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ABSTRACT

The following dissertation demonstrates the advantages of using a camera with a
pixelated polarization mask allowing spatial carrier phase shifting in interference
microscopy.

An interference microscope in the Michelson and Linnik configurations integrates a
camera equipped with a pixelated polarization mask. The camera utilizes polarization to
simultaneously capture four phase shifted interferograms. Each set of four phase shifted
fringe patterns permits the calculation of fringe contrast and phase at a point in the
vertical scan of a test surface. The use of a short coherence source enables construction
of a coarse surface profile by estimating the localization of the peak fringe contrast over
the vertical scan.

The coarse profile allows unwrapping of the less noisy, though

circumstantially ambiguous, phase data.

Established phase shifting interference microscopy methods utilize temporal phase
shifting techniques. Temporal methods contrast spatial methods by acquiring each set of
interferograms necessary for calculating fringe contrast and phase by scanning the test
object. The scanning changes the optical path difference between the interferometer arms
thus inducing the phase shifts. While both methods scan the test surface, spatial methods
acquire all of the information needed to calculate fringe contrast and phase
simultaneously while the temporal methods require data from multiple points in the scan.
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Furthermore, the focus and fringe contrast also change between phase shifts and
introduce a small error in temporal methods. However, the largest source of error results
from the time taken between capturing the phase shifted frames comprising each set
where environmental disturbances such as vibration can change the fringe pattern.

The subsequent work shows the practicality of performing interference microscopy with
a pixelated polarization mask as well as the technique’s relative vibration insensitivity.
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INTRODUCTION

HISTORICAL CONTEXT
Observation plays a pivotal role in scientific advancement. The ability to accurately
observe the results of an experiment allows the validation or dismissal of a hypothesis.
Naturally, the sophistication of measurement techniques must keep pace with the ever
increasing complexity of scientific theory. At the same time, conscientious observers
must minimize the impact of observation methods on the system under test as not to
influence the results. Thus, methods using light lend themselves well to measurement
applications as they do not make physical contact with the test surface and minimally
disrupt the surrounding environment.

Optical microscopes magnify the lateral dimensions of an observed surface and when
used with certain techniques create high resolution three dimensional measurements.
First developed in the 1980s, the simplest optical measurement devices image a focused
beam onto a surface and determine the location of the surface by scanning the vertical
position of the surface until minimizing the reflected spot size on a detector (Breitmeier
and Ahlers 1987, Brodmann and Smilga 1987). Such optical focus sensors have lateral
resolutions limited by the size of the focused spot on the surface and can only measure
one point on the sample at a time with a minimum feature size of roughly 2µm (Schmit et
al. 2007). Confocal microscopy applies microscope improvements first developed in the
early 1960s by adding a pinhole before the detector plane to help eliminate stray light
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(Minsky 1961).

The root mean square (RMS) of the difference between two

measurements defines the vertical resolution of these measurement techniques. Optical
focus sensors can achieve vertical resolutions on the order of a few nanometers under
favorable conditions but generally maintain resolutions between 10-15nm (Schmit et al.
2007).

While the focusing properties of light allow production of three dimensional
measurements, making use of light’s interference properties increases vertical resolution.
First developed in the early 1980s, vertical scanning interferometry (VSI) uses a
broadband light source to localize interference fringes to a known plane
(Balasubramanian 1982, Davidson et al. 1987, Kino and Chim 1990, Lee and Strand
1990). When the interferometer vertically scans a surface, the location of the peak fringe
modulation within the scan delineates the surface location with a resolution of roughly
3nm (Schmit et al. 2007). Furthermore, unlike focusing methods, each pixel on the
detector provides a sample of the surface being measured thus reducing or eliminating the
need for lateral scanning.

Popularized in the early 1970s, phase shifting interferometry (PSI) further increases the
vertical resolution using the interference properties of light (Bruning et al. 1974, Wyant
1975, Hardy et al. 1977, Johnson and Moore 1977). Obtaining at least three phase shifted
interference patterns with known phase shifts allows the precise calculation of surface
height with a resolution of roughly 0.3nm (Schmit et al. 2007). However, the surface
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cannot have an average discontinuity of greater than a quarter of the wavelength of light
between samples without ambiguous results due to the periodic nature of the interference
pattern.

SIGNIFICANCE
Clearly, an ideal measurement technique combines the height resolution of PSI with the
measurement range of VSI.

Since the early 1990s, several techniques use VSI to

generate a coarse measurement used to remove the ambiguities in the finer PSI
measurement (Cohen et al. 1992, Ai and Caber 1995, Larkin 1996, Sandoz et al. 1996,
Windecker et al. 1999, Harasaki et al. 2000, De Groot and Kramer 2004, Chen 2009).

The aforementioned methods utilize temporal phase shifting techniques requiring a
change in the optical path difference between interferometer arms to collect phase shifted
frames. Such temporal techniques induce a change in focus of the test surface and a
change in fringe contrast between frames as discussed in Chapter 1. However, these
effects impart minimal error in the measurement and concern only those making the most
exacting measurements.

More importantly, temporal techniques acquire each phase

shifted frame individually.

Collecting each interferogram individually makes the

measurement susceptible to environmental disturbances such as vibration.

If a

measurement technique captures the phase shifted interferograms simultaneously, and
vibration changes the orientation of the test part, then removal of the errant orientation
can occur. However, when the vibration changes the orientation of the test part between
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each phase shift, the removal of the error from the measurement cannot take place. Thus,
simultaneous capture of the phase shifted interferograms imparts vibration insensitivity
by removing any time delay between phase shifts as well as reducing the total
measurement time by capturing multiple phase shifts at once.

The following work begins with a description of an interference microscope in a Linnik
configuration using a camera equipped with a pixelated polarization mask. A description
of the data collection and an explanation of the algorithm used to combine VSI and PSI
data from a single detector frame captured by the microscope will follow.

The

combination of the VSI and PSI data allows the accuracy of PSI measurements over the
extended range of VSI measurements. The discussion will end with an examination of
the measurement capability and a description of future work.
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1. PRIOR ART

Previous efforts to unwrap phase information using vertical scanning interferometry
(VSI) utilize temporal phase shifts and suffer errors from defocus, changes in fringe
contrast, and vibration.

DEFOCUS ERROR
All known methods using a coarse VSI surface profile to remove periodic ambiguities
from phase shifting interferometry (PSI) measurements utilize temporal phase shifting
techniques. Often the step size of the VSI scan coincides with the desired phase shift,
usually a quarter wavelength of optical path. The distance between the interferometer
and the test piece changes to the desired optical path inducing the necessary phase shift.
Accordingly, the wavefront imaged from the test surface interferes with the reference
beam and creates fringe patterns which possess varying amounts of defocus. When the
fringe patterns combine in the usual way to calculate the surface profile an error
propagates from the defocus mismatch.

