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Abstract

Ellipsometry is an optical method used for characterizing materials and thin
films. The principle of ellipsometry is that it measures polarization changes at a
sample in a reflection or transmission configuration. However, the shape of the
sample is limited to flat or nearly flat surfaces because ellipsometry is sensitive
to the angle of incidence, tilt angle and the sample position (height). Even slight
misalignment of the sample might lead to significant experimental errors. For
large misalignment, the detector of the ellipsometer is not feasible to receive
sufficient signals. There have been a few approaches for characterizing nonplanr
surfaces by ellipsometry. This report gives an overview of these approaches for
ellipsometric measurements of nonplanar surfaces.

1 Introduction

Ellipsometry is an optical technique for characterization of materials and thin
films. The main features of ellipsometry are high precision (thickness from
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a few Å to several tens of microns), nondestructive measurement, and wide
applications. The principle of ellipsometry is that it measures polarization
changes at a sample in a reflection or transmission configuration. Fig. 1.1
shows the principle of reflection ellipsometry. The incident light is linearly
polarized. After the reflection from the substrate, the reflected light becomes
elliptically polarized. The Fresnel equations describe the interaction of light
(electromagnetic waves) and materials. The polarization changes can be defined
as the ratio ρ of the amplitude reflection coefficients for p- and s- polarizations
[1]:

ρ = rp

rs
= tan Ψei∆, (1.1)

where Ψ and ∆ present amplitude ratio and phase difference. Ellipsometry tech-
nique can be applied to many scientific and industry fields, e.g., semiconductor,
chemistry, display industry and biomaterials [7].
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Figure 1.1: Measurement principle of ellipsometry.

In conventional ellipsometers, samples are limited to a planar shape because
ellipsometry is sensitive to the angle of incidence (AOI), tilt angle and the sample
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position (height). Even slight misalignment of the position and orientation of the
sample might lead to significant experimental errors. For large misalignment,
the detector of the ellipsometer is not feasible to receive sufficient signals. For
nonplanar surfaces, the beam path of reflected or transmitted light is changed
because of the surface shape. In order to solve this problem, different methods
have been proposed for nonplanar surfaces. In this paper, we will review and
compare these approaches in the configuration of reflection ellipsometry.

2 Surface orientation in reflection ellipsometry
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Figure 2.1: Definition of the surface orientation. (a) An offset h along the surface normal n̂. (b)
The surface rotates around the y-axis.

Fig. 2.1(a) shows a planar surface defining the xy-plane. The z-axis (0, 0, 1) is
the surface normal n̂. The hat is denote as a unit vector. If the incident beam î

is on the yz plane and the incident angle is θ, the incident beam is expressed
as: (0, sin θ, − cos θ). The reflected beam r̂ can be defined as: (0, sin θ, cos θ).
The relationship between n̂, î, and r̂ is shown as [11]:

r̂ = î − 2(̂i · n̂)n̂. (2.1)

The angle of incidence θ is determined by the surface normal n̂ and the incident
beam î as:

θ = cos−1 −î · n̂. (2.2)
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If the surface has an offset h along the surface normal n̂ as shown in Fig. 2.1(a),
it will cause an offset dh of the reflected beam as:

dh = 2h sin θ (2.3)

For an incident angle of 70◦ and an offset of 1 mm, the offset dh is about 1.88
mm.

Fig. 2.1(b) illustrates a surface rotates around the y-axis. The surface normal
of the sample becomes n̂′ = (sin φ, 0, cos φ). Using Eq. 2.2, we can easily
compute the angle of incidence θ′ and the reflected beam r̂′ after the rotation as:

cos θ′ = cos θ cos φ, (2.4)

r̂′ = (cos θ sin 2φ, sin θ, cos θ cos 2φ). (2.5)

The included angle θs between the original reflected beam r̂ and the reflected
beam r̂′ after tilting can be calculated by the product rule from:

cos θs = sin2 θ + cos2 θ cos 2φ. (2.6)

For an incident angle of 70◦, if a surface tilts 5◦ around y-axis, it will produce
an angle deviation by 3.4◦ for the detector. If the distance between the surface
and the detector is 200 mm, it will induce an offset of 11.9 mm.

From the above calculation results, surface offset and tilt produce a significant
offset for the detector, which will degrade the measurement accuracy. Therefore,
special optical designs, compensation methods and precision alignment are
necessary for ellipsometric measurements of nonplanar surfaces.

