagram increases rapidly with temperature,
achieving 1.09 pm at 300 ° C. Besides, the increase rate shows a trend of rise
first then fall, and the largest increase in deformation appeared between 100 ° C
to 150° C, up to 226 nm.

4.1.3. Time Average Digital Holography

Digital holographic interferometry also provides more opportunities and pos-
sibilities for fast, full field characterization of dynamic phenomenon, such as
vibration. There are two approaches to this — the first is to use a pulse lasers or
high-speed high-sensitivity camera to record multiple frames (7, 58), which are
then, processed much like the static case described in Section 4.4.1. However,
methods such as pulsed or stroboscopic digital holography require precise syn-
chronization of the light source, the specimen and the recording device, which
complicate the experimental system. The second and more interesting approach
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Unit{um)
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Figure 15. Color-coded 3D distributions of thermal deformation of the piezo-
attenuated circular micro-diaphragm at different temperatures. (a) 50°C, (b)
100°C, (¢) 150° C, (d) 200 ° C, (e) 250 ° C, and (f) 300 ° C.

is to use the time average method, which does not require any special camera
or a pulsed laser. The principle of time averaged holographic interferometry
for vibration analysis was first explained by Powell and Stetson (59). For a
sinusoidally vibrating object in the (x,y) plane that the displacement passes
parallel to the illumination direction [Fig. 17(a)], the instantaneous object wave
O'(z,y,t) at any instant scattered from the vibrating object is:

O'(z,y,t) = Oo(z,y) exp[igo(z, y)] exp [iAd(x,y, 1)) . (36)

Here is Oy(z, y) the complex amplitude dispersed by the object surface at rest,
and ¢o(z,y) is the phase representing the mean deformation state of the vi-
brating object and is called the mean static state. A¢(x,y,t) corresponds to
the phase change due to the transient displacement the oscillating object, devi-
ated from its mean static state. For a sinusoidally vibrating object, considering
relations Egs. (32) and (36), the instantaneous object wave can be written as:

O'(,y,t) = Oolx, y) explido(x, y)] exp [ik - 22z, y) coswt],  (37)

where w is the angular frequency of vibration, £ is the wave number, and
z(x,y) is the amplitude of vibrations in points (z, y) on the object surface.

For time averaged recording of a vibrating object, the exposure time 7 must
be much larger than the period of vibration. In this case, it can be deduced that
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Figure 16. Line profiles of thermal deformation of the micro-diaphragm at dif-
ferent temperatures.

the amplitude distribution of the object is modulated by the zero order Bessel
function (10, 6):

O(z,y) = %/OT O'(z,y,t)dT = Og(x,y) exp[ig(z,y)] Jo [2kz(x,y)]. (38)

with
10(z, y)| = Oo(z,y)Jo [2k2(z,y)] . (39)
and

¢($, y) = ¢0($, y) + ¢J(x7 y) (40)

where Jy is Bessel function of the first kind and zero order, ¢(z, y) represents
the phase of the object wave which is a combination of phase due to the mean
static state data ¢o(z,y) and the time-average phase ¢(z,y). The ¢o(x,y)
varies from —7 to ™ whereas ¢ (x,y) is the binary phase (with values 0 and
+7) that changes at the zeros of the Bessel function. From Eq (39), it follows
that the reconstructed amplitude contains the information of the amplitude of
vibration amplitude, characterized by the Bessel function of zero order.

With the additional flexibilities provided by digital holography, time aver-
age holographic interferometry can be realized with in-line geometry, by incor-
porating digital double exposure method to suppress the unwanted zero-order
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Figure 17. (a) Sinusoidally vibrating object, (b) Vibrating object with a change
in the mean static state (c) Change in the mean static state.

and twin image wave. In double exposure time average digital holography, two
holograms are recorded, corresponding to the reference state (either static or vi-
bration) and the measurement state (vibration) of the object, respectively. Con-
sidering two time average holograms recorded at the same vibration frequency
but with different amplitudes of vibration, according to Egs. (38) and (39), the
difference in amplitudes then provides the Bessel type vibration fringes with
different visibility while the difference of phase gives the mean deformation of
the object. Meanwhile, the unwanted zero-order and twin image wave is auto-
matically suppressed during this subtraction process. Eventually the amplitude
subtracted pattern used for the study of vibration amplitude information and
phase subtraction provides the information about the mean static deformation
of the object during vibration cycle.

