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Digital holographic microscopy allows optical path difference measurement. Optical path difference
depends on the both refractive index and morphology of sample. We developed a dual —wavelength
in—line digital holographic microscope that can measure simultaneously the refractive index and
morphology of a sample, providing highly precise three—dimensional information. Here we propose
theoretical and experimental methods for dual—wavelength in—line digital holographic microscopy.
The measured data were reasonable, although there was data error. By improving the experimental
method, we could measure the refractive index more precisely and obtain more accurate three—

dimensional information on samples.
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I. INTRODUCTION

Holography is a method of recording phase modulation
by using the light reflected or transmitted from a pro—
jected object onto a photoplate in the form of interference
patterns. Object and reference beams are required for
the recording, and an interference pattern is generated
from the combination of the two beams. In the past,
the interference patterns were recorded on film plates,
but now charge—coupled devices (CCDs) or complementary
metal—oxide semiconductor cameras are normally used,
and a computer is used to reconstruct the hologram.

Yaroslavskii and his colleague proposed a method of
numerical hologram reconstruction in the 1970s, and
QOunral and Scott used numerical reconstruction to measure
the size of a particle after improving on the reconstruction
algorithm [1—6]. This method of digitally recording and
reconstructing a numerical hologram is known as digital
holography [7—10]. Digital holography has many advan—
tages. For example, it does not require any chemical

*Corresponding author: yyhyoung@cheju.ac.kr

processing because the reconstructed image can be easily
observed on a computer monitor, and experts can obtain
numerical data for three—dimensional (3—D) objects [11,12].

In the reconstruction process, the refractive index of
the sample is either known or assumed to be homogeneous.
Practically, the phase shift, or optical path difference
induced from the difference in refractive index between
the sample and the surrounding medium and is propor —
tional to the thickness of the sample. If the refractive
index of the sample is unknown or not homogeneous,
the reconstructed 3—D image will not be identical to the
original sample [8]. This is a limitation of digital
holography. If one measures the refractive index using
digital holography, one can determine the 3—D shape of
the sample [13,14].

In this study, we constructed a dual—wavelength in—line
digital holographic microscope system for measuring
the refractive index of a sample. After measuring some
holograms, we calculated the refractive index of the
samples using the phase difference between the holograms.
The measured indexes represented the refractive values
and refractive index distributions of the sample.
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II. THEORETICAL MODEL

1. Hologram recording and reconstruction

In the hologram recording process, a plane reference
wave (R) and a diffusively reflected object wave (O)
interfere at the CCD. The hologram intensity is given by

IH(x,y)=\R\2+\0\2+R*0+R0*, (1)

where R and O denote the complex conjugates of the
reference and object waves, respectively [1,2]. The digital
holographic image can be recorded using a black—and—
white CCD camera. The digital

hologram Iy(k.]) is an NXN array resulting from the
two—dimensional sampling of [i{x,¥) by the CCD camera.
It is given by
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where K and [ are integers, LXL denotes the area of
the CCD chip, and Ax and Ay indicate the pixel size
of the CCD.

In classical optical holography, the object wave can
be reconstructed by illuminating the processed hologram
with a plane wave similar to that used in the recording
process. Looking through the hologram, one observes
a virtual image. If a screen is placed at a distance d
behind the hologram, a real image is formed on it. Mathe —
matically, the amplitude and phase distributions in the
plane of the real image can be found using the Fresnel—
Kirchhoff integral [1,2]. If a plane wave illuminates the
hologram with an amplitude transmittance [(x,y), the
Fresnel—Kirchhoff integral yields a complex amplitude
U(¢m) in the real image plane

exp(i2zd /L) in
—¢
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(3)
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where A\ is the wavelength and d is the reconstruction
distance. From Eq. (3), the Fresnel—Kirchhoff integral
can be considered the Fourier transformation of the
function ! H(x,y)eXp[iﬂ(x2+y2)/ Ad]  at the spatial
frequencies ¢ and n. Because ¥(¢n) is an array of
complex numbers, one can obtain an
amplitude—contrast image using the intensity

1(&,7) = Re[ P (&) + Im[W(E,m)P2. (4)

The phase—contrast image is obtained by calculating

FIG. 1. Optical path difference between samples with
different refractive indexes.

the argument

_ Im[W(&,m)]

V/(s“,n)—arctan{—Re[q,(an)]}' (5)
The real three—dimensional information is acquired by

phase unwrapping with phase contrast image.

2. Measurement of the refractive index using a dual—
wavelength hologram

Consider the optical path difference of a beam traveling
through the transparent sample along the arrow in Fig. 1:

OPD(x,y) = (n,(x,y) = n,, (x, )h(x,y). (6)

The phases with dual wavelengths are given by

2r
¢1(x’y;ll)=7.OPD(x’y’ll)

. (7)
¢z(xay;ll)=T.OPD(xayalz),

2

If nm and ns remain almost the same between two
wavelengths and one refractive index m, or ns is known
at two wavelengths, one can calculate simultaneously
the average of the other refractive index and the height.