3 Ellipsometric measurements for nonplanar sur-
faces

There have been a few approaches for characterizing nonplanar surfaces by
ellipsometry. These approaches can be categorized into three types: combination
of topometry and ellipsometry, polarization model for azimuth deviations, and
return-path ellipsometry with special reflectors. In this section, the basic
principles and the main features of these approaches will be introduced.
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3.1 Combination of topometry and ellipsometry

In order to simultaneously determine the topometry and optical constants of
surfaces, the combinations of ellipsometry and topometric measurements are
proposed, e.g., laser interferometry [16], microscopic fringe projection [15] and
white light interferometry [14]. A high numerical aperture (NA) microscope
objective is used to collect the reflected light, which is shown in Fig. 3.1.
The topometric measurements can measure heights in relative to a plane of
reference and ellipsometric measurements can measure the optical constants or
film thicknesses. The common feature of these configurations is the off-axis
focusing method which can provide tilted irradiation on the surface, high lateral
resolution, and collect the reflected light from the nonplanar surface. High NA
microscope objectives can measure steep inclinations of surfaces. However,
the working distance is short, e.g, an objective with a NA of 0.8 has a working
distance of 1 mm.
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Off-axis
illumination

Sample

Objective
~n

Figure 3.1: Internal focusing and off-axis illumination with a tilted sample.
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In contrast to the internal focusing, Wirth [21] proposed micro-deflection-
ellipsometry to combine topometric and ellipsometric measurements , which
is shown in Fig. 3.2. He used a lens system to collect the reflected light for
the polarization state generator (PSG), and a beamsplitter to split the reflected
light to a position sensitive detector (PSD) and an ellipsometric detector. The
PSD can determine the surface orientation and the ellipsometric parameters
can be obtained by the ellipsometric detector. In order to receive evaluable
signals from the curved surface, the diameter of the first lens should have a large
aperture. Therefore, Fresnel lenses are used in the optical system. Compared to
the internal focusing, this configuration has a higher working distance of 100
mm.

3.2 Polarization model for azimuth deviations

Lee and Chao [13] found the azimuth deviation of the polarizer is the same as
the deviation of the surface normal in a calibrated rotating-analyzer ellipsometer.
The relationship can be described by Mueller matrices [1]:

PSG

Sample

PSD

Beamsplitter

Lenses

Detector

Figure 3.2: Combination of topometry (PSD) and ellipsometry (adapted from Wirth [21]).

Mmeas = MA · R(A) · Msample · R(−P ) · MP , (3.1)
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where Mmeas, Msample, MA, MP and R are the Mueller matrices of the
measured matrix, the nondepolarizing isotropic sample, the analyzer, the
polarizer and the rotation matrix, respectively. P and A of the rotation matrix R
represent the rotation angle of the polarizer and the analyzer. They used Eq. 3.1
and a three-intensity imaging ellipsometer to measure the surface topography
and the coating thickness of a lens.

Neuschaefer-Rube and Holzapfel [19] proposed a method to measure surface
geometry and material distribution. They used the internal focusing to collect
the reflected beam from the curved surface, which is introduced in section 3.1.
Despite of the similar configuration, the surface inclinations can be determined
directly by the polarization model without other topometric measurement
methods. The polarization model is expressed as:

Mmeas = R(θout) · R(−φ) · Msample · R(φ) · R(θin), (3.2)

where θin, θout and φ are the azimuthal rotation angles on the principle plane
of focusing optics. The angle of incidence and the surface orientation can be
obtained by the eight-zone-measurement algorithm. After the scanning for the
whole surface, the profile can be reconstructed from the surface inclination
(gradient data).

Johs and He [12] used a return-path ellipsometer to measure samples which
have a wobble effect. The configuration of return-path ellipsometry will be
introduced in Fig. 3.3. They established a Mueller matrix model to describe the
measurement system. The model is shown as:

Mmeas = R(rec) · Msample · Mmirror · Msample · R(src), (3.3)

where rec and src are the rotation angles of the receiver and the source. They
compensated a ±0.8◦ substrate wobble and reduced the signal variation to less
than 2%.

Li et al. [17] considered the effect of the incident plane deviation and proposed
a Mueller matrix model to describe the Mueller matrix of the tilt surface as:

Mmeas = R(−α) · Msample · R(α). (3.4)
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They believed the two rotation have the same absolute values but different signs.
By using Mueller matrix ellipsometry, they successfully measured the oxide
layer thickness and the curvature radius for a spherical lens.