Vibration analysis of an ellipse-shaped MEMS diaphragm with the major
and minor axes 7 mm and 6.2 mm respectively is studied. The photograph of
the MEMS diaphragm is shown in Fig. 18. The diaphragm is excited by ap-
plying an AC driving voltage across the piezoelectric layer. Double exposure
holograms of the membrane are recorded at the same frequency but at slightly
different amplitude. By subtraction of reconstructed intensities from two differ-
ent, the mode shapes of the vibrating MEMS diaphragm can be obtained, which
is modulated by the Bessel function Jy, as shown in Figs. 19(a)-19(h). The
vibration modes shown in Fig. 19 can be identified as, (a) (0,1) at 14 kHz; (b)
(1,1) at 29 kHz; (c) (2,1) at 45 kHz; (d) (3,1) at 70 kHz; (e) (4,1) at 90 kHz,
(f) (1,2) at 105 kHz, where the number in the parentheses refers to the torsional
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and bending modes.

Figure 19. Vibration mode patterns reconstructed using double exposure in-
line time average digital holography corresponding to the resonant frequencies
(a) 14KHz, (b) 29KHz, (c) 45KHz, (d) 70KHz, (¢) 90KHz, and (f) 105KHz.

Their corresponding fundamental mode shapes are illustrated in the second row.

As discussed previously, the numerical reconstructed phase from time-
averaged holograms contains two parts, the first part represents object surface
roughness and the second part is called time average phase which shows the
zeros of the function. Although the time average phase contains only binary
values (with numerical values 0 and +7), it provides a clear representation of
the zeros of Jy function. For pure sinusoidal vibration of the object, the sub-
traction of phases of time average and reference hologram (without vibration)
provides only the time average phase. This is shown in Figs. 20(a)-20(c) corre-
sponding to the frequencies (a) 14KHz, (b) 45KHz, and (c) 105KHz. Compared
to Fig. 19, all zeros of the function can be clearly identified from the time av-
erage 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
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contrast becomes significantly poorer, while the time average phase shows the
binary jumps and thus has the same contrast for all orders.

Figure 20. Time average phase representing the binary jumps corresponding to
the zero of the Bessel function (a) 14KHz, (b) 45KHz, and (¢) 105KHz.

4.2. Characterization of Micro-optics

Micro-optics is an enabling technology and plays an important role in a large
variety of applications, such as consumer products, medical industry, optical
sensors, micro-electronics, laser micro-machining and materials processing, op-
tical inspection, machine vision, precision metrology, etc. Various applications
and their subsequent requirements with respect to cost structure, accuracy, qual-
ity and lifetime, caused different manufacturing technologies to evolve in the
last decades. However, precise control, inspection and testing the micro-optics
product are still challenging tasks.

The micro-optical component mainly includes microlens array, diffractive
optical element (DOE), and binary optics element (BOE). Microlens array based
on the refraction or diffraction principle is composed by a series of microlens
with the size from several microns to hundred microns, which is characteristic
by small size, little transmission loss, and convenient large-scale manufacture.
The geometrical characterization of microlens array, especially the shape, sur-
face roughness, and the radius of curvature influenced its optical performance
imaging quality significantly. Many different metrology approaches are appli-
cable to obtain the geometrical profiles of the micro-optics elements.

Contact techniques, based on a sensitive detection stylus that scans the mi-
crolens surface along a line, have a limited accuracy due to the shape and size of
the stylus tip. Confocal microscopy is a noncontact technique used for micro-
optics characterization. It is based on scanning and, thus, has a slow measure-
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ment speed. Other noncontact techniques are based on interferometry, such
as the Twyman-Green interferometer, Mach-Zehnder interferometer, and white
light interferometer. These methods have some common drawbacks of a rela-
tively low measurement speed due to the phase-shifting procedures and cannot
characterize strong aspherical and nonspherical (e.g., cylindrical) lenses.
Digital holography provides a simple, effective, and non-contact way to pro-
file the micro-optics with advantages of single acquisition, full field, and high
speed (19, 20, 60). When the light wave passes through a semi-transparent or
transparent micro-optical component, its phase will carry the profile information
and can be converted to physical thickness according to Eq. (41).
_ OPD(z,y) A olx,y)

= : (41)

T
(@.v) An N — Ny, 2T

where An is the difference between the refractive index of test object n, and
the medium around the test object n,,. The medium is commonly air, thus
N, is approximated to 1. Therefore, with a known refractive index of the lens
material, the geometric profile, as well as the lens height, length, and the radius
of curvature can be easily obtained from the phase map.

