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ABSTRACT

The project deals with development
of a prototype cluster tool, consisting of
an RTO/RTCVD, ellipsometer, a load
lock and a robot platform with a cell
controller. By using the system as the
vehicle, the following technologies will
be developed: Gate stack process
technology on a single RTO/RTCVD
equipment, ellipsometer integrated in-
situ inspection and process control, and
intelligent network type modular
controller. The framework of the system
both hardware and software will be
outlined, and results will be presented.
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Fig. 1 A Cluster Tool Configuration L.J

Figure 4: Integrated inspection and control
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Abstract

A multi-functional microscope named Morphinscope, which was designed to switch between various measurement functions
by simply rotating its turret or turning on some sub-systems, was presented. Some of the various built-in functions of this
microscope, including a confocal microscope, a photon-tunneling microscope, a laser based phase-shifting interferometry
microscope, a Linnik interference microscope, and an ellipsometer, etc. are examined. The opportunity to bring traceability
to thin-film or nano-materials metrology, which is an issue under exiensive investigations now, offered by the multi-
functional microscope were also detailed. Design thinking, optical and opto-mechanical configurations adopted, and
experimental resulis of this newly multi-functional microscope were examined. Measurement of a grating surface, the real
and the imaginary complex refractive indices, and the corrected surface profile of an inhomogeneous specimen were used to
demonstrate the performance and advantages of this type of multi-functional microscope. Potential to achieve and transfer
traceability of the primary standard in Morphinscope was also discussed.

Keywords: multifunctional microscope, phase-shifting , traceability, confocal microscope, photon-tunneling microscope

1. Introduction

To measure systems of very small size such as semiconductor devices, micro-electro-mechanical systems (MEMS), and Bio-
MEMS, optical microscope technology plays a very important role in analyzing specimen surfaces. The lateral resolution of
far-field optical microscope is limited by optical diffraction, which means no image with resolution higher than that of the
diffraction limit can be obtained. To overcome this problem, techniques such as confocal microscopy [L], two photon
microscopy, etc. have been developed. A recent technique based on imposing spatial fringes of different phases onto
original image offers another potential possibility [2].

As optical microscopes do not require specially prepared specimen and typically will not cause any harm or damage 10 the
specimen, optical microscopes continue to gain wider popularitics despites the invetion and development of many more

recent metrology techniques. To further extend the popularity for traditional optical microscopes, many adaptations have
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been developed over the last two decades to overcome some of the inherent drawback of traditional optical microscopes.
The motivation of developing a2 multi-functional microscope detailed in this article is to construct a single optical test system
that possesses versatile metrology functions, and to investigate the possibility of circumventing the diffraction limit in order
to achieve higher lateral resolution for traditional optical microscopes. The newly developed multi-functional microscope
takes a low cost reflective optical microscope as a basic vehicle to integrate versatile metrology functions such as that of a
confocal microscope, a photon tunneling microscope, a laser based phase-shifting interferometry microscope, and an
ellipsometer, etc. One of the fundamental reasons for developing this type of microscope lies on the understanding that a
major limitation for today’s microscope is not only on the resolution but also on the need to use multiple metrology
techniques to evaluate the same site of interest in order to gain foll understanding of the samples. The lateral need simply

cannot be achieved by using different microscopes to investigate the same specimen.

A traditional laser based phase-shifting interferometry microscope is used to measure the surface profile of the specimen by
phase shifting method and by phase-reconstruction algorithms. However, if the surface is non-homogeneous, it will
introduce erroncous phase shifts by reflection from different materials, which will then lead to incorrect surface profile by
using the measured phase diagram. In general, a phase-shifting interferometry microscope is thus used to measure
homogeneous surface profiles. Even though several research papers proposed various methods with an intention to correct
the phase changes due to reflection from different materials, this article will propose a technique that combines an
ellipsometer with a phase-shifting interferometry microscope to reconstruct and obtain the correct surface profile of

inhomogeneous specimen.

2. The Mutli-functional microscope

2-1. Photon Tunneling Microscope

The photon tunneling effect occurred at the interface of total internal reflection. Considering the case that light is incident
from medium 1 of reflective index n, to medivm 2 of reflective index np < n, and the incident angle is larger than the critical

angle @.=sin'(ny/n;), the case of the total internal reflection, the wave in medium 2 can be expressed [3]

E uee(?) = Eiep{~7/d Jepli{ K, x~e1)] M

where £, is the magnitude of the wave at the interface of medium 1 and medium 2, d, is the effective transmitted depth, z is
the penetration depth, K. is the z-component of the refractive wave, o is the incident light frequency. Equation (1) implies
that there is an evanescent field moving along the x direction and its magnitude decreases exponentially (Fig.1). When there
“is an additional medium of refractive index n;>n,, a phenomenon called frustrated total internal reflection will have the
evanescent wave propagate through medium 3. If the surface of medium 3 has lateral or longitudinal variations and it is an
isotropic and homogeneous material, the reflected wave in the interface of medium 1 and medium 2 will change
correspondingly. By measuring the variation of the intensity of the reflected wave, a gray-scale image of the surface profile
of the specimen can be obtained [3]. In fact, replacing the microscope objective with an oil lens without put in the oil and

then measure the data from CCD will in fact create a photon-tunneling microscope.
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Figure 1: Illustration of the evanescent field in the presence of the total internal reflection (a), and the variation of the
evanescent field magnitude along the z direction (b}.