A simulation of the measurement of a step as seen below in Figure 1-1 attempts to further
understand the magnitude of this error.
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Figure 1-1: Simulated Step

Temporal phase shifting methods often use 5-9 phase shifted frames to help reduce the
error from not knowing the exact phase shift (Patil and Rastogi 2005). The popular
Schwider-Hariharan five frame algorithm as seen in Equation 1-1 provides an idea of the
minimum possible error since a five frame algorithm induces the smallest amount of
defocus (Schreiber and Bruning 2007).

tan (φ ) =

2 ( I4 − I2 )
I1 − 2 I 3 + I 5

(1-1)
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Temporal methods introduce phase shifts by changing the optical path of one of the
interferometer arms. Interference microscopy techniques often change the optical path of
the test arm to help maintain focus of the test surface during extended VSI measurements.
The test arm only needs to move half the required phase shift since the light reflects from
the test surface as seen in Figure 1-2.

I5 = 0.250λ Defocus
I4 = 0.125λ Defocus
I3 = 0 Defocus
I2 = -0.125λ Defocus
I1 = -0.250λ Defocus
Figure 1-2: Defocus due to Temporal Phase Shifting

Thus, moving the test arm an eighth of a wavelength induces a phase shift of a quarter
wavelength (90° of phase). The simulation of the defocus uses the incoherent optical
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transfer function (OTF) of the microscope objective assuming a square aperture as seen
in Equation 1-2 (Goodman 2005).

 8WDefocus
 f 
OTF ( f x ) = TRI  x  SINC 
 2 f0 
 λ

f x 
 fx  


 1 −
 2 f0  2 f0  

(1-2)

The OTF describes the attenuation of spatial frequencies (fx) based on the coherent cutoff
frequency of the optical system (f0), the amount of defocus in wavelengths (WDefocus), and
the wavelength of light (λ). Equation 1-3 defines the triangle function (Gaskill 1978).

0,

 x − x0  
TRI 
 =  x − x0 ,
 b  1 −
b


x − x0
≥1
b
x − x0
<1
b

(1-3)

Equation 1-4 denotes the sinc function (Gaskill 1978).

  x − x0  
sin π 

 x − x0 
  b 
SINC 
=

 x − x0 
 b 
π

 b 

(1-4)

The coherent cutoff frequency depends on the numerical aperture (NA) of the lens being
used as well as the wavelength of light as seen below in Equation 1-5.
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f0 =

NA

(1-5)

λ

For the incoherent case, the OTF has a cutoff frequency double that of the coherent case.
The simulation assumes a NA of 0.8 representing a 50X objective and a wavelength of
460nm. Figure 1-3 depicts the OTF with and without the maximum amount of defocus
used in the simulation.
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The OTF does not extend to the cutoff frequency since the spatial frequencies resolved by
the detector limit those resolved by the optics. The detector has 7.4µm square pixels and
the simulation uses a two pixel Nyquist limit. Notice the added attenuation of the OTF
with the addition of the defocus.

Equation 1-6 governs the defocus coefficient in waves (WDefocus) based on the amount of
defocus between frames (εz) (Wyant and Creath 1992).

1
2
WDefocus = − ε z ( NA )
2

(1-6)

Figure 1-4 seen below depicts the Fourier transform of the structure which allows the
OTF to attenuate the spatial frequencies comprising the step.
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Figure 1-4: Fourier Transform of Structure

Multiplying the Fourier transform of the structure by the OTF with the appropriate
amount of defocus simulates imaging the test surface. A subsequent inverse Fourier
transform recovers the structure with features attenuated by the imaging system and
varying amount of defocus.

Since the OTF varies with defocus, so too does the

recovered structure. Equation 1-7 seen below generates five phase shifted fringe patterns
(φShift,0 = 0, φShift,1 = π/2, φShift,2 = π, φShift,3 = 3π/2, φShift,4 = 2π) with the appropriate
amount of defocus (m).
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2π


I m ( x ) = 1 + cos  S m ( x ) ⋅
+ φShift ,m 
460 nm



(1-7)

Figure 1-5 provides an example of the reconstructed structure. The rounding of the
corners occurs due to the attenuation of the high spatial frequencies composing the sharp
edge.
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Figure 1-5: Reconstructed Structure

The optics and detector, not the added defocus, contribute the most to the rounding of the
edges of the reconstructed structure. Figure 1-6 seen below shows the error in the
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reconstructed structure purely due to the defocus mismatch between the phase shifted
interferograms.
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Figure 1-6: Reconstruction Error due to Defocus

The maximum error occurs at the sharp edges with a peak to valley magnitude of roughly
0.5nm. The vast majority of applications consider such errors negligible, but commercial
optical profilers routinely claim sub-nanometer resolution (Schmit et al. 2007). Also, the
error increases with the use of higher magnification objectives (higher NA) as well as
with algorithms using more phase shifts (more defocus).

The use of algorithms

incorporating more phase shifted frames quickly increase the error as the OTF falls off as
a sinc function with defocus as seen above in Equation 1-2.
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Furthermore, a diffraction effect common in temporal interference microscope
measurements known as “batwings” further dilutes the significance of the error since
both occur at sharp discontinuities (Harasaki and Wyant 2000). In fact, the magnitude of
the batwings error dwarfs that caused by the defocus mismatch. Thus, while removing
the defocus between phase shifted frames might provide some small benefit, reducing the
vibration sensitivity remains the main motivation of this work.

VISIBILITY FALLOFF ERROR
In addition to defocusing the object, temporally induced phase shifts change the fringe
visibility for each shift. Since traditional VSI methods utilize a short coherence source to
precisely localize the fringes to a known plane, the fringe visibility varies significantly
within the sets of interferograms. Again, manipulation of the Schwider-Hariharan five
frame algorithm as seen above in Equation 1-1 allows for an estimation of the minimum
magnitude of this error.

Assuming a Gaussian visibility function with a full width half maximum (FWHM) of
1µm, the fringe visibility falls to 96% a quarter wavelength away (115nm) from the
maximum and to 86% a half wavelength away (230nm) as seen below in Figure 1-7.
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Figure 1-7: 1µm FWHM Gaussian Coherence Profile

The reduction in visibility (V) alters the fringe pattern for each phase shift (m) as seen in
Equation 1-8.