300 200 100 0 100 200 300
X(um)

Figure 21. Phase measurement results of a plano-convex quartz microlens array
with (pitch 250 um). (a) Unwrapped phase map. (b) Enlarged region corre-
sponding to the white dashed box in (a). (c) Line profile along the red dotted
line in (b). (d) Line profile of the thickness of single microlens. (e) Unwrapped
phase map. (f) 3D rending of phase distribution.

Figure 21 presents the measurements of a plano-convex quartz microlens ar-
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ray with 250 pum pitch by using a common path digital holographic microscope.
The microlens array is from from SUSS MicroOptics and each microlens in the
array has a diameter of 240um. Figure 21(a) present the reconstructed wrapped
phase map with the enlarged central region for one single microlens shown in
Fig. 21(b). As can be seen in Fig. 21(b), the unwrapped phase map demonstrate
highly dense phase jumps and an unwrapping algorithm is needed to retrieve the
continuous phase, as shown in Fig. 21(e). The 3D rending of unwrapped phase
distribution is presented in Fig. 21(f). Note that to ensure the unwrapping al-
gorithm works, the magnification of the microscope objective employed should
be sufficiently high so that the phase jumps can be laterally resolved without
aliasing distortion. Two line profiles of the wrapped and unwrapped phase map
extracted from the center of the lens are presented in Figs. 21(c) and 21(d),
corresponding to the red-dot line shown in Fig. 21(b).
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Figure 22. Comparison with confocal microscopy. (a) Height distribution of a
single microlens measured by using a commercial white-light scanning confocal
microscope (b) 3D topography. (c) comparison of the cross-sections along the
same line in Fig. 6 (b).

To further validate the quantitative results obtained by digital holographic
microscopy, we compare the results with confocal microscopy. Figure 22
presents the height distribution and 3D topography of a single microlens mea-
sured by using a commercial white-light scanning confocal microscope. The
cross-sections along the same line in Fig. 21(b) are compared in Fig. 22(c),
which demonstrate a good concordance with the digital holographic microscopy
result. Given the height profile of the lens, the radius of curvature (ROC) can be
calculated by

ROC = h/2 + D?/8h, (42)

where h is the height of the microlens, and D is the diameter of the microlens.
The maximal height / of the microlens are measured 21.31um for digital holo-
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graphic microscopy and 21.19um for confocal microscope. Thus, the calculated
ROC are 348.5 um for digital holographic microscopy and 350.4 um for con-
focal microscope, which both correspond well to manufacturer specifications
(350pum)
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Figure 23. Aberration and roughness analysis using Zernike expansion (a) Raw
topography of individual microlens of the same microlens measured by digital
holographic microscopy. (b)The first 21 Zernike functions used as basis for de-
composition. (c¢) Calculated Zernike coefficients. (d) Reconstructed microlens
topology, using the 21 Zernike coefficients shown in (c). (e) fitting residual.

To accurately quantify the aberrations in optical wavefront related to the
shape of the lens profile, Zernike polynomials expansion analysis can be carried
out on the reconstructed height distribution. The analysis consists the automatic
location of the centers of the microlens, choosing the valid region of the lens and
applying Zernike expansion method. The exemplary results are presented in Fig.
23. The Zernike decomposition of was carried out on the individual microlens
shown in Fig. 21(a). We use the first 21 modes, which correspond to the degree
of the Zernike functions from O to 7, as illustrated in Fig. 23(b). Figure 23(c)
shows the computed coefficients. It can be seen that apart from 1st constant
offset term (Z00), and the 5th defocus term (Z2), the dominant modes in the
data is the 13th spherical aberration term (Z£42). The Seidel aberrations such as
astigmatism, coma do not play a significant role and there were negligible con-
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tributions from some higher order terms. The reconstructed topology data from
the computed 21 Zernike coefficients are shown in Fig. 32(d). Qualitatively, the
agreement between the original and the reconstructed data is very good. The
fitting residual shown in Fig. 23(e), which is the difference between the original
and reconstructed data, provides information about the surface roughness of the
microlens (the average roughness of the microlens is 15.09 nm).