Since the gray scale changes with the surface profile exponentially, the photon-tunneling microscope is much more sensitive
than that of the confocal microscope along the z-direction. More specifically, the surface profile z can be obtained by
performing logarithmic operations to the intensity map obtained by a photon-tunneling microscope. However, to measure
the surface profile quantitatively, many of the constants listed in Eq. (1) must be calibrated in order to ensure traceability in
the long run.

2-2. Confocal Microscope

The image recorded from a confocal microscope (Fig. 2) can be derived from the confocal imaging theory, i.e., the intensity
measured by the photo detector at the origin of the radial direction can be expressed as [2]

1 =tk ® 7" 2

1060) |, o7~ O Yoo, =l <[ 242 O

where u is the coordinate of the axial direction. It is clear from Eq. (1) that little variations in the axial direction will result in
significant fluctuation of intensity ;(.,0). More specifically, when the photo detector is located right in the image plane,
maxiomm intensity can be obtained. In other words, when the specimen is in the focal plane of the objective, the reflective
light from the specimen will focus in the plane of the pinhole. If the specimen moves out of the focal plane of the objective,
a defocus point will form in front of the pinhole; at this time, the intensity measured by the photo detector will be greatly
attenuated. This phenomenon can be used to perform optical sectioning of a specimen under observations. In fact, optical
sectioning, higher spatial resolution, and shorter depth of focus are the basic and advantageous concepts of confocal

microscope [1].
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Figure 2: The illustration of optical field of the confocal microscope, where light source Uylxyy) is in plane (xuyy), 2{x.),) is the

intensity received by the photo detector at plane (x;, 1),

2.3 The Morphinscape

The multi-functional microscope termed Morphinscope was originally developed to integrate the two above-mentioned
microscopes into the Linnik interference microscope. Later on, Morphinscope was further designed and developed to
perform versatile metrology functions with a vision to switch between its various measurement functions by simply rotating

its turret or turning on some sub-systems.

The Linnik interference microscope can measure the sample surface profile by interferometry, and phase shifting techniques
can be used 1o increase the measurement resolutions of interference microscope [4]. As it was mentioned above, the photon-
tunneling microscope must go through sample calibration in order to retrieve quantitative data, a microscope that possess all
of above functions can certainly have a built-in calibration capability. When adopting interference microscope to measure
inhomogeneous surfaces, the extra phase delay induced by reflection from different materials will create erroneous data. An
ellipsometer [5] can be used to solve this problem by measuring the refractive index at each specific point of the sample in
order to correct this extra phase delay [4].

After the laser light passes thrugh the aperture, it meets up a polarization beam splitter (PBS) first (Fig. 3). The polarized
light beam passes through a liquid crystal variable retarder made by Meadowlark Optics, Copr., which was used to control
the phase difference between the fast and the slow axes by using the externally applied voltage. The phase modulated light
then passes through another 50% non-polarization beam splitter (NPBS1) to have one light beam propagates towards the
microscope. The light reflected by NPBS1 is further divided into two light beams. The light detected at detector 3 can in
fact be used to normalize any intensity variations induced by the liquid crystal retarder, the laser source itself, etc. For the
light beam that enters into the microscope, the light is further divided into three beams by non-polarization beam splitiers
NPBS2 and NPBS3. The interference image created by the light beam reflected from the sample and the light beam
reflected through and back from NPBS3 is in fact a surface profile data measured by using the Linnik type interference
microscope. The data obtained from the light reflected from the sarnple and further reflected from NPBS3, ie., the data
measured at detector 2, is in fact a confocal microscope image. Modulating the retardance by using the liquid crystal
retarder, blocking the light beam reflected from NPBS3 and compares the data measured at detector 1 and the CCD image
form a phase modulated ellipsometer [5]. More specifically, the Fresnel equation and the Snell’s Jaw can be introduced to



measure the relative refractive index as each data within the CCD camera in fact represents data induced by light beams from

different incident angles. Considering the complex refractive index N,
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Figure 3: Schematics of the Morphinscope.
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where n is the refractive index, £ is the extinction coefficient, r, and r, are the reflection coefficients of TM wave and TE
wave, &, and J, are phase changes of TM and TE waves. For a monochromatic plane wave incident to an isotropic structure,
the ellipsometric function p is defined as {5]



p=r = tan exp{ jA) (6)

where ¥and A are ellipsometric angles of the structure that satisfy the following equation

tanw=lrp|f|r;,|
A :(Srp _5rs

)