2π


I m ( x ) = 1 + Vm ⋅ cos  S ( x ) ⋅
+ φShift , m 
460nm



(1-8)

Taking these reductions in fringe visibility into account leads to an error that varies
sinusoidally with initial phase resulting in a maximum error of roughly 1nm peak to
valley as seen below in Figure 1-8.
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Figure 1-8: Visibility Falloff Error

Unlike the defocus error which only occurs at sharp features, the visibility error
potentially affects the entire sample.

However, due to the small magnitude of the

visibility error, the simultaneous phase shift capture providing vibration immunity
remains the main advantage of this work.

ERRORS DUE TO ENIVRONMENTAL FACTORS
Environmental conditions can greatly affect the accuracy of fringe visibility and phase
calculations when using temporal phase shifting due to the need to collect multiple
camera frames for each calculation.

Error inducing variables can include such

phenomena as air turbulence or thermal gradients but vibration usually stands out as the
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largest contributor in most settings.

Vibration affects fringe contrast and phase

calculations using temporal methods in two ways. First, the relative orientation of the
test surface can change between sets of phase shifts used to calculate fringe modulation
or phase. Second, the relative orientation of the test surface can change between each
calculation of fringe modulation or phase.

In the field of interference microscopy,

isolating the measurement from vibration or taking the measurement quicker serve as the
two main methods of combating measurement errors due to vibration.

Spatial carrier methods such as the pixelated polarization mask detailed in Chapter 2
allow simultaneous capture of four phase shifted interferograms. Thus, spatial methods
virtually eliminate errors arising from changes in the orientation of the test surface
between sets of phase shifts. Capturing a phase measurement can occur with one camera
frame, but a VSI measurement necessitates measuring the fringe contrast at multiple
points along a scan of the test object. However, the reduction in measurement time by
capturing the four fringe patterns at once reduces the effect vibration can have on the
relative orientation of the instrument and test part during data acquisition. This reduces
the effect of vibration on the visibility profile and allows more accurate VSI
measurements.

In fact, temporal methods cannot make VSI measurements in the

presence of vibration due to their inability to accurately calculate fringe modulation.
Furthermore, in certain instances VSI processing algorithms can average out the effects
of mild vibration as later discussed in Chapter 3. The increased vibration immunity
allows the instrument to make more accurate measurements in more settings. One can
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imagine making a measurement of a mirror being polished on a factory floor or a critical
spacer being measured on a liquid crystal display (LCD) assembly line.
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2. INSTRUMENT OVERVIEW

This work references data collected using an interference microscope in the Linnik
configuration as seen in Figure 2-1 and Figure 2-2 below. A detailed description of each
subsystem in the subsequent sections will follow a brief overview of the optical path.
The system only uses the stability supports to help further stabilize the fringes when
using an active vibration isolation table.

Interference Objective

Test Sample & Stage

Stability Supports

Figure 2-1: Picture of System
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Figure 2-2: Instrument Overview
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A pair of positive lenses collect the light from and form an image of a light emitting
diode (LED). An adjustable aperture co-located with the image of the LED controls the
apparent size of the source. The following positive lens pseudo-collimates the light
which passes through a second adjustable aperture controlling the field of view. Finally,
the last positive lens of the illumination system images the source into the entrance pupil
of the microscope objectives.

A polarizer sets the polarization of the unpolarized source and rotates to adjust the beam
balance of the two interferometer arms for maximum fringe contrast. A loss of half the
light occurs at the polarizer as well as with each pass through the non-polarizing beam
splitter (NPBS) that follows. Accounting for these losses includes ensuring the proper
brightness of the source as well as managing any stray light which could add noise to the
measurements.

The NPBS redirects the light returning from the Linnik toward the

camera. A tube lens forms an afocal imaging system with the microscope objectives.
The light passes through a quarter wave plate producing circularly polarized light which
then propagates to the camera equipped with a pixelated polarization mask.

The

polarizers on the camera cause the loss of an additional half of the light.

The Linnik consists of a polarizing beam splitter (PBS) with a microscope objective in
each arm. A piezoelectric transducer (PZT) equipped with a strain gauge sensor (SGS)
pistons the Linnik during measurement.

One arm of the interferometer images a

reference mirror while the other images the test object.
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ILLUMINATION
August Köhler invented a very uniform and light efficient method of illumination while
working for the Carl Zeiss Corporation in 1893 (Köhler 1893). Köhler illumination
dominates modern microscope illumination and achieves uniformity by imaging the
source into the entrance pupil of the microscope objective.

Figure 2-3 seen below depicts a schematic of the illumination system used in this work.
A pair of condenser lenses reimages the source to a plane co-located with an adjustable
aperture stop. The first two lenses merely image the source to a plane with space for an
adjustable aperture. The aperture stop resides at the rear focus of the second condenser
lens. The aperture stop controls the angular subtense of the pseudo-collimated beam
reaching the objective entrance pupil. As the aperture stop opens, the effective numerical
aperture (NA) of the system increases thus improving the resolving power of the imaging
system and decreasing the spatial coherence of the source. Equation 2-1 governs the
diameter of the smallest spot from a circular aperture limited only by diffraction (DAiry)
using the wavelength of light (λ) and NA (Greivenkamp 2004).

DAiry =

1.22λ
NA

(2-1)
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Figure 2-3: Illumination Overview
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The next lens pseudo-collimates the beam and a field stop follows. The field stop
controls the spatial extent of the illuminated portion of the objective entrance pupil. As
the field stop opens, a larger portion of the test part receives illumination. Co-locating
the field stop with a conjugate image plane to the interferometer arms helps the user pathmatch the test arm by bringing the field stop into focus.

The next lens generates an image of the source in the entrance pupil of the microscope
objective. The entrance pupil of the objective lies coincident with its rear focal point.
Accordingly, the objective projects the Fourier transform of the source onto the test part.
The Fourier transform removes any structure from the source creating highly uniform
illumination.

The coherence properties of the source describe the ability of the light waves emanating
from the source to interfere. Temporal coherence characterizes the spectral bandwidth of
the source as well as the relative irradiance, and it decreases as the source deviates from a
single wavelength. Spatial coherence describes the spatial extent of the source and
decreases as the source deviates from a point source.