Three more examples are further provided in Fig. 24. In Figs. 24(a)-24(c),
we shows the measurement result of another plano-convex quartz microlens
array with 100 um pitch. In addition to spherical microlens, a wide variety
of other micro-optics components can be successfully characterized by digital
holographic microscopy. For example, Fig. 24(d)-24(f) present results obtained
with a cylindrical lens with 35 pum diameter, and Figs. 24(g)-24(i) provide the
measurement results of a binary diffractive optical element.
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Figure 24. Digital holographic microscopy results of different types of micro-
optics components. First row: a 100 pm pitch plano-convex quartz microlens
array. Second row: a cylindrical lens with 35 ymdiameter. Third row: a binary
diffractive optical element. The wrapped phase map, unwrapped phase map,
and the 3D map of height distribution are respectively given in the first, second,
and third column.
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4.3. Quantitative Phase Contrast Bio-imaging

Individual cells and biological tissues are often challenging samples for opti-
cal microscopy since they are largely transparent and offer low contrast when
viewed under light illumination. Consequently, stains and fluorescent dyes are
frequently used to enhance contrast but can often disrupt the health of living
cells. An alternative is to directly image the refractive index contrast of the cell
with its background to produce a phase image. Zernike phase contrast (61) and
differential interference contrast microscopy (62) have proven to be extremely
powerful imaging tools for visualization of phase variation. However, in gen-
eral the phase information through such means is neither linear nor quantitative,
yielding only qualitative descriptions in terms of optical path-length measure-
ment.
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Figure 25. Comparison of a fluorescence microscopy image (a), Zernike phase
contrast microscopy image (b), and digital holographic microscopy image (c).
(d) is the 3D rending of (c).

Digital holography brings unique possibilities for biological sample investi-
gations since it is able to reconstruct simultaneously an amplitude-contrast and
a phase-contrast image, making makes it possible to easily measure cell prop-
erties that previously have been very difficult to study in living cells, such as
cell thickness, volume, and cell refractive index (23, 24). Quantifying the opti-
cal phase shifts associated with phase samples gives access to information about
cell morphologies that can be used further for quantitative studies. In Fig. 25(a),
human nasopharyngeal carcinoma cells CNE2 are captured using fluorescence
microscopy (cells stained with fluorescein isothiocyanate), Zernike phase con-
trast microscopy, and digital holographic microscopy. Zernike phase contrast
render the phase of living biological cells visible without staining, however,
it always exhibit halo artifacts which can be easily observed in Fig. 25(b),
as bright contours around dark specimens. This halo artifact is the result of
diffracted light passing through the phase ring as well as the non-phase areas
and interacting at the image plane. Without artificial structure and distortion,
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digital holographic microscopy creates a quantitative phase shift image show-
ing the optical thickness of the object [Fig. 25(c)], thus makes it much easier
to visualize, quantify, and analyze the actual structure of the specimen. Figure
25(d) shows the pseudo-3D view of the quantitative phase map, which conveys
quantitative information about the physical thickness and index of refraction of
the cells.

It should be note that according to Eq. (41), the magnitude of the phase
shift induced by the cell depends on the refractive index of the cell and the
cell thickness as well as the difference in refractive index between the cells and
their surroundings. For certain cells such as mature red blood cells, in which a
constant refractive index can be assumed for the entire cell contents (e.g., n, =2
1.395), the thickness profile can be directly obtained from the phase profile. If
the refractive index is unknown, the decoupling procedure is needed to separate
integral refractive index and the cellular thickness from the quantitative phase
images of living cells (63). For heterogeneous cells that contain organelles with
different refractive indices, the thickness and refractive both conjugate in the
phase profile, in this case, dry mass, which can be obtained directly from the
phase profile can be used for quantitative analysis (64), otherwise, a uniform
refractive index has to be assumed for converting to phase map into physical
thickness (65, 66).

30pm

Figure 26. Quantitative phase images of CNE cells with PDT induced apoptosis.
(a) Before PDT, (b) 1min, (c) 5min, (d) 15min, (¢) 30min, (f) 90min, (g) 200min.

Investigated of living human nasopharyngeal carcinoma cells CNE2 were
carried out to demonstrate the potential of digital holographic microscopy for
the visualization of morphology changes induced by photodynamic therapy
(PDT). PDT is a novel approach to treat a variety of tumors and diseases char-
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acterized by abnormal cell growth, uses a photosensitizing drug, followed by
irradiation with light of an appropriate wavelength, to induce cell death. CNE2
cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 2 mM
glutamine, 1mM non-essential amino acids, 1 mM sodium pyruvate, and 100
U/ml penicillin in a 5% CO,, 95% air, 37 ° C humidified incubator. As one of
the most effective and extensively-studied photosensitizer for PDT, 1.25uM hy-
pericin was diluted and added to culture medium. The cells were incubated in
a chamber slide for 16 hours, and then placed on the stage incubator of the dig-
ital holographic microscopic system for continuous monitor. Figure 26 shows
the quantitative phase images obtained before PDT and at different time points
after PDT. From Fig 26, blebs were seen to start forming on the cell mem-
brane immediately after PDT. Then the cells swelling in bubble form as well
as nuclear condensation, can be clearly observed. After 200 min, all the cells
seemed collapsed and plasma membrane seemed permeabilised. The overall
phase contract decrease significantly The limited regions showing larger phase
values were probably due to the condensation of nuclear chromatin. During
the whole process, the numerical focusing property of digital holographic mi-
croscopy permits in-focus measurements over time. Those results demonstrate
that the digital holographic microscopy is an ideal tool for real-time, or time-
lapse cell monitoring, allowing non-invasive, high-resolution imaging of living
cells at a nanometric scale resolution from a single image acquisition.