Once the ellipsometric angles are measured, the complex index of refraction N can be retrieved to calculate the correct phase
changes due 1o the reflection. Once the phase error due to reflection of non-homogeneous surfaces is corrected, the

interference data obtained can be corrected to become sample surface profile data.
3. Experimenta] results

First, a 3D surface profile of a specimen was measured by using the confocal microscope and the photon tunneling
microscope subsystems of the Morphinscope shown in Fig. 3. A 50X objective with numerical aperture 0.75 and a pinhole
of 5.m diameter was used first to perform the confocal measurement. The confocal microscope data shown in Fig. 4(2) is a
4-step reflective grating with a 32gzmm period. A total of 961 data points were taken and the spacing of each data point is
0.533zm. The same diffractive grating measured by atomic force microscope (AFM) is shown in Fig. 4(b). The good
agreement of the experimental data shown in Fig. 4 confirms the accuracy of the data obtained by the confocal microscope
subsystem.

(a) (b)

Figure 4 : Diffractive grating image measured by the confocalm icroscope subsystem of Morphinscope (a) and by AFM (b).

Figure 5 shows data obtained by using the photon-tunneling microscope subsystem of the Morphinscope. Perform
logarithmic function calculations to the gray-scale image of the four-steps diffractive grating with 32um period results in the



surface profile of the grating. [t should be noted that the height of the grating profile is adjusted by multiplying a constant to
the measurement data, as photon-tunneling microscope image must be calibrated to arrive at the correct height data. Figure
6 shows the 3D profile of a concave surface obtained by using the Linnik interference microscope subsystem of the
Morphinscope, which adopts digital cosine transform {DCT) [6] to unwrap the phase map obtained by performing a five step
phase shifting algorithm [7]. The refractive indices of a sample surface measured by using the ellipsometer subsystem of the

Morphinscope are shown in Fig. 7.

(a) ®

Figure 5: The intensity map (2} measured by using the photon-tunneling microscope subsystem of the Morphinscope was used by retrieve

the 3D surface profile {b) of the diffractive grating




® (c)

Figure 6: A grating surface measured by using the Linnik interference microscope subsystem of the Morphinscope, where
each pixel along the z-axis is 0.50m and each pixel along the x-axis is 204.375nm, and the y-resolution is 203.750
nm. (a) is before filter , {b) is after filter and (c) is measured by AFM.

Figure 7: Measurement results of the ellipsometer of the multi-functional microscope (y-axis: rad, x-axis: pixel)

3. Calibrations and traceability

Reference methods and certified referénoe materials are the grounds of the metrological traceability (Fig. 8)[8]. A reference
method can be used to assign a certified value to a reference material and also to validate routine metrology methods. The
reference material and validated routine methods can be used in thin-film or nano-materials {Fig. 9) to assign value for
commercial calibration. The obtained value will then become traceable to the primary certified reference material in all
calibrations.

In the series of calibrations and measurements through the traceability chain (Fig. 8), if the components of the calibration
and of the sample measured are identical, then the estimate of concentration is independent of the measurement procedures
[8] between the calibration material and the sample. It is clear from the configuration shown in Fig. 3 and the discussions on

the various metrology functions of the Morphinscope that traceability can potentially be transferred from the various



functions. Since all of the above-mentioned metrology functions were derived from complete different principles, its
sensitivity will be different from different linear scale as well. Taking a proper reference material such as the one shown in
Fig. 9 and then perform the routine metrology methods to transfer the cenified value of the primary standard can then
potentially be performed in the newly developed Morphinscope.

CERTIFIED
REFERENCE
MATERIAL
b
ROUTINE
CLIBRATION » ROUTINE
METHOD
SAMPLE |[*

Figure 8: Calibration and tracecability scheme

Figure 9: Thin film material of very 40 nm thickness developed to perform traceability of the Morphinscope

4. Conclusions

The Morphinscope, that combines the capabilities of a confocal microscope, a photon-tunneling microscope, a Linnik
interference microscope, and an ellipsometer, ¢tc. was developed. The confocal microscope and photon tunneling
microscope subsystems of this multi-functional microscope was shown 1o be able to enhance the resolution of typical optical
microscope in the height direction and the lateral resolution. The potential to integrate the Linnik interference microscope
and the ellipsometer to measure the surface profile of inhomogeneous specimens was also discussed. Potentials 1o use the



various subsystems of the Morphinscope to perform cross-calibrations and to explore or investigate interesting sites on the

specimen were also detailed. Per the procedure of traceability, it was discussed that the full system integration of

Morphinscope can provide us with an opportunity to bring traceability to the metrology of thin film or nanc-material for

future work.
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ABSTRACT

This paper presents a laser linear encoder, which
serves as 4 position detection apparatus for precision ma-
chine applications and can provide a measuring resolution
less than | nm. It adopts a single-armed 1-x telescope
design, which can increase 6 to 20 times of head-to-scale
tolerance than existing encoders of the same class. 1t was
identified that this newly proposed laser encoder design
could avoid the effect of differences in polarization dif-
fraction efficiencies for the grating scale used. Optimiz-
ing the systemn performance by cleverly designing the pro-
file of the grating scale was also detailed. The effect of
non-uniform temperature field within the head-to-scale
range that can yield a nonzero initial phase so as to de-
crease the system measurement accuracy was analyzed.
In addition, misalignment of the polarizers located in front
the photodiodes were identified to be the main cause for
imperfect Lissajous circles, which may lower the measur-
ing resolution when traditional arctangent algorithm was
adopted for circular polarization interferometers. The
resolution of the newly developed laser encoder was veri-
fied by experiments and was found to agree well with the
theoretical predictions.