The LED used in the instrument has an approximately Gaussian power spectrum with a
full width half maximum (FWHM) bandwidth of approximately 27nm and a center
wavelength of 460nm. The power spectrum (g) defines the irradiance emanating from
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the source as a function of frequency (ν) (Born and Wolf 1999). Equation 2-2 provides
the usual definition of a shifted (x0) and scaled (b) Gaussian function (Gaskill 1978).

  x − x0  2 
 x − x0 
GAUS 
 = exp  −π  b  
 b 
 
 

(2-2)

Figure 2-4 depicts the power spectrum of the source in frequency space.
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Figure 2-4: Source Power Spectrum

The Fourier transform of the power spectrum gives the temporal fringe visibility as a
function of optical path difference as seen below in Equation 2-3 (Born and Wolf 1999).
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VTemporal ( OPD ) = FTOPD  g (ν ) 

(2-3)

Equation 2-4 describes the unique property of the Fourier transform of a Gaussian
function resulting in a scaled Gaussian function (Gaskill 1978).


 x − x0  
FTξ GAUS 
  = b exp ( −i 2π x0ξ ) GAUS ( bξ )
 b 


(2-4)

Figure 2-5 seen below shows the fringe visibility as a function of optical path difference
between the test and reference arm.
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Figure 2-5: Temporal Fringe Visibility

A common definition of coherence length describes the optical path difference necessary
to reduce the fringe visibility to 50% resulting in a roughly 7µm coherence length for the
source used in this work. In terms of interferometry applications, the source has a
relatively short coherence length compared with stabilized gas lasers, which possess
coherence lengths on the order of meters. The short coherence length requires optical
path matching the reference arm to the test arm in order to produce high modulation
fringes.

Many interferometry applications consider this a disadvantage as extra

mechanical components must adjust the reference arm to match the test arm when
measuring different objects.

However, this application uses short coherence as an
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advantage by leveraging the limited presence of fringes to locate the test object to a
known plane.

The spatial coherence of the system requires a more assiduous analysis. With Köhler
illumination, the spatial coherence does not degrade the fringe visibility with perfect
symmetry between the arms of the interferometer. However, asymmetries in the optical
path caused by defects in the construction of the cube beam splitter or a defocus of the
reference mirror, for example, can reduce the fringe visibility. The diagram in Figure 2-6
depicts the case of a defocused reference mirror.

Figure 2-6: Defocused Reference Mirror

An extent of the image of the source (yS) at the rear focus of the microscope objective (f)
beyond a point source introduces an optical path difference (OPD) between the test and
reference beam in the presence of defocus (δz) as seen below in Figure 2-7.
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Figure 2-7: Defocus Induced Optical Path Difference

Simple trigonometry yields the OPD as seen in Equation 2-5.

OPD = 2δ d − δ d '
δz
OPD = 2
− 2δ z sin (θ ) tan (θ )
cos (θ )

(2-5)

OPD = 2δ z cos (θ )

The optical path difference depends on defocus (δz) as well as the extent of the source
and focal length of the objective as defined in Equation 2-6.

 yS 

 f 

θ = arctan 

(2-6)
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Each point on the source creates a fringe pattern shifted by the OPD on the sensor. The
interference components of these shifted fringe patterns add in irradiance and reduce the
fringe visibility as seen in Equation 2-7.

∞

 2π

I = RE  ∫ mR ( yS ) exp i
OPD ( yS )  dyS 
 λ

 −∞

 ∞

 2π

 y  
2δ z cos  arctan  S    dyS 
I = RE  ∫ mR ( yS ) exp i
 λ
 f   

 −∞


(2-7)

A rectangular function in one dimension models the normalized irradiance of the source
(mR) as seen in Equation 2-8.


 0,

 x − x0   1
RECT 
= ,
 b  2

1,


x − x0 1
>
b
2
x − x0 1
=
b
2

(2-8)

x − x0 1
<
b
2

The illumination optics magnify the roughly 2mm square LED to four times its size
creating an effectively 8mm square source. Equation 2-9 seen below describes the extent
of the source in one dimension and assumes constant irradiance across the source.
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y 
mR ( yS ) = RECT  S 
 8 

(2-9)

Equation 2-10 further simplifies the fringe pattern.

 ∞

 2π

 y  
y 
2δ z cos  arctan  S    dyS 
I = RE  ∫ RECT  S  exp i
 8 
 λ
 f   

 −∞

4
 2π

 y  


2δ z cos  arctan  S    dyS 
I = RE  ∫ exp i
 f   

 −4

 λ

(2-10)

Further reduction of the expression occurs with use of a small angle approximation and
Taylor series approximation of the cosine function as seen in Equation 2-11.


y
cos  arctan  S
 f



 yS 
 yS 
  ≈ cos   ≈ 1 −  

 f 
 f 

2

(2-11)

Substituting Equation 2-11 into Equation 2-10 allows the isolation of the spatial fringe
visibility as seen in Equation 2-12.

VSpatial

2
 4

 2π
 yS  
= RE  ∫ exp i
2δ z    dyS 
 f  
 −4

 λ

(2-12)
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Figure 2-8 shows the fringe visibility as a function of defocus due to the spatial
coherence properties of the source for a 2X microscope objective while Figure 2-9 shows
a 10X objective.
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Figure 2-8: Spatial Fringe Visibility (2X)
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Figure 2-9: Spatial Fringe Visibility (10X)

Thus the spatial coherence further narrows the localization of the fringe envelope around
the point of path matching especially for the 10X objective (although the small angle
approximation starts to break down). Opening the aperture stop and increasing the
apparent size of the source not only improves the imaging resolution but improves the
vertical scanning interferometry (VSI) resolution by further narrowing where fringes can
occur as further described in Chapter 5.

IMAGING
The imaging system consists of an infinity corrected microscope objective and a tube lens
as seen below in Figure 2-10.

46

Figure 2-10: Imaging Overview
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The telecentric nature of the imaging system allows the object’s size to remain constant
even when defocused. The object plane lays at the front focal point of the microscope
objective which creates a collimated beam for each field point. The tube lens can reside
an arbitrary distance away from the objective as long as it captures all of the rays. The
tube lens forms an image at its rear focal point. The ratio of the front focal length of the
tube lens to the rear focal length of the objective lens, as seen in Equation 2-13 in terms
of effective focal lengths (EFL), determines the magnification (m) of the system.

m=

EFLTube
EFLObjective

(2-13)

The wavelength used (λ) as well as the NA determine the smallest separation of points a
microscope can resolve as seen in Equation 2-14 (Born and Wolf 1999).