Duwe et al. [6] modified the Muller matrix model of Li et al. because of a
significant mismatch at larger tilt angles. The modified model is described as:

Mmeas = R(−δ) · Msample · R(γ), (3.5)

where δ and γ are rotation angles of the Mueller rotation matrix. In contrast
to the model of Li et al., they assumed the two rotation angles have different
signs and values. They used a spectroscopic imaging ellipsometer to measure
single-layer coating on a microlens.

3.3 Return-path ellipsometry

In return-path ellipsometry, the light beam reflected from the surface is reflected
back to the same position from the surface by a mirror [20, 2]. Fig. 3.3 illustrates
the schematic of return-path ellipsometry. The advantages of this configuration
are simple construction, suitable for process monitoring, and higher sensitivity
to the optical properties of surfaces than conventional ellipsometers. Please
refer to [3] for more details.

In most semiconductor process, samples usually need to rotate to obtain uniform
layers, e.g., plasma-enhanced chemical vapor deposition and epitaxial growth
process. The rotation of samples inevitably produces a wobble effect because
the rotation axis and the surface normal of the sample are not parallel. As
mentioned in section 2, ellipsometry is very sensitive to the angle of incidence
and the sample position. In order to obtain accurate measurements, Haberland
et al. [9] used return-path ellipsometry and replaced the plane mirror by using a
spherical mirror. In geometry ray tracing, every ray which passes the vertex of
the spherical mirror is reflected back along the original path. This configuration
can effectively reduce the error from the angle deviation for sample rotation and
sample wobbling during the manufacturing process.

In order to solve the alignment problem between the sample and the detector,
Hartrumpf and Negara [10] developed a laser scanner to overcome this limitation
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Figure 3.3: Configuration of return-path ellipsometry, where PSA, PSG and NPBS are polarization
state generator, polarization state analyzer and non-polarizing beamsplitter, respectively.

by a retroreflector (retroreflective sheet). The principle is based on return-path
ellipsometry which is shown in 3.3. They used a retroreflector as a reflector. A
retroreflector can return the light beam from the sample back on the same beam
path with only a phase difference of 180◦. In other words, the polarization effect
is the same as an ideal mirror. In this configuration, the alignment condition for
the sample and the detector is fulfilled at an angle deviation up to 30◦. Chen et
al. used this concept to develop a ellipsometer and measured the ellipsometric
parameters and the refractive index for nonplanar surfaces [4, 5].
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4 Discussion and comparison

For ellipsometric measurements of nonplanar surfaces, combination of topometry
and ellipsometry is a straightforward method. This method can achieve very high
lateral resolution (about 2.8 µm in [19]). However, the hardware of topometry
will increase the complexity of the whole system, especially for the system
alignment and the calibration. In addition, these methods use a focused beam.
In order to acquire accurate results, correct focusing planes of the measurement
beam are important. Auto focusing methods are applied in these approaches.
For the measurement of the whole surface, vertical and xy scanning for every
point are necessary, which is very time-consuming.

Polarization models for azimuth deviations provide another solution for surface
geometry. This method can be easily applied to conventional ellipsometers
without extra hardware. Nonetheless, the range of topometric measurements is
limited to a small range because the polarization characteristic of the analyzer
(waveplate) is sensitive to the incident angle [8]. Waveplates are constructed
by birefringent materials and designed for a normal incident angle. Thus, the
retardance of a waveplate will change when the incident angle is not normal.
Large incident angles for the waveplate will induce significant errors of the
retardance. On the other hand, if the sample is tilted, according to the calculation
in 2, the beam offset from the detector is large. Adjustment of the position for
the detector is necessary and also time-consuming.

Return-path ellipsometry has a high sensitivity of optical properties of materials
due to the double reflection from the sample. Special reflectors (spherical
mirror and retroreflector) can achieve ellipsometric measurements for nonplanar
surfaces. However, the disadvantages of this configuration are the need for a high
power light source and the polarization distortion induced by the non-polarizing
beamsplitter. The non-polarized beamsplitter loses a large amount of power of
the light source (more than 75%). Moreover, the non-polarized beamsplitter is
not an ideal component in polarization optics [18, 22]. Therefore, the calibration
of the beamsplitter is necessary.
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5 Summary

In this report, we have introduced different approaches for ellipsometric mea-
surements of nonplanar surfaces including the principles and the main features.
Each approach has its own advantages, disadvantages and suitable application
fields. Conventional ellipsometers can only measure samples with flat or nearly
flat surfaces. However, there is an urgent need for ellipsometric measurements
of nonplanar surfaces in the market, e.g., lens coatings and varnish layer on
metallic objects. Further research should be conducted in theory and hardware
development for needs of industries.
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