1. INTRODUCTION

Laser encoders, which provide accurate linear and
angular displacement information with resolution down 1o
the nanometer range, are commonly used in today’s
high-tech applications. The main bottleneck in making
wide applications of the laser encaders lies in the fact that
the optical head of a laser encoder must not only be
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aligned with micrometer precision but also be held to tight
tolerance during system operation. As shown in the Fig.
1, there exist five axes of mechanical runout between the
optical head and the operating machine. The mechanical
runout of the machine that the grating scale was mounted
will directly influence the optical signals and thus may
lead to erroneous measurement results. The effect of
differences in polarization diffraction efficiency usually
spoils the measuring results for optical interference sys-
terns, which possess gratings [1, 2].  Thus the raise on the
manufacture tolerance of the grating is the key to facilitate
the systemn integration casily. Besides, temperature effect
has fatal influence on the system measuring resolution and
thus the systern operating temperature must be controlled
within the specific range.

Principles of the optical system design are described
in detail herein by describing the optical paths in detail
first and then the error analysis of the head-to-scale me-
chanical runout will be given. Experimental results ob-
tained by comparing the signal output measured by the
newly proposed laser encoders with that of a HP™ laser
interferometer are to be examined as well.

2. AN INNOVATIVE OPTICAL HEAD

An innovative optical head is shown in the Fig. 2.
A linearly polarized light emitted from the diode laser is
collimated and aligned to make sure that the two light
beams splitted by the polarization beam splitter {PBS) will
have equal intensity. After p-wave (TM wave) transmil-
ting through the PBS and traveling along the left half of
the optical path, the quarter waveplate converts the p-wave
into a circularly polarized light beam. Similarly the
s-wave (TE wave) traveling along the right half of the



optical path is converted into a circularly polarized light
beam as well. These two orthogonal circularly polarized
light beamns diffracted by the reflective grating twice are
then encoded with the displacement information of the
specimen on which the grating is attached.

The p- and 5- polarized light beams are recombined
at the PBS. The optical configuration shown in Fig. 2
will make sure that the polarization states of these two
light beams are orthogonal to each other.  These two or-
thogonally polarized light beams will become right and

left circularly polarized after passing the quarter waveplate.

The combination of these two circulatly polarized light
beams forms effective linearly polarized light beams
whose azimuths are functions of the grating displacement.
These two polarized light beams produce the quadrature
signals from the photodetectors, then the phase decoding
algorithm is employed for the signal processing [3, 4]
More specifically, the polarizing plates located in front of
the phatodetectors PD1 and PD2 are arranged to have a
45° inclined angle with respect to each other within the
polarization state space. The light intensities measured
by PD1 and PD2 form the quadrature signals, f; and &,
respectively are given by the following equation

5, =DCr + A, cos( 1), (1}

L =DC; + Ay sin{r - d), (2)

where DC; and DC; are the amplitudes of the DC compo-
nents, A; and A, the amplitudes of the AC components, 7
is the relative phase difference of the two beams due to the
displacement of the grating scale, and & the additional
phase difference between the two photo detectors receiv-
ing the £, I) signals. A grating scale displacement of Ax
causes a double Doppler shift [5, 6] and which is related to
the phase difference 7 for a first order diffraction by the
following equation

7= Badxld, (3}

where d is the grating pitch. The phase difference be-
tween these two beams depends on the position of the
diffraction grating. As the diffraction grating moves, the

phase relationships of these two beams change, causing

them to constructively or destructively interfere. By Eq.
(3), the peak-to-peak period of the interfering beams
within the encoder is d/4. By interpolation of the quad-
rature signal electronically, for example, the measuring
resotution of the laser encoder system can be improved to
better than 0.1 nm with a grating pitch of 1.6 pm and 4096
digitization resolution.

The 1-x telescope design adopted in this optical
head can be described by using the matrix optics approach
as follows [7]:

i P et O
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where (hg, op) represents the comesponding position and
direction angles of the diffracted beam from the moving
grating scale surface, and f is the focal length of the lens as
shown in the Fig. 3. By Eq. (4), it can be shown that the
autput beam, transferred by the 1-x telescope optical sys-
tem, traces along the opposite direction to the diffracted
beam, and its output position located at -Ag is symmetric to
the optical axis of the 1-x telescope optical system with the
position of the diffracted beam. Thus three advantages
for the 1-x telescope can be clearly identified by using the
results shown in Eq. {4). Firstly, it assures that a second
time diffracted beam can trace along an optical path that is
paratlel to the original one. Secondly, it provides the
returned light beams with offset avoiding the returned
beams going back into the laser cavity to de-stabilize the
laser. Thirdly, even for the defocused case, which shows
up under an additional spacing between the optical head
and the grating scale, the output direction of the returned
beam can still be held onto an opposite direction that is
paralle! to its original one. Therefore, this optical design
makes the newly developed encoder system more robust
than others.