DObject =

0.5λ
NA

(2-14)

This criterion assumes an incoherent system imaging two object points but works well as
a general rule of thumb. The wavelength and NA also determine the depth of field
(DOF) for a diffraction limited system, or how much the object can move and stay in
focus, as seen below in Equation 2-15 (Benford 1965).
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DOF = λ

1 − NA2
NA2

(2-15)

Table 2-1 contains a tabulation of the NA as well as the two aforementioned quantities
for a number of standard magnifications. For completeness, the table also includes the
field of view (FOV), or the extent of the object imaged onto the detector.

The

magnification and detector size (roughly 8.88mm square) determine the field of view.

Magnification

Numerical Aperture (NA)

Resolution (DObject) (μm)

Depth of Field (DOF) (μm)

Field of View (FOV) (mm)

2X
5X
10X
20X
50X
100X

0.055
0.15
0.30
0.45
0.80
0.90

4.18
1.53
0.77
0.51
0.29
0.26

151.84
20.21
4.88
2.03
0.43
0.25

4.44
1.78
0.89
0.44
0.18
0.09

Table 2-1: Basic Microscope Objective Properties

INTERFERENCE CONFIGURATION
Interference microscopes mainly use three objective configurations as seen below in
Figure 2-11 (Schmit et al. 2007).

The Linnik configuration used in this work consists of two microscope objectives, a
polarizing beam splitter, and a reference mirror. The polarizing beam splitter allows the
pixelated mask phase sensor to work by separating the linear polarization states into the
test and reference arms. The reference surface consists of a super smooth 30% reflector
as not to add any additional aberrations to the system.
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Figure 2-11: Interference Objective Configurations
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A Linnik configuration has the main advantage of working with objectives possessing
short working distances. Thus, most Linniks consist of high magnification objectives
(>50X) with relatively short working distances.

Linniks suffer from alignment

difficulties and require the use of objectives with closely matched residual aberrations
and rear focal points. Chapter 5 contains a discussion of the alignment difficulties.

The Michelson configuration requires a microscope objective, a beam splitter, and a
reference mirror. The Michelson needs a microscope objective with a long working
distance since the beam splitter follows the objective in converging space. Thus, low
magnification systems with long working distances often use the Michelson
configuration. Michelsons tend to suffer from similar alignment difficulties as Linniks
with the exception of matching microscope objectives.

The Mirau configuration consists of a special microscope objective which integrates the
beam splitter and reference surface. A plate acts as a 50/50 beam splitter while a
compensating plate has a reflective coating acting as a reference surface. The Mirau’s
lack of alignment difficulties make it the most popular configuration.

VERTICAL SCANNING
As described in more detail in Chapter 3, VSI uses the localization of high contrast
fringes in space to determine the shape of an object. Accordingly, the optical path of one
of the interferometer arms, usually the test arm, must scan by moving either part of the
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interferometer or the test part. The current system pistons the interference objective
relative to the test object as well as the rest of the interferometer.

The interference objective pistons using a specially designed kinematic stage to ensure
the movement remains true to the test object. Any deviation in the true pistioning of the
objective relative to the test part will result in the introduction of errors. A PZT controls
the actuation of the Linnik with a range of 30µm and has a built-in SGS which uses
changes in electrical resistance to measure the displacement of the PZT. The SGS
ensures the linearity of the PZT movement by allowing closed loop operation. The
manufacturer of the PZT does not specify an accuracy of the movement claiming that too
many variables such as load contribute to the figure; however, a discussion with the
company revealed accuracy on the order of a few nanometers (Silberman 2012).

As further discussed in Chapter 3, the accuracy of the scanning mechanism ultimately
limits the resolution of the instrument to measure large steps. Phase information captured
from different steps during the scan must reference the same plane, which the algorithm
achieves by adding the appropriate amount of piston.

Thus, the accuracy of the

measurement of the scanning mechanism’s position limits the ability to reconcile phase
gaps larger than a quarter of a wavelength as well as the VSI resolution.

The importance of measuring the motion of the scan justifies the exploration of more
accurate methods. Distance measuring interferometers (DMI) measure linear distances
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with fastidious implementations having a resolution better than a thousandth of a
wavelength (Schreiber and Bruning 2007). Development of DMIs took place in the late
1960s (Dukes and Gordon 1970) with early uses in optical metrology (Crane 1969).

As with most interferometers, the DMI lends itself to numerous configurations.

A

common layout detailed below in Figure 2-12 begins with a two frequency laser
(Schreiber and Bruning 2007). The laser makes use of the Zeeman principle (using a
static magnetic field to split a spectral line) to output two orthogonally linearly polarized
beams (with a quarter-wave plate) with slightly different frequencies. The polarizing
beam splitter separates the two frequencies using polarization. Each frequency reflects
back from a corner cube and passes through an analyzer linear polarizer oriented at 45°
which allows interference to occur on the detector. The two frequencies combine to form
a heterodyne beat frequency measured by the detector. If the reference corner cube
remains stationary and the movable corner cube moves, the beat frequency of the
combined signal will change due to the movement inducing a Doppler frequency shift.
Measuring the frequency shift and duration of the beat signal allows for precise
calculation of the corner cube movement.
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Figure 2-12: Distance Measuring Interferometer Layout

DETECTOR
The current instrument uses a 1200x1200 detector array with 7.4µm square pixels. The
pixelated mask attaches to the sensor and a linear polarizer in front of each individual
pixel. The orientation of each polarizer, as seen below in Figure 2-13, induces the
desired phase shift between the two interferometer arms as discussed further in Chapter 3.
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Figure 2-13: Linear Polarizer Orientation

In order to capture the phase shifted frames at one focus position, the optical path
difference between the two interferometer arms cannot change as done in traditional
phase shifting interferometry. Instead, manipulation of the polarization states of the two
interferometer arms induces an often called “geometric phase shift”. In essence, a change
in the relative phase of the two interferometer arms occurs without a change in optical
path, thus preserving focus.

In the case of the current work, orthogonally circularly polarized beams impinge upon an
analyzer (linear polarizer) rotated (θ) to give the desired phase shift. The following
discussion uses a compact nomenclature developed by American physicist R. Clark Jones
in the early 1940s (Hecht 2002). In essence, vectors denote the amplitude and phase, the
two wave properties defining polarization, for the two orthogonal directions orthogonal to
propagation defined in the usual right-handed Cartesian manner.
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Equation 2-16 defines the generalized Jones vector where E0x and E0y denote the electric
field amplitudes and φx and φy represent the phases of the x and y components of the
waves respectively.

 E0 x exp ( iφx ) 


 E0 y exp ( iφ y )

(2-16)

The electric field of a right-handed circularly polarized (RHC) beam rotates clockwise as
the wave advances toward the observer. Thus the electric field of the two orthogonal
components must have equal amplitudes and the y component must lead the x by 90° as
seen in Equation 2-17.


