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ABSTRACT

This article describes a new approach for performing full field imaging ellipsometry.
In this new technique, the objective lens of a high numerical aperture microscope is
used to illuminate the surface of a 2D object. The light reflected from each point of
the surface is gathered by the same lens and projected onto a 2D CCD detectors array;
thus, enabling the measurement of numerous surface points simultaneously. Using
this simple method, areas of up to 0.9 cm? can be measured with high accuracy. Since
the nanotechnology domain is rapidly growing, such a technique can bring benefits
to the scientific community, facing the need to analyze large surfaces of thin films.

KEYWORDS
CCD, Ellipsometry, Large Surfaces, Sensing

1. INTRODUCTION

Ellipsometry is a well-known Non-Destructive Evaluation (NDE) optical method for
determining film thickness and optical properties. It measures the change in the state
of polarization of light reflected from films’ surface. Fast ellipsometry methods, single
or multi-wavelengths, have been adopted for monitoring film growth in situ, allowing
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for the precise control of film deposition processes (Muller, 2005). With time, several
parameters have been separately and largely investigated, such as in-situ measurements
of materials complex permittivity using reflection ellipsometry (Sagnard, 2005), and
arbitrary refractive index profile of composite thin films (Ho, 1990).

The advancement of spectroscopic ellipsometers has extended the analytical
power of ellipsometry to complex multilayer coatings, where several optical
parameters (refractive index, extinction coefficient, film thickness, roughness
anisotropy, etc.) can be determined simultaneously. In the last two decades,
new generations of ellipsometers came up with additional specifications
and techniques, such as spectroscopic ellipsometry (Jung, 2008), methods
of calibration (Asinovski, 2008), stroboscopic illumination technique (Han,
2006), and customization (Acurion, 2004). Even apertureless optical near-field
scanning microscope system was created by combining a commercially available
atomic force microscope and an Ellipsometer (Karageorgiev, 2001). Moreover,
ellipsometry became suitable for optical sensing (Arwin, 2001) and film sensing
applications (Sinibaldi, 2013).

A big leap ahead was stepped forward by developing new techniques of imaging
ellipsometry (IE), e.g. combined microscopy and Thin Film Characterization (TFC),
which overcomes the limits of classical ellipsometry, the spatial resolution. Besides
the determination of film thickness and optical properties, one receives high contrast
ellipsometric images from the surface with highest resolution. Small samples,
structured materials or inhomogeneous surfaces, which are beyond the capabilities of
other ellipsometric tools, are now visible with IE and this opens new doors to a better
understanding of today’s advanced thin film and biological applications. However,
the known IE are still complicated or limited in their performance. For example,
the moving ellipsometry system based on Polarizer Compensator Surface Analyzer
(PCSA) components, and enabling a null ellipsometry technique, is not strong enough
to measure large surfaces.

The conventional technique mentioned above enables several points of
measurement, since the mechanical rotor enables a scan along the surface. The
Imaging Ellipsometer overcomes this limitation by using a motorized focusing
mechanism to collect a series of images with different foci within the field-of-
view. The problem is that in such a system, the measurement time is long, since
in each point there is a rotation of the polarizers. Also, the mechanical motor
may require accuracy, and as such, may involve high cost. Similar concerns of
cost and complexity can be cited for a multifocal ellipsometer system. Thus,
there is a need for an IE which is more user friendly, cheap and sufficiently
accurate for surface measurements. In the past, several biosensors based on
imaging ellipsometry have been developed, mainly for bio-medical applications,
such as bio-sensors in the long study works of Jin (1995, 2008, and 2011), and
of Wang (2004).
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2. RESULTS AND DISCUSSION

2.1. Presentation of the FFIE New Approach

In this article, an extended new approach (Arieli, 2012) is presented for performing
Full Field IE (FFIE) over large surfaces, as schematically shown in Figure 1. This
new approach for imaging ellipsometry enables the performance of simultaneous 2D
measurements of a thin layered object and to integrate all the mapped spots in order
to obtain a full 2D ellipsometric measurement of the object.

The system is based on a coherent point light source emitting a diverging beam.
A microscope’s objective lens with high numerical aperture is used to illuminate an
object’s surface. The light reflected from each point of the surface is gathered by the
same lens and projected onto a CCD detector. As described in Figure 1, each point of
the surface is illuminated by a light ray with a different angle relative to the optical
axis, and is imaged by the objective lens on a different pixel of the CCD detector.
Thus, each pixel in the detectors array represents a different point on the surface of
the object. In this way, numerous surface points may be measured simultaneously.

However, there is one main disadvantage when using this method; there are some
points on the object’s surface that are illuminated by rays with relatively small angles
of incidence, when compared to an ordinary Ellipsometer (~72°). This fact can decrease

Figure 1. Schematic description of the FFIE proposed system
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the resolution of the ellipsometric measurements at those points and limit the area
that can be measured with sufficient accuracy.

In order to evaluate this approach we have designed the optical system and
simulated the whole process.