The refractive index of sample is given by

n ()41, () jz
n(x,y) = 26, 8)
j"1¢1 _1
j"2¢2

To calculate the refractive index of the sample, the
dual wavelength hologram recording is performed sequen—
tially. The concept of recording two holograms at different
wavelength has been demonstrated and is proposed to
solve 21 ambiguities in digital holography [15—18]. We
can calculate the distribution of refractive indices of the
sample simultaneously using dual—wavelength digital holo—
graphy. This is a merit of dual—wavelength digital holo—
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FIG. 2. Transmission—type dual—wavelength digital holo—
graphic microscope. VN: variable—density filter; BS: beam
splitter; M: mirror; O: object wave; R: reference wave;
BE: beam expander with spatial filter; ML: microscope
objective lens; CCD: charge—coupled device.
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FIG. 3. Dual—wavelength holography and refractive index
of a micro—lens array. (a), (d) Hologram created using He—
Ne laser (632 nm) and laser diode (532 nm). (b), (e) Phase
unwrapping grayscale image of holograms (a) and (d), respec—
tively. (¢) Three—dimensional image and (f) grayscale of
refractive index.
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graphy. Usually, scanning processes are necessary to
measure the refractive indices distribution on the sample
in previous work. To calculate the phase of the same
point from a hologram with a different wavelength, one
should resize the holograms [19—20].

ITII. EXPERIMENTAL SETUP AND RESULTS

Figure 2 shows a schematic of a dual—wavelength
transmission holographic microscope. The basic experi—
mental setup is similar to that of a Mach—Zehnder—type
interferometer. A 10—mW He—Ne laser and 532—nm laser
diode were used as the light source, and the objective
lens of a microscope (ML) was used to expand the beam
passing through the sample. We used neutral—density
filters (VN) to obtain the interference patterns for maxi—
mum contrast. A beam expander (BE) was used for the
reference beam in the TEMyy mode. We used a CCD
camera (Sony IPX4M15L) to record the holograms. The
pixel size and the number of pixels were 7.4 um X 7.4
um and 2048 X 2048, respectively. The CCD was placed
20 cm from the ML, and the overlapping angle between
the reference and objective rays was maintained at 0°,
resulting in in—line holography.

Figure 3 shows the experimental results of a micro—lens
array. The height and diameter of micro—lens are 50 um
and 30 um, respectively. The refractive index of this
lens, which was made of polyethylene terephthalate, was
1.575 at the 550—nm wavelength. The index matching
oil was used for reference (n,). Its refractive index was
1.526 at the 632—nm wavelength and 1.535 at the 532—nm
wavelength. We used index matching oil to resolve the
21 ambiguity, because the height of the sample was
greater than that of the wavelength [17,18]. If the height
of the sample had been less than the wavelength, the
matching oil would not have been necessary.

Figures 3(a) and (d) are holograms created by the
He—Ne laser (632 nm) and laser diode (532 nm), respec—
tively. To calculate the optical path difference by refrac—
tive index of the micro—lens array, we constructed a
3—D image using phase unwrapping. Figures 3(b) and
(e) are the 3—D gray—level images of holograms (a) and
(d). Resizing was necessary to calculate the phase of
the same point from a hologram of different wavelength.
Remember that dual—wavelength digital holography
measures the refractive index of a plane rather than a
point in the sample. We calculated the refractive index
of the micro—lens using Egs. (7) and (8). Figure 3(f) shows
the calculated gray—level refractive index image. As shown
in Fig. 3(f), the gray levels were almost the same, which
means that the whole region had the same refractive
index. This result is reasonable, because the micro—lens
array was made from one material. Although the measured
value of 1.56 was different from the manufacturer's
specification of 1.575, dual—wavelength digital holography
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FIG. 4. Dual—wavelength holography and refractive index of a thin film transistor on glass. (a), (b) Phase unwrapping
image of hologram created using a He—Ne laser (632 nm) and laser diode (532 nm), respectively. (c) gray level of refractive

index and (d) 3—D image, (e) design of TFT.

is applicable to measurements of the refractive index.
Figure 3(c) shows a 3—D image of the micro—lens.

Figure 4 shows experimental results for the thin film
transistor on glass. The pattern was fabricated by a
photo—resistor (PR). The refractive index of the PR and
glass were 1.68 and 1.54, respectively. Figures 4(a) and
(b) show the phase unwrapping image of the hologram
created using dual—wavelength digital holography, where
(a) is the result of the He—Ne laser (632 nm) and (c)
the laser diode (532 nm). Figure 4(d) is the 3—D image
of the thin film transistor on the glass. Figure 4(c) shows
the calculated refractive index using phase unwrapping
results (a) and (b). As shown in Fig. 4(¢c), the gray levels
were different for the glass and PR regions. This is a
result of the difference in the refractive indexes of PR
and glass. The calculated average refractive indexes of
PR and glass were 1.64 and 1.52, which were in reasonable
agreement with actual values. From these results, we
confirmed that dual—wavelength digital holography is
applicable to refractive index and 3—D shape measurement.

IV. CONCLUSIONS

Digital holographic microscopy can be used to

measure optical path differences with a high degree of
accuracy. Optical path differences depend on the refrac—
tive index and morphology of the samples. To acquire
3—D information on a sample, one must know either the
refractive index or the morphology. We have developed
a dual—wavelength digital holographic microscope that
can measure the refractive index and morphology sepa—
rately. And we can calculate the distribution of refractive
indices of the sample simultaneously using dual—wavelength
digital holography. This is a merit of dual—wavelength
digital holography. Usually, scanning processes are nec—
essary to measure the refractive indices distribution on
the sample in previous work. This system is applicable
to measure the refractive index value and distribution
of sample.
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