E0 x exp ( iφx )



RHC = 
 
π  
E exp i  φx −  
 0 x
2   
 

(2-17)

Conversely, the electric field of a left-handed circularly polarized (LHC) beam rotates
counterclockwise as the wave advances toward the observer. Thus the electric field of
the two orthogonal components must have equal amplitudes and the y component must
trail the x by 90° as seen below in Equation 2-18.
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E0 x exp ( iφx )



LHC = 
 
π  
E exp i  φx +  
 0 x
2   
 

(2-18)

The reference beam will have right hand circular polarization while the test beam will
have left hand circular polarization. The handedness of the circular polarization of each
interferometer arm depends on the preference of the user but remains arbitrary for most
applications. For simplicity, the explanation will assume unity electric field amplitudes
and equal phases between the electric field components as seen in Equation 2-19.


E0 x exp ( iφx )

1


RHC = 
π    = exp ( iφ )  
 
E0 x exp i  φx −  
 −i 
2   
 


E0 x exp ( iφx )

1


LHC = 
π    = exp ( iφ )  
 
E exp i  φx +  
i 
 0 x
2   
 

(2-19)

Just as Jones vectors represent the polarization states, Jones matrices represent polarizing
optical elements. Thus, multiplying a Jones vector by a Jones matrix results in a Jones
vector representing the polarization state after passing through the given element.

Equation 2-20 seen below shows the Jones matrix for a horizontal linear polarizer (HLP)
(passes polarizations along the x axis).
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1 0 
HLP = 

0 0 

(2-20)

Rotation of the HLP through the use of a rotation matrix (ROT) seen in Equation 2-21
allows polarizations oriented with an arbitrary angle (θ) to pass through the polarizer.

 cos (θ ) sin (θ ) 
ROT = 

 − sin (θ ) cos (θ ) 

(2-21)

Successive multiplications as seen in Equation 2-22 by the rotation matrix yield the
rotated polarizer.

HLP (θ ) = ROT ( −θ ) ⋅ HLP ⋅ ROT (θ )

(2-22)

Equation 2-23 shows the resultant polarizer.

 cos 2 (θ )
sin (θ ) cos (θ ) 
HLP (θ ) = 

sin 2 (θ ) 
sin (θ ) cos (θ )

(2-23)

Each of the circular polarization states of the reference and test arms passes through the
rotated linear polarizer before impinging upon the camera as seen by the matrix
multiplication below in Equation 2-24.
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 cos 2 (θ )
sin (θ ) cos (θ ) 
1
REF (θ ) = RHC ⋅ HLP (θ ) = 
 ⋅ exp ( iφ )  
2
sin (θ ) 
 −i 
sin (θ ) cos (θ )
 cos 2 (θ )
sin (θ ) cos (θ ) 
1
TEST (θ ) = LHC ⋅ HLP (θ ) = 
 ⋅ exp ( iφ )  
2
sin (θ ) 
i 
sin (θ ) cos (θ )

(2-24)

Equation 2-25 depicts the product of the multiplication with the common terms grouped.

cos (θ ) cos (θ ) − i sin (θ )  
REF (θ ) = exp ( iφ ) 

 sin (θ ) cos (θ ) − i sin (θ )  
cos (θ ) cos (θ ) + i sin (θ )  
TEST (θ ) = exp ( iφ ) 

 sin (θ ) cos (θ ) + i sin (θ )  

(2-25)

Equation 2-26 shows the application of Euler’s formula which allows extraction of the
induced phase shift.

cos (θ ) 
REF (θ ) = exp i (φ − θ )  

 sin (θ ) 
cos (θ ) 
TEST (θ ) = exp i (φ + θ )  

 sin (θ ) 

(2-26)

Thus, the linear polarizer imparts a phase change equaling the orientation angle of the
polarizer but differing in sign for the test and reference arms of the interferometer. The
beams each lose half their irradiance as they pass through the polarizer. A polarizer
oriented at a given angle imparts a phase shift double that angle.
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3. DATA COLLECTION AND PROCESSING

DATA COLLECTION
Data collection begins by placing the object of interest in the test beam of the
interferometer. Placing the object in the middle of the scan range of the interferometer
ensures the collection of the necessary data. Nulling the fringes minimizes any tilt
between the test and reference arms of the interferometer. The interference objective
then scans continuously and a computer captures a camera frame at regular intervals to
give the desired step size. In general, interferometry applications prefer to ramp any
moving parts rather than stepping (Goodwin and Wyant 2006). Using a ramp motion
provides a smooth continuous movement from the beginning to the end point. This
smooth movement reduces any vibration introduced into the system by the starting and
stopping motion. Subtracting the phase of successive frames and averaging the values as
seen below in Figure 3-1 allows precise calculation of the step size with a well known
wavelength. This procedure yielded an average step size of 98.2nm in the example case.
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Figure 3-1: Step Size Calculator

After the scan, translation stages move the sample to find a clean and optically smooth
portion. Adjusting focus takes the interferometer out of path-match thus eliminating the
fringes. The computer acquires many camera frames (on the order of 100) and later
averages them. The average becomes the flat field calibration and normalizes each
camera frame before processing to help mitigate errors due to unwanted irradiance
variations.

These irradiance variations have many sources such as variation in the

throughput of the various orientations of the micro-wire grid polarizers.
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DATA PROCESSING
The data processing relies on two-beam interference and phase shifting interferometry
(PSI) to calculate the phase and fringe visibility for each pixel at each step.

A review of classic two beam interference details the calculation of the fringe visibility
and phase data. Assuming a right-handed Cartesian coordinate system, Equation 3-1
defines, in complex notation, a plane wave propagating in the positive x direction with an
electric field oscillating in the y direction.


U ( x, t ) = A exp i ( kx − ωt + φ ( x, t ) )  ɵy

(3-1)

The amplitude (A), wave number (k), frequency (ω), and phase (φ) denote the properties
of the wave. The modulus squared of the sum of two plane waves yields the classic two
beam interference equation in terms of an irradiance pattern (I).