2.2. The Ellipsometric Measurement Simulation

The first step to evaluate the performance of the suggested imaging ellipsometry
method was to define the resolution of the measurement as a function of the angle of
illumination. We have defined the measurement resolution r as the rate of change of
the intensity on the detector as a function of the thickness change:

Al

(D

=
Silm

where Al is the change in light intensity obtained on the detector, and AD,, the

change in the thickness of the measured surface.

This approach is more detection-related than from ellipsometry itself. Since
there are different types of Ellipsometers, each one sharing its own sensitivity,
and assuming a well-defined tool/Ellipsometer, we present a generic approach w/o
calculating the SNR.

The second step was to develop advanced Matlab software script, in order to
simulate the imaging ellipsometer measurements through the different elements of
the system, as presented in Figure 2. In the simulation, a light beam is propagated
through the system, passing through a polarizer and a compensator, and meeting the
upper measured surface in a certain angle of incidence. The reflected light beam is
propagating through an analyzer towards the CCD.

Figure 2. Schematics of the Ellipsometer proposed system’s elements
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As the rotation angles of the polarizer and the analyzer vary, the light intensity
in the CCD also varies and at certain rotation angles of the polarizer and the analyzer,
the light intensity would be minimal, as usually done in null ellipsometry technique.
By the intensity light function, as a function of the rotation angles of the polarizer
and the analyzer, the optical properties of the object can be calculated. The
characteristic matrix J_ of the whole process was calculated by multiplying the
characteristic matrices of all elements at the varying rotation angles, as presented in
Equation 2:

Js :J (P).Jubject .JW 'JA (A) (2)

P

where:

e J, is the characteristic matrix of the polarizer as a function of its rotation angle P;
o J

object
e J,, is the characteristic matrix of a fixed compensator;

is the characteristic matrix of the object;

e J, is the characteristic matrix of the analyzer as a function of its rotation angle A.

The fixed compensator was determined as a quarter wavelength plate positioned
in an angle of 45° when compared to the axis.

The characteristic matrix of an object consists of an infinite substrate coated by
thin layers was calculated using the Thin Film Transfer Matrix method (Born, 1964).
Thus, the light intensity in the CCD, as a function of the polarizer’s and the analyzer’s
angles, is given by:

]Final (P’ A) =
UN2(JV By + T2 E, )(JV By + I8 E,))

+1/\/§'(J52’1 -E,, +J§’2 'EOy)(‘]SZ1 B, +J§’2 'EOy )* ®)

where £, and EOy are the amplitudes of the X and Y polarizations of the
illumination light.

Using Equation 2 and Equation 3 the ellipsometric measurement’s resolution of
an object as a function of the illumination angle, were calculated. The object was
assumed to be an infinite thiockness substrate with refractive index n, = 3.6 coated by
a layer of thickness 7 = 50 A and refractive index n, = 1.45.

2.3. The 2D Imaging Ellipsometric Optical System

In order to simulate the imaging process and the rays’ incident angles on each point
of the object, a typical imaging system was simulated using the Oslo 6 optical design
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software (Lambda, 2017). The light source was located off the optical axis such that its
light rays illuminate the object obliquely. The lens used for the Imaging Ellipsometry
part has a magnification of x60 and a N.A. of 0.95 (Matsubara, 1977). The first criterion
to find the measured surface spot is to identify the light beam entering the system
and fully received by the CCD. The area is 250pm x 250pm with high resolution, and
the detector size is 1.5cm x 1.5cm. The resolution is ~ 0.5um for above area, 1000 x
1000 pixels.

As shown in Figure 3, part of the beam is not reflected by the optical system, and
as a consequence is not useful.

The whole system was optimized such that the light ray will be fully received by
the CCD, as shown in Figure 4.

Figure 3. Presentation of the Oslo pre-optimization stage of the FFIE system

Figure 4. Presentation of the Oslo post-optimization stage of the FFIE system
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The lens was originally designed for direct imaging. The lens parameters have
been inserted into Oslo software, and optimized for oblique imaging. Much effort was
invested in Oslo in order to correct the original aberrations of the lens. Optimization
was obtained by Oslo to correct the depth issues and aberrations.

The specifications of the different planes and lenses after optimization are
presented in Figure 5. For example, it is interesting to pay attention that plane
number 13 built from reflective material, serves as a measured layer inside the whole
Ellipsometer system.

Since different points on the surface have a different incident angle, questions
regarding the calibration and accuracy can rise. In order to address this concern, the
calculation is performed in the following way: we start from the detector (its position
is known). We trace reverse tracing from each detector to the object and calculate the
corresponding angle of incidence. Since the aim of this microscope is not to enable
imaging but imaging ellipsometry, then using reverse tracing, we definitely know how
to calculate each camera’s pixel footprint and measurement. So, we build accordingly
the ellipsometric map of the object.

