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Phase-shifting interference microscopy
using a Fresnel’s biprism

Jun Chen’*, Junji Endo®**, Yoshiaki Niinol, and Hiroyuki Fujita®"*
'Faculty of Engineering, Tokyo Institute of Polytechnics, 1583, Iiyama,
Atsugi, Kanagawa 243-0297, Japan
?Advanced Research Lab. , Hitachi Ltd. , 2520, Akanuma, Hiki-Gun, Saitama 350-395, Japan
3Institute of Industrial Science, The University of Tokyo, 7-22-1 Roppongi, Minatoku,
Tokyo 106-8558, Japan.
‘CREST, JST, 4-1-8 Honmachi, Kawaguti, Saitama 332-0012, Japan.

ABSTRACT We present a new type of phase-shifting microscope that enables us to quantitatively measure
the phase distribution of a transparent microscopic object. In this microscope, a Fresnel’s biprism is used to
make the object wave and a reference wave to interfere. The biprism is laterally moved by a piezoelectric trans-
ducer to produce the phase shift between the two waves required for phase extraction using the phase shifting
technique. The diffraction caused by the vertex of the biprism is avoided by placing a thin wire at the center po-
sition of an intermediate image plane. The technique described here can be casily applied to an ordinary optical
microscope, moreover, this technique can also be applied to an electron holographic interference microscope using

an clectron biprism. Experimental results for measuring the refractive index distribution of an optical waveguide

are presented.

Keywords interferometry = microscopy  phase shifting interferometry  phase measurement  optical

wave-guide refractive index measurement

1 INTRODUCTION

Phase-shifting interferometry'*? proved to be a very pow-
erful and popular tool for extracting the phase information
from a series of interferograms with phase shift introduced be-
tween the object and reference waves. Various type of inter-
ference microscope such as phase-shifting Mirau and Micro
Fizeau interferometer3 have been developed and are now com-
mercially available. However, most of those instrumrnts are
developed to measure the surface profile or surface roughness in
reflection mode. On the other hand, phase information of
transparent microscopic objects is important in many fields
such as material science, and in biology. Measurement of
phase distribution of such microscopic objects is highly re-
quired. Chen et al. 4 has proposed a Mach-Zehnder type in-
terference microscope using a laser diode source both as a light
source and a phase shifter. Although that technique enables

quantitative measurement of a microscopic transparent object,

it is not easy to apply such a technique to an ordinary optical
microscope since an ordinary microscope has only one barrel.
In this paper, we describe a digital phase-measurement inter-
ference microscope using a simple Fresnel’ s biprism. The
Fresnel bi-prism is laterally moved by a piezoelectric transducer
(PZT) to introduce a relative phase shift between the object
and reference waves. The effect of the Fresnel diffraction
caused by the splitting edge of the biprism was reduced by us-
ing a thin wire as beam stopper. This interference microscope
enables us to quantitatively measure a small phase object such
as optical wave-guide or a biological sample. The technique de-
scribed here can be applied to not only an optical microscope
but also an electron holographic interference microscope using

an electron biprism. (s)

2 PRINCIPLE

Figure 1 shows the principle for introducing the phase

shift by lateral movement of a Fresnel’s biprism. When a
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spherical wavefront impinges on the biprism, the top and low-
er portion of wavefront is refracted toward to each other and
interfere in the overlap region. These two portion of wave-
front, which are related to an object wave and a reference
wave respectively later on, can be considered if they came
from the two virtual point sources. If the distance of the ob-
servation screen from the point sources is large enough, so the
wavefront in observation screen can be supposed to be plane
waves. The intensity distribution of interference pattern is
given by

I(z,y) =al(x,y)+ b(x,y)cos[2nfx + p(a,y)+ 8]

(1)

Where, a (2, y) and b (x,y) are mean intensity and
modulation of the interferogram respectively, and f the spatial
frequency of the fringe, ®(x, y) the phase under test, dthe
phase shift introduced by the lateral movement of the biprism.
The relation between the movement of the biprism and the in-

troduced phase shift is expressed by
4
8 =F(n-Da, (2)
where, Ais the wavelength of light source, and n and a are
the refractive index and angle of the biprism respectively. By
recording a series of interferograms while translate the

biprism, the phase of object can be calculated according to the

phase shifting algorism.

Fig.1 Phase shift introduced by lateral
translation of a Fresnel’s biprism

3 EXPERIMENTAL SETUP

The optical system we used consists of a transmission optical
microscope with a Fresnel’s biprism inserted between the magnify-
ing lens and image plane. The schematic of the system is shown in
Fig. 2. An intensity-stabilized He-Ne laser (1-mW power, 632.8
nm wavelength) was used as light source. The laser beam from the
light source is collimated and used to illuminate the sample under
measurement. The sample under test is placed in half of the laser
beam and remain half beam is used as a reference wave. Both the
wave front modulated by the sample and the reference waves are
bought together to form interference fringe pattern by use the Fres-
nel’s biprism (BK7) with an angle of 2 degree. The biprism is
mounted on a PZT controlled with a computer through GPIB inter-
face. In this way, the bi-prism can be moved in a direction perpen-
dicular to the oprical axis to introduce the phase shifts required in

phase extraction procedure. An amount of 18. 121pm movement of
the biprism corresponds to a 2n phase shift between the object and
the reference waves. The phase shifted interference fringe pattern
was detected using a CCD camera whose video signal is converted to
a digital signal through an image capture board. The digitized signal

is then used to calculate the phase distribution.