=]

3. ERROR ANALYSIS

The #; and I, signals trace cut a trajectory in the in-
tensity space. The position and shape of the signal tra-
Jectory depend on the DC;, DC,, Ay and A; levels and thus
influence the output accuracy of the signal processing
using the arctangent algorithm. The head-to-scale and
photodetector module alignment errors will be detailed
herein.

Effect of differences in polarization diffraction
efficiency

For past laser encoders, errors stemming from the
different diffraction efficiency for incident light beams of
different polarization states are one of the main design
issues [2, 8] Although Mitutoyo's design claims that it
can correct the effect of the differences of the polarization
diffraction efficiency [2], it adopts an improper physical
concept that the efficiencies of the grating diffraction have
reversibility and thus may cause a system measurement
errr.  In comparison, as the proposed [aser encoder
adopts a circular polarization interferometer configuration
and thus is independent of the polarization differences of
the diffraction efficiency, the quadrature signals are of the
same amplitude. It can be shown clearly that incident
light beams after twice diffractions from the grating scale



(Fig. 2) lead to a resultant electric field E located in front
of the second NPB that consists of a left-circularly and a
right-circularly polarized components with the same am-

plitude. The comesponding quadrature signal can be
shown as follows
fi=DC+ AC .cos(4- Aa -1}, {5)
I, =DC+ AC-sin(4-Aw-1), {6)

where DC, AC are the amplitudes of the DC, AC compo-
nents of the quadrature signal respectively, and

AC = Gk (), (0) + ky (kO] M

DC = Glk,(8)k,,(0) + &,(8)k, (OO (8)

where G is a proportional constant, A@ is the Doppler
angular frequency shift and the k (&, £0), £(& and &(0)
are the first order diffraction efficiencies with respect to
the &and 0 incident angles for p- and s-polarizations re-
spectively. From Egs. (5-8}, it is clear that the optical
design of the newly developed laser encoder does not dis-
tort the output signal and the output resolution of the phase
decoding is free from the effect of differences in the dif-
fraction efficiencies for incident light beams with different
polarization states. That is, the laser encoder remains in
optimum operating condition even for the cases that the
difference in diffraction efficiencies exists for incident
light with different polarization states.

Effect of temperature

It is very difficult to keep this system temperature
completely balanced; ie. the OPD does exist between
path! and path2, which are optical paths respectively
along the left and right half of optical paths. Temperature
variation influences the measurement accuracy with an
additional phase y for the phase decoding and it can be
shown easily by using Jones calculus as follows

p=4-Aa-t+y {2

where ¢ is the time interval during the grating scale move-
ment, ¥ the temperature variation induced phase error can
be represented as follows

r=—§£[ jAn-d!— JAn-d!] (1m
paih) parkl
where A is the wavelength of the laser source, An is the
index change induced by the temperature varation within
the optical system with respect to the standard ambient
temperature 20°C, ! is the infinitesimal path along pathf
or path? and

An = n(x,z)—ny (n

where a(x, z) is the index distribution caused by the tem-

perature variation, and n; is the reference index at 20°C
constant ambient temperature. Out of the laser encoder,
only the head-to-scale region is exposed directly to the
ambient environment and thus we can reasonably assume
that the region within the optical head has a uniform tem-
perature field. For example, consider a head-to-scale
region of lmm spacing, pat/i! with a uniform temperature
variation, path2 with the same temperature as the reference
temperature, 20°C, which is the ambient temperature and a
laser source with a wavelength at 633nm. By Eqs. (9-11)
and the empirical refractive index formula which is a func-
tion of temperature variation [9], we can estimate an emor
sensitivity of the displacement measurement, 1.1721nm~C
as shown in the Fig. 4. Thus the temperature variation is
radically significant for the measurement accuracy of the
laser encoder system.

The polarization misalignment of the detector
modules

It should be noted that emrors do occur when the two
PBSs in front of the corresponding photodetectors are
misaligned at wrong relative polarization angles. By
Jones calculus the misalignment angle £ can be related to
the polarization misalignment error which shows up as an
additional phase difference & in the quadrature signals in
Eq. (2}, and

S=2 £, (12)

Especially the polarization misalignment &7} at detector
modules induced error is a periodic error with respect to
the phase 7 of the quadrature signal. As the arctangent
algorithm is applied, the error £#) can be easily written
down as follows

e(q)=tan“[—5i"(”"ﬂ]-a, (13
cos 7
and

&7+ 1) = o) (14)

By Eg. (14), it is clear that the polarization misalignment
at the detector modules does induce an error with a period
& Since this error is periodic, it can improve the resolu-
tion of the system down to near 1pm for the corresponding
quadrature signal processing by using the periodic average
technique [10]. Even for the additional phase difference
of one degree, which is equivalent to an angle difference
of 0.5° stemming from the polarization misalignment of
the detector module, there will exist a displacement meas-
urement error larger than 1 nm and make the measurement
failed as shown clearly in the Fig. 5.