n 84min 88min 100min
.
K t R
(b} (c} (d)

Figure 27. Time-dependent quantitative phase contrast images of living vero
cells during cell division. (a) Interphase t = 1 min. (b) Prophase t = 84 min. (c)
Metaphase t = 88 min (e) Telophase t = 100 min (e) Separation of two daughter
cells t=112 min.

We further demonstrate the use of digital holographic microscopy for the
quantitative analysis cellular morphological changes during division. 100%
confluent vero cells from a T25 flask were trypsinized and diluted ten times
into two T25 flashs to a final culture volume of 10ml. The flasks were incul-
cated at 37 ° C with 5% CO5 for 12 hours to allow adherence of monolayer
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cells. The quantitative phase map of vero cells during cell division are shown
in Fig. 27. Figure 28 shows the color-coded pseudo-3D representation of the
quantitative contrast images corresponding to the boxed region shown in Fig.
27(a) In Fig. 28(f), we draw the cross-sections through the cell thickness along
the dotted line in Fig. 27(a). Note that a constant refractive index (n.e;=1.39,
and Nynedium=1.33) is assumed for the entire cell contents for simplicity, so the
thickness profile is directly proportionate to the phase profile.

84min

X(um)

Figure 28. Color-coded pseudo-3D representation of the quantitative contrast
images of living vero cell corresponding to the boxed region shown in Fig. 27.
(a) t=1 min; (b) t = 84 min; (¢) t = 88 min; (¢) t = 100 min; (e) t = 112 min; (f)
Cross-sections through the cell thickness along the dotted line in Fig. 27(a).

It was observed that prior to the cell division; cell rounding was induced,
which results in a significant higher phase contrast and the cell thickness com-
pared with the adjacent ones. This stage is called interphase, indicating the cell
prepares for division. At t=84 min, the cell entered into prophase, characterized
by chromosomes line up at the center of the cell. Then the chromosome divided
and moved to each daughter cell during metaphase stage. As is clearly shown in
Figs. 27(c) and 27(d), areas with higher phase contrast indicate the separation
of the chromosomes. At t=100 min, the cytoplasm divided and cell wall pinches
in to form the two new daughter cells, corresponding to telophase or cytokinesis
stage. Finally, two individual daughter cells were formed from a single parent
cell at t=112 min. The daughter cells are almost identical to one another both
in shape and in thickness These results demonstrate the applicability and ef-
fectiveness of digital holographic microscopy for quantitative monitoring of the
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cell division processes during long-term time-lapse observations.

5. Conclusion

In this chapter, we have presented the basic principle and recent developments
of digital holography for applications in MEMS inspection, micro-optics char-
acterization and quantitative phase contrast bio-imaging. Different types of
recording geometries and reconstruction algorithms are reviewed. We have also
present several experimental results that demonstrate the capabilities of digi-
tal holography for various applications in science and engineering. For ma-
terial science, micro- and nanotechnologies, MEMS and microsystem, digital
holography microscopy is performing almost ideally in many conditions: It can
provide precise, absolute, and calibrated data, rendering possible the quantita-
tive comparison with a certain gauge and standard; it can be designed compact
enough which allow measurements being made on-line during the fabrication
stage; it can be rapidly adapted to changing requirements because of its flexi-
bility provided by digital processing. For micro-optics testing, digital hologra-
phy offers the great advantage in measuring small lens structures with a very
compact and simple geometry. Several biological applications, such as mor-
phology and functional studies have been already proved that digital hologra-
phy microscopy technology will bring quantitative phase information with fast
imaging capabilities, non-scanning and non-invasive features. Digital hologra-
phy is no longer an unfamiliar term and now poised to move out of the lab and
into industry. Due to its unique advantages such as: 3D information extraction
with single-shot imaging, digital refocusing, flexibility in aberration correction,
simplified configuration, and low cost etc., we firmly believed that the digital
holography will demonstrate even larger potentials in diverse fields in further
development.
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