2
I ( x, t ) = U 1 ( x, t ) + U1 ( x , t )
I ( x, t ) = A1 exp i ( k1 x − ω1t + φ1 ( x, t ) )  ɵy + A2 exp i ( k2 x − ω2t + φ2 ( x, t ) )  ɵy

2

(3-2)

Equation 3-3 seen below sets the wavelengths of the two beams equal and simplifies the
expression.
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2
I ( x, t ) = A1 exp i ( kx − ωt + φ1 ( x, t ) )  ɵy + A2 exp i ( kx − ωt + φ2 ( x, t ) )  ɵy

{

}

I ( x, t ) = A1 exp i ( kx − ωt + φ1 ( x, t ) )  ɵy + A2 exp i ( kx − ωt + φ2 ( x, t ) )  ɵy ⋅

{ A exp −i ( kx − ωt + φ ( x, t )) ɵy + A exp −i ( kx − ωt + φ ( x, t )) ɵy}
1

1

2

I ( x, t ) = A + A1 A2 exp i (φ1 ( x, t ) − φ2 ( x, t ) )  +

2

(3-3)

2
1

A1 A2 exp  −i (φ1 ( x, t ) − φ2 ( x, t ) )  + A22
I ( x, t ) = A12 + A22 + 2 A1 A2 cos φ1 ( x, t ) − φ2 ( x, t ) 

In PSI, the phase of one of the plane waves represents the wavefront emanating from the
test piece (φTest) while the phase of the other wave represents the known phase shift
(φShift). Equation 3-4 groups the wave amplitudes into a constant (IDC) and a varying
(IAC) component.

I ( x, t ) = I DC + I AC cos φTest ( x ) − φShift ( t ) 

(3-4)

Knowledge of the phase shift leaves only three remaining unknowns in the above
equation. Thus, calculation of the remaining unknowns requires a minimum of three
phase shifted fringe patterns.

Carrying out the calculation with four phase shifts

maximizes the use of data from the pixelated mask.

Equation 3-5 seen below applies four phase shifts (φShift,0 = 0, φShift,1 = π/2, φShift,2 = π,

φShift,3 = 3π/2) and thusly simplifies the resulting expressions.
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I1 ( x ) = I DC + I AC cos φTest ( x ) 
I 2 ( x ) = I DC − I AC sin φTest ( x ) 

(3-5)

I 3 ( x ) = I DC − I AC cos φTest ( x ) 
I 4 ( x ) = I DC + I AC sin φTest ( x ) 

Dividing the subtraction of the second frame from the fourth frame by the subtraction of
the third frame from the first frame isolates the phase of the test object.

I4 ( x ) − I2 ( x )
I1 ( x ) − I 3 ( x )

=

sin φTest ( x ) 

cos φTest ( x ) 

= tan φTest ( x ) 

(3-6)

A simple arctangent of the arithmetic manipulation of the fringe patterns gives the phase
of the test beam.

 I4 ( x ) − I2 ( x ) 

 I1 ( x ) − I 3 ( x ) 

φTest ( x ) = arctan 

(3-7)

The visibility or modulation of the fringes constitutes another important quantity to
calculate.

Taking the square root of the sum of the squares of the numerator and

denominator from Equation 3-6 isolates the modulation (V).

 I 4 ( x ) − I 2 ( x )  +  I1 ( x ) − I 3 ( x )  = 2 I AC
2

2

(3-8)
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The decomposition of the AC component into the modulation and average irradiance
(IAVG) allows for the isolation of the modulation.

I AC = I AVGV

(3-9)

Averaging the four phase shifted frames gives the average irradiance.

I AVG =

I1 ( x ) + I 2 ( x ) + I 3 ( x ) + I 4 ( x )
4

(3-10)

Combining the above expressions yields a relation for the fringe modulation in terms of
the four phase shifted frames.

2  I 4 ( x ) − I 2 ( x )  +  I1 ( x ) − I 3 ( x ) 
V=
I1 ( x ) + I 2 ( x ) + I 3 ( x ) + I 4 ( x )
2

2

(3-11)

Phase shifting interferometry leverages the variations in two beam interference patterns
while changing the phase of one beam by a known amount to determine the phase of the
other beam. Interference microscopes commonly implement phase shifts by changing the
optical path of one arm of the interferometer resulting in temporal phase shifting.
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As seen in Figure 3-2, the objective in the test arm of the interferometer moves relative to
the object being measured in order to induce each phase shift. The test arm usually
moves in an attempt to keep the portion of the test object being measured in the best
possible focus. The objective usually moves an eighth-wave resulting in a quarter-wave
of optical path difference (90° phase shift) due to the double pass nature of measuring a
part in reflection.

Figure 3-2: Temporal Phase Shifting Data Acquisition

Temporal phase shifting methods have two primary disadvantages. First, moving the
objective relative to the test object causes each phase shift to be captured in various states
of focus and levels of fringe contrast. Second, capturing each phase shift independently
makes the measurement more susceptible to environmental disturbances. Chapter 1
contains a more detailed discussion of the disadvantages of temporal phase shifting.
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The instrument discussed in this work uses a pixelated camera mask to implement spatial
phase shifting by changing the geometric phase of the beams as described in Chapter 2.
The pixelated mask consists of micro-wire grid polarizers aligned with each pixel on the
camera (Brock et al. 2005). In the current implementation, each pixel receives one of
four phase shifts resulting in one irradiance value needed to calculate the visibility and
phase. Figure 3-3 shows the arrangement of the phase shifts.

Figure 3-3: Pixelated Mask Phase Shifts (Left) and Irradiance (Right) Orientations

Figure 3-4 seen below shows the isolation of four pixels used to calculate the average
phase and visibility.
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Figure 3-4: Four Pixels Needed to Calculate the Average Phase and Visibility

Moving over one pixel in either direction allows for another set of irradiances to calculate
the average phase and visibility as seen in Figure 3-5.

Figure 3-5: Illustration of Calculation Pattern

The shifting operation allows phase and fringe modulation calculations across the entire
array. The use of the 2X2 kernel shown in Figure 3-5 results in the loss of a single row
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and a single column of pixels while minimizing the loss of lateral resolution (Kimbrough
and Millerd 2010).

Taking the sine and cosine of the carrier signal allows extraction of the numerator and
denominator terms as seen in Figure 3-6.

Figure 3-6: Sine (Left) and Cosine (Right) of the Carrier Signal

Figure 3-7 below shows the result of multiplying the irradiances from the camera by the
numerator and denominator sorter.
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Figure 3-7: Irradiance Multiplied by Sorters

A convolution with the appropriate kernel gives the numerator (NUM) and denominator
(DEN) terms as seen in Equation 3-12.

 0 I 2  1
NUM = 
⋅
 − I 4 0  1
0  1
I
DEN =  1
 ⋅ 1
0
−
I
3 


1
= I2 − I4
1
1
= I1 − I 3
1

(3-12)

Note that the numerator needs a sign change in order to be consistent with the rest of the
derivation.
wavefront.