The head-to-scale mechanicat runout

For the system shown in Fig. 1, the roll and yaw is the
runout that is most difficult to minimize due to the nature



of the stage movement. That is, the high-speed motion of
the stage naturally feads to high roll and yaw runout. It is
clear from the data shown in Table 1 that the newly de-
veloped laser encoder improves the most critical runout by
a factor of 610 20.  This significant improvement leads to
a laser encader that is much easier to implement and has a
much higher performance.

4. EXPERIMENTAL RESULTS

The laser encoder system is calibrated using a HPS529A
interferometer and the experimental setup is shown in the
Fig. 6. To further verify the performance of the newly
developed laser encoder, same stage movement was meas-
ured by using the laset encoder as well as the HPF™ 55204,
distance measuring interferometer. The data obtajned
were shown in the Fig. 7. The experimental data ob-
tained clearly demonstrates the performance of this newly
developed laser encoder. The discrepancy between the
signals obtained from the laser encoder and the HP inter-
ferometer can be traced to the oscillations of the mMounting
fixtures that hold the optical components of the table-top
laser encoder presented. It is expected that the perform-
ance will be significantly imptoved either by enhancing
the mounting fixtures or by setting up a laser encoder pro-
totype in the near future.

5. CONCLUSIONS

A linear laser encoder that adopts the 1-x telescope con-
cept was developed to provide a solution to counter the
errors induced by practical mechanical runout of the
specimen.  The optical principle and the design thinking
of this newly developed system werc also examined.
Influence of laser encoder performance by the grating
characteristics including the incidence angle, the surface
profile, the grating depth, etc. was also detailed. The
error from the grating diffraction efficiency discrepancy of
the incident light beams of different polarization states was
evaluated. The effect of temperature and the polarization
misalignment of the photodetectors are very important for
the measurement accuracy and resolution. It was identi-
fied that the grating scale should be viewed as a funda-
mental parameter of the optical design for linear laser en-
coders. The underlying reason that the newly developed
laser encoder can have a much better head-to-scale align-
ment tolerance was also detsiled.  Experimental data
obtained by using both a newly developed tabletop laser
encoder and a HP distance measuring interferometer was
found to be in good agreement.
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A MULTI-FUNCTIONAL MICROSCOPE FOR MEASURING
INHOMOGENEOUS SURFACE PROFILE
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ABSTRACT

A newly developed multi-functional microscope
system, named Marphinscope, that integrates the function
of a confocal microscope, a photon unneling microscope,
a laser based phase-shifting interferometry microscope,
and an ellipsometer was developed to facilitate the
measurement of inhomogeneous surface profile. Design,
configurations, and experimental data of this newly
developed instrument were all detailed. Combining this
understanding, this Morphinscope has the possibility of
retrieving the surface profile of a mon-homogenecus
media.

1. INTRODUCTION

The microscope technology has always had the
center stage of measuring miniature specimen. With the
rapid advancement of micro-optical and microelectronic
components, micro-electro-mechanical systerns (MEMS),
eic., the importance of the microscope is ever more
important than before. Ewven though the resolution of
optical microscope is limited by optical diffraction, many
add-on technologies such as photon mnneling microscope,
near-field optical microscope, etc. have been developed
over the years 10 overcome the diffraction limit. With all
these advancements, it was identified that the main
bottleneck for today's optical microscope technolopy was
not the resolution. The main limitation actually lies on
trying to use the many different microscope based
instruments to examine or to explore any specific sites of a
specimen. More specifically, once an interesting site was
identified, an user typically will need a diffemt microscope
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to measure other properties of the same site. However,
the large area ratio between the whole specimen and the
specific site makes locating the same site difficult, if not
impossible. With an intention to overcomg this problem,
a mult-functional microscope that possesses versatile
metrology functions and wide test capabilities/ranges
within a single instrument was developed. It was
identified that this type of multi-functional microscope not
only saves the cost, but also has many built-in calibration
and new-found capabilities that were not available before
the development of such multi-functional microscope.
Since this type of microscope can morph form one
configuration to another, it was named Morphinscope.

The Morphinscope to be presented herein was
developed by using a low cost reflective optical
microscope as the basic platform and has integrated
versatile metrology functions such as that of a confocal
microscope, a photon tunneling microscope, a laser based
phase-shifting interferometry microscope, and an
ellipsometer. As it was mentioned above, many
new-found capabilities were available in this type of
instrument. For example, a traditional laser based
phase-shifting interferometry microscope can only be used
to measure the surface profile of 2 homogeneous specimen
as optical phase was the fundamental parameter that was
measured and different material will induce different phase
retardation during reflection. Nevertheless,  this
shortcoming can be circumvented by introducing an
ellipsometer to compliment the function of the traditional
phase-shifting interferometry microscope 0 measure
inhomogeneous sample surfaces.