By the optical design software, each detector in the detectors array was imaged
on the object’s surface and the rays’ incident angles from the light source on that spot
on the object’s surface was calculated. For each detector, the intensity of the reflected
light was attained and the resolution was determined as described above. Figure 6
presents the results of the resolution as a function of the incidence angle. The results
show that the resolution rapidly decreases as the incident angle deviates from the ~72°
standard angle. As mentioned above, the angle of the rays was calculated according
to the knowledge of the location of each pixel in the camera and the light source.

Figure 5. Specifications of the optimized FFIE system
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Figure 6. Result of the system measurement’s resolution, as a function of the incident angle for a substrate
coated by a film sharing a thickness of 50 angstroms. The graph shows that the resolution decreases as
the incident angle deviates from the 72° standard angle.
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The resolution behavior as a function of the optical thickness of the
coating layer. The results for two different incident angles, 72° and 36° are
shown in Figure 7. The results show that the resolution of the measurements
is thickness dependent and is periodic as function of the thickness. The results
also show that the resolution of the measurements at 36° is smaller than the
resolution of the measurements at 72° by at least one order of magnitude at
all thicknesses.

2.4. Measured Surface and Relevant Angles

The locus of the images of several detectors’ lines (from the detectors array on
the object’s surface), are shown in Figure 8. Also, the rays’ incident angles are
shown on the object’s surface, and which of them are related to each detector.
According to the resolution results, we have limited the effective measured surface
of the object only to that part which is having incident angles exceeding 36°, such
that measurement resolution will still be acceptable. This limited part is shown
by the dotted line in Figure 8. We have found that at least 0.45 cm? of the surface
is illuminated by rays with incident angles exceeding 36°, enabling good enough
resolution. However, due to the symmetry, the overall effective measured surface
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Figure 7. Result of the system measurement solution, as a function of the coating layer’s optical thickness
for 2 compared angles, 72° and 36° system
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is at least 0.90 cm?2. This can be considered as an excellent result since such size
is equivalent to chips’ size in the industry, so we can expect covering a full die
surface thin film characterization.

In order to increase the resolution, we have calculated the maximal resolution
obtained when the measurement is performed using two different wavelengths. The
results show that, in this case, the resolution increases to the order of the classical
ellipsometric resolution.

Moreover, in case we also consider measurements sharing rays’ incident angles
of > 10°, one can double the surface of the measurement. In spite the fact that the
resolution decreases by 40 times for angles of 10° (for two wavelengths), this technique
enables the measurement of surface areas of more than 2cm? and can be useful for
many applications

2.5. Matlab Integrated Functions Running the Whole System

One of main advantages of this new system, presented in Figure 2, is the fact that the
platform is fully controlled by a Matlab complex developed code, made of several
functions, shortly described below:
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Figure 8. Scanning results of the imaging system for the FFIE platform. The dot line indicates the >360
angle results.
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Ref-Ind: Since the ellipsometer system has been checked for several wavelengths,
there is some importance to know the corresponding refractive indexes. As a
consequence there is a mathematical need to set a function n(1). Several models
exist. We have used the Sellemier function;

sfvag_material: The purpose of this function is to provide P, and p_which represent
the reflection coefficients of the surface for the S and P polarizations;
sfvag_resolution: This function is the heart of the platform and it calculates the
resolution of the ellipsometry measurement for a defined thickness;
sfvag_software: Dedicated to calculating the ratio between the ellipsometer
resolution for two different measurement angles. The calculation is done through
a loop checking the different layer thicknesses, and providing the measurement
resolution for each thickness and the two angles.

3. CONCLUSION

A new approach for performing full field imaging ellipsometry is presented and its
resolution is compared to the existing techniques. A full complex simulation program
has been programed in order to investigate the new approach. The program interacts
with all components needed for ellipsometric measurements, and also runs the Oslo
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6 optical design software (Lambda, 2017) to simulate a full imaging ellipsometric
optical system.

This study has investigated the influence of different illumination rays’ angles
of incidence on the resolution, and shown that even small angle deviations from the
customary angle cause a major resolution decrease. This investigation also shows that
the resolution of the measurements is thickness dependent and is periodic as function
of the thickness of the coating layer. Using typical optical imaging system; areas of
up to 0.9 square centimeters are illuminated by rays of light having incident angles
exceeding 36°, and thus, can be measured simultaneously with acceptable resolution.
However, measuring using at least two different wavelengths the resolution may be
increased to the order of the classical ellipsometric resolution.

There are, at least, three important novelties presented here:

e The approach performs simultaneous 2D measurements of a thin layered object,
and enables the integration of all the mapped spots in order to obtain a full 2D
ellipsometric measurement of the object;

e A special built program interacts with all components needed for ellipsometric
measurements, and also runs the Oslo 6 optical design software to simulate a full
imaging ellipsometric optical system,;

e This simple method enables areas of up to 2.0 cm? to be measured with
high accuracy.

As a preliminary conclusion, our approach can be considered as a good result
since such area size is equivalent to the size of chips in the industry, so one can expect
covering a full die surface thin film characterization with acceptable resolution. The
next step would consist in applying the method in real testing in order to check the
solidity and simplicity of the approach.
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