4 EXPERIMENTS AND RESULTS

To demonstrate the performance of the developed sys-
tem, the refractive index distribution of an optical waveguide
was measured. Figure 3 shows the structure and a cross sec-
tion photograph of the sample. The waveguide is composed
with a 7um square core region of TiO,-SiO, and a clad of
BeO;-P,05-SiO; on a quartz glass substrate. A 120pm-thick

section is sliced from the waveguide and used as a specimen.

Objective lens  Lens Biprism CCD Camera
ﬂl n' —_—1
Objectivelens  Lens Biprism CCD Camera
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Fig.2 Schematic configuration of the phase shifting
interference microscope using
a laterally translated Fresnel’s biprism
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Fig.3 Optical waveguide used in the experiments:
(a) structure, (b) photograph of cross section.

For the phase measurement, 8 frames of interferogram
are taken while the relative phase between the object and ref-
erence waves is shifted. The obtained experimental results are
shown in Fig. 4. Fig. 4 (a) shows an interferogram, and the
calculated phase distribution are shown in Fig. 4 (¢) and (d)
in gray scale and in three dimension plot respectively. A line
profile plot is shown in Fig. 4 (d). The phase distribution in
these figures can be easily transformed to the refractive index
distribution. The averaged refractive index in core region was
found to be 1.4615. The non-uniformity of refractive index in
core region may be caused by the heating effect in waveguide

formation process.
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5 CONCLUSIONS

A simple phase shifting interference microscope was de-

veloped to measure a transparent microscopic phase object.

(a) ®) The technique described here can be applied to both an ordi-
)
nary optical microscope and a transmission electron micro-

scope.
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Laser-Diode Distance and Displacement Sensor

with Double External Cavities
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Abstract A novel sensor for both distance and displacement, using the feedback effect of a laser diode, has

been developed for use in such applications as robot sensing, machining control, expansion monitoring and com-

pensation, and surface profiling in industry. The developed technique uses an extra reflector to form double ex-

ternal cavities among the laser diode, the reflector and the target to be measured for improving in a great extent

the stability and precision of the measurement. The sensor has mainly the following two advantages over the pre-

viously developed ones. First, it is compact compared to the conventional distance measuring interferometers,

because cavity-type interferometer is used. Second, the extra reflector acts as both a reference for absolute dis-

tance measurement and another reference for canceling the phase error due to the laser frequency fluctuation. In

the measurement of an absolute distance up to a few meters and relative displacement down to several nanome-

ters, the stability was drastically improved mainly against the ambient temperature during the measurement.

I INTRODUCTION

Laser interferometers have been developed for measuring
distance and displacement since the invention of the laser, and
used in many industrial fields for positioning and alignment.
This type of micro-position sensor is widely or partly used in
robot sensing, machining control, expansion monitoring and
compensation, and surface profiling due to its high sensitivity.

Recently several techniques using frequency modulation
laser diode interferometer for measuring sub-micron displace-
ment have been proposed['~4]. Use of the laser diode as the
light source makes the interferometer extremely simple and
compact. In these proposed methods, the frequency is modu-
lated by the injection current ramp applied to the laser diode.
This injection current modulation gives us modulation of not
only the optical frequency but also the intensity of laser output
power. Furthermore, the measurement precision of the avail-
able methods is affected by the fluctuation of the light frequen-
cy of the diode laser. It has been made clear that the tempera-
ture variation of the laser diode should be controlled within
17500 K in order to obtain a measurement precision of A/20
with cavity length less than 10 cm, which is difficult in practi-
cal applications.

On the other hand, the laser diode interferometer with

frequency modulation is also proposed to measure the distance

by counting the resonance peaks!®'®!

or finding out the reso-
nance frequency of the interference signal[7] . In order to mea-
sure the absolute distance, Nagata et al. proposed a method of
using two interferometers, one for reference purpose and the
other for measuring the target distance!®. Takeda combined
the FFT phase analysis technique with the above distance
measurement method, which makes it applicable to multi re-
flecting target and increases the precision of measuring the res-
onance frequency!®. The use of an additional reference inter-
ferometer avoids the uncertainty of the relation between the
current and laser frequency modulations. However, the sensor
system became much complex.

Here we propose a novel compact sensor that can measure
the absolute distance and relative displacement with improved
precision using double external cavities. First, the principles of
using the double external cavities for distance and displacement
measurements are described. Second, the formulas of the laser
output power with double external cavities are given. Third,
the method of processing the resonance signal is described to
obtain the resonance frequency relating to the distance and the
initial phase to the displacement. Finally, the experimental re-
sults with the proposed sensor system are given to demonstrate
the validity and potential of industry applications owing to

their improved precision and stability.