2. THEORY



Some of the fundamental theoretical perspectives
related to the newly developed Morphinscope are to be
reviewed herein.

Confocal Microscope

Ay h,

|
|

U(xg,5,) D(xi’yx' )

T(x,y)

Fig. 1. The illustration of optical field of the confocal
microscope, where light source Ufx,y) is in
plane {x,,). D{(x,y) is the intensity received by the
photo detector at plane (x,y).

The image recorded from a confocal microscope
(Fig. 1) can be derived from the confocal imaging theory,
i.e., the intensity measured by the photo detector at the
origin of the radial direction can be expressed as [1)]

1{u,0)= [sin (w/2)7uf2} )

where « is the coordinate of the axial direction. [t is clear
from Eg. (1} that little variations in the axial direction will
result in significant fluctuation of intensity ;(u0) -
More specifically, when the photo detector is located right
in the image plane, maximum intensity can be obtained.
In other words, when the specimen is in the focal plane of
the objective, the reflective light from the specimen will
focus in the plane of the pinhole.  If the specimen moves
out of the focal plane of the objective, a defocus point will
form in front of the pinhole; at this time, the intensity
measured by the photo detector will be greatly attenuated.
This phenomenon can be used to perform optical
sectioning of a specimen under observations. In fact,
optical sectioning, higher spatial resolution, and shorter
depth of focus are the basic and advantageous concepts of
confocal microscope [1].

Photon Tunneling Microscope

The photon tunneling effect occurrs at the process
of total internal reflection.  Considering the case that light
15 incident from medium 1 of reflective index n; to
medium 2 of reflective index n; < n, and the incident angle
is larger than the critical angle B.=sin"'[nym;), i.e., the case
of the total intemnal reflection, the wave in medium 2 can
be expressed [2]

E e (2 =Ey0( 7/, Jopli( K, 5]

(2)

where E, is the magnitude of the wave at the interface of
medium 1 and medium 2, d, is the effective transmitted
depth, z is the penetration depth, X}, is the z-component of
the refractive wave, & is the incident light frequency.
Equation (2} implies that there is an evanescent field
moving along the x direction and its magnitude decreases
exponentially (Fig.2). When there is an additionat medivm
of refractive index n3>n;. a phenomenon called frustrated
total internal reflection will have the evanescent wave
propagate through medium 3.  [f the surface of medium 3
has lateral or longitudinal variations and it is an isotropic
and homogensous material, the reflected wave in the
interface of medium 1 and medium 2 will change
correspondingly. By measuring the variation of the
intensity of the reflected wave, a gray-scale image of the
surface profile of the specimen can be obtained [2]. In
fact, replacing the microscope objective with &n oil lens
without put in the oil and then measure the data from CCD
will in fact create a photon-tunneling microscope.

(b}

Fig. 2. Nlustration of the evanescent field in the prasence
of the total internal reflection {a), and the variation of
the evanescent field magnitude along the z direction
{b).



Since the gray scale changes with the surface profile
exponentially, the photon-tunneling microscope is much
more sensitive than that of the confocal microscope along
the z-direction. More specifically, the surface profile z
can be obtained by performing logarithmic operations to
the intensity map obtained by a photon-tunneling
microscope. However, to measure the surface profile
quantitatively, many of the constants listed in Eq. {2) must
be catibrated.

The Morphinscope

The Linnik interference microscope can measure
the sample surface profile by interferometry and phase
shifing techniques can be used 1o increase the
measurement resolutions of interference microscope [3].
As it was mentioned above, the photon-tunneling
microscope must go through sample calibration in order 1o
Tetrieve quantitative data, a microscope that possess all of
above functions can certzinly have a buili-in calibration
capability. 'When adopting interference micrascope io
measure inhomogencous surfaces, the extra phase delay
induced by reflection from different materials will create
erroneous data.  An ellipsometer [4] can be used to solve
this problem by measuring the refractive index at each
specific point of the sample in order to correct this extra
phase delay [3]). The newly developed multi-functional
microscope Morphinscope was designed to perform
versatile metrology functions and can switch between its
various measurement functions by simply rotating its turret
or turning on some sub-systems.

Fig. 3. Schematics of the Morphinscope.

After the laser light passes thrugh the aperture, it
meets up a polarization beam splitter (PBS) first (Fig. 3).
The polarized light beam passes through a liquid crystal
variable retarder made by Meadowlark Optics, Copr.
which was used to control the phase difference between
the fast and the slow axes by using the externally applied
voltage. The phase modulated light then passes through
another 50% non-polarization beam splitter {(NPES1) to
have one light beam propagates towards the microscope.
The light reflected by NPBS1 is further divided into two
light beams. The light detected at detector 3 can in fact
be used to normalize any intensity variations induced by
the liquid crystal retarder, the laser source itself, etc. For
the light beam that enters into the microscope, the light is
further divided into three beams by non-polarization beam
splitters NPBS2 and NPBS3. The interference image
created by the light beam reflected from the sample and
the light beam reflected through and back from NPBS3 is
in fact a surface profile data measured by using the Linnik
type interference microscope.  The data obtained from the
light reflected from the sample and further reflected from
NPBS3, i.c., the data measured at detector 2, is in fact a
confocal microscope image. Modulating the retardance
by using the Jiquid crystal retarder, blocking the light beam
reflected from NPBS3 and compares the data measured at
detector 1 and the CCD image form a phase modulated
ellipsometer [4]. More specifically, the Fresnel equation
and the Spell’'s law can be introduced to measure the
relative refractive index as each data within the CCD
camera in fact represents data induced by light beams from
different incident angles. Considering the complex
refractive index N,

N=n-ik &

)

where n is the refractive index, k is the extinction
cocfficient, r, and 7, are the reflection coefficients of TM
wave and TE wave, 8, and 6, are phase changes of TM
and TE waves. For a monochromatic plane wave
incident to an isotropic structure, the ellipsometric
function p is defined as [4]

p=.rL= mv'exp(jﬁ) (5)
F
where ¥ and A are ellipsometric angles of the structure
that satisfy the following equation



tanl;f=|rp|!|r,
A=38 -5,

©)

Once the ellipsometric angles are measured, the
complex index of refraction N can be retrieved to calculate
the correct phase changes due to the reflection. Once the
phase error due 10 reflection of non-homogeneous surfaces
is corrected, the interference data obtained can be
corrected to become sample surface profile data.

3. EXPERIMENTAL RESULTS

(a)

®)

Fig. 4. Diffractive grating image measured by the confocal
microscope subsystem of Morphinscope (a) and by
AFM (b).

(b)

Fig. 5. The intensity map (a2} measured by using the
photon-tunneling microscope  subsystem of the
Morphinscope was used by retrieve the 3D surface
profile (b) of the diffractive grating.

First, a 3D surface profile of a specimen was
measured by using the confocal microscope subsystem of
the Morphinscope shown in Fig. 3. A 50X objective with
numerical aperture 0.75 and a pinhole of Sum diameter
was used. The data shown in Fig. 4a is a 4-step reflective
grating with 32pm period. A total of 951 data points
were taken and the spacing of each data point is 0.533pum.
The same diffractive grating measured by atomic force
microscope (AFM) is shown in Fig. 4b. The good
agreement of the experimental data shown in Fig. 4
confirms the accuracy of the data obtained by the confocal
microscope subsystem.  Figure 5 shows data abrained by
using the photon-tunneling microscope subsystem of the
Morphinscope. Perform  logarithmic  function
calculations to the gray-scale image of the four-steps
diffractive grating with 32um period results in the surface
profile of the grating. [t should be noted that the height
of the grating profile is adjusted by multiplying a constant
to the measurement data, as photon-tunneling microscope
image must be calibrated to arrive at the correct height



data. Figure 6 shows the 3D profile of a concave surface
obtained by using the Linnik interference microscope
subsystem of the Mormphinscope, which adopts digital
cosine transform (DCT) [5] to unwrap the phase map
obtained by performing a five step phase shifting
algorithm [6]. The refractive indices of a sample surface
measured by using the ellipsometer subsystem of the
Morphinscope are shown in Fig, 7.

Fig. 6. A concave surface measured by using the Linnik
interference  microscope  subsystem of the
Morphinscope, where each pixel along the z-axis is
0.5nm and each pixel along the x-axis is 204.375nm,
and the y-resolution is 203.750nm.

{b)

Fig. 7. The fuli-field results of a sample surface measured
by wusing the ellipsometer subsystem of the
Marphinscope, where (a) is the refractive indices and
(b} is the extinction coefficients.

4. CONCLUSIONS

A multi-functional microscope, named
Morphinscope, that combines the capabilities of a confocal
microscope, a photon tunneling microscope, a Linnik
interference microscope, and an ellipsometer, etc. was
developed.  The confocal microscope and photon
wunneling microscope subsystems of this Morphinscope
was shown to be able to enhance the resolution of typical
optical microscope in the height direction. The potential
to integrate the Linnik interference microscope and the
ellipsometer to measure the surface profile of
inhomogeneous specimens was also discussed.  Potentials
to use the various subsystems of the Morphinscope to
perform cross-calibrations and to explore or investigate
interesting sites on the specimen were also detailed.

For future work, an ultrahigh precision moiré
interferometer was being developed within the
configuration of the Morphinscope in order to measure the
in-plane displacement of the specimen. Nevertheless, it
was later discovered that this type of full system



integration can provide us with an opportunity to bring
traceability to the metrology of thin film or nano-material.
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