This negation only results in a change of the arbitrary piston of the
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VERTICAL SCANNING INTERFEROMETRY
Vertical scanning interferometry (VSI) measures an object in three dimensions using an
interference microscope with a low coherence light source, which localizes the formation
of fringes to the zero optical path difference of the interferometer channels. Setting the
best focus of the microscope to coincide with the zero optical path difference of the
interferometer channels ensures proper focus in the presence of fringes. The microscope
axially scans the object and records the position of the microscope corresponding to the
point on the object which produces the highest contrast fringe. The stitching of the
microscope positions for each pixel forms a measurement of the object. Vertical scanning
interferometry can measure object heights on the order of millimeters since it does not
suffer from the unwrapping problems of single wavelength PSI.

The processing behind a VSI measurement starts with calculating the modulation of each
pixel at each step in the scan position. Figure 3-8 as seen below provides an example for
a single pixel without any additional processing.
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Figure 3-8: Fringe Visibility as a function of Step Number for a Single Pixel (Unprocessed)

As previously described in Chapter 3, application of a flat field calibration reduces the
noise in the measurement by normalizing the irradiance of each pixel of the pixelated
mask. Variations in the irradiance can arise from errors in the fabrication of the pixelated
mask providing a higher transmission of one polarization state versus another. Figure 3-9
as seen below adds a flat field calibration.
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Figure 3-9: Fringe Visibility as a function of Step Number for a Single Pixel (Flat Field Calibration)

A low-pass filter can remove the remaining noise in the fringe visibility profile.
However, use of a zero-phase filter ensures the peak of the fringe modulation does not
shift during the filtering operation. Figure 3-10 as seen below provides an example of the
visibility profile filtered with a simple five element rectangular kernel.
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Figure 3-10: Fringe Visibility as a function of Step Number for a Single Pixel (Flat Field Calibration / Low
Pass Filter)

In addition, applying a threshold eliminating the low visibility portions of the profile not
only reduces the amount of data processing but also helps eliminate noise from the small
peaks on either side of the main peak. A stray reflection emanating from the pixelated
mask causes the side lobes and can print through to the resulting profile. Figure 3-11 as
seen below shows the irradiance of the camera stray fringe pattern. Figure 3-12 as seen
below demonstrates removal of any data with less than 50% fringe visibility.
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Figure 3-11: Camera Stray Irradiance Variation
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Figure 3-12: Fringe Visibility as a function of Step Number for a Single Pixel (Flat Field Calibration / 50%
Threshold)

The aforementioned processing options for the fringe visibility profile prepare the data
for a peak finding algorithm which determines the surface profile. The simplest peak
finding method merely selects the sample with the maximum fringe modulation as the
location of the surface. However, this method limits the vertical resolution to the step
size without the use of computationally intensive interpolation methods which may add
error to the measurement.

A slightly more complicated method determines the location of the surface by finding the
weighted average or centroid of the fringe visibility as seen below in Equation 3-13.
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∑ (V ⋅ z )
Centroid =
∑ (V )
i

Scan ,i

i

(3-13)

i

i

The averaging component of this algorithm adds some noise immunity and the step size
no longer limits the vertical resolution. However, problems arise with large step sizes
since data may not lie symmetrically about the location of the surface. One can imagine
a skewing of the weighted average if the peak fringe contrast does not coincide with a
sample point. Also the averaging of fewer samples diminishes the noise reduction.

Fitting a Gaussian curve to the fringe visibility also yields the surface location since the
fringe visibility closely approximates a Gaussian curve. The center of the fitted Gaussian
serves as the location of the surface. The Gaussian fitting method works well with fewer
data points and helps average out noise. Figure 3-13 as seen below shows the Gaussian
fit of the fringe visibility.
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Figure 3-13: Gaussian Fit of Fringe Visibility as a function of Step Number for a Single Pixel (Flat Field
Calibration / 50% Threshold)

The results in Chapter 4 use a least squares Gaussian fit of the fringe visibility data to
determine the location of the test surface due to its ability to suppress noise and work
with large step sizes. Also, the results use a flat field calibration and a 50% threshold for
the aforementioned reasons.

The results skip a low pass filtering operation as the

computationally intensive process imparts minimal gains. The Gaussian fit also seems to
add some level of vibration immunity as later discussed.
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As further discussed in Chapters 4 and 5, the objectives used in this experiment introduce
erroneous tilt to the VSI measurements due to a dispersion effect. Measuring a well
nulled super smooth surface allows subtraction of the tilt from each VSI measurement.

PHASE SHIFTING INTERFEROMETRY
Phase shifting interferometry measures an object in three dimensions using the changes in
two beam interference patterns as the phase of the reference beam changes by a known
amount. In a simple realization, the test beam reflects off the object while the reference
beam reflects off a known mirror. In temporal methods, the position of the reference
mirror changes in time to induce phase shifts. Recording the interference pattern for a
minimum of three phase shifts allows determination of the phase of the test beam
reflecting off the object and subsequently the shape of the object.

The current implementation calculates phase using the pixelated mask as previously
described. Due to the long coherence length of the source, the camera captures many
phase values over the course of a scan. The processing algorithm chooses the phase
value associated with the step closest to the maximum visibility since maximizing fringe
contrast increases the signal to noise ratio. However, the algorithm must add the piston
to the phase values when they originate from different steps to ensure they have a
common reference.
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Single wavelength PSI cannot measure objects where the height changes by more than a
quarter of the wavelength of light between adjacent samples due to the periodic nature of
the fringe pattern. The calculated phase repeats itself after changing more than a quarter
of a wavelength as seen below in Figure 3-14.
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Figure 3-14: Unwrapping Illustration

Adding integer wavelengths to the phase making it continuous constitutes the process of
traditional unwrapping (Goodwin and Wyant 2006). The process works well when a test
surface does not contain steps or slopes larger than a quarter-wave between pixels. Thus,
an algorithm to unwrap discontinuities larger than a quarter-wave must utilize additional
information about the sample. Vertical scanning interferometry does not suffer from the
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aforementioned ambiguities and provides the necessary additional information to unwrap
the phase.

UNWRAPPING
The unwrapping process begins by converting all the pertinent quantities to the same
space. Wrapped phase has units of radians and a magnitude double that of the surface
since the interferometer operates in reflection. The algorithm converts the location of the
piezoelectric transducer (PZT) during the scan and the VSI measurement from units of
nanometers to match the wrapped phase as seen below in Figure 3-15.

The algorithm then adds the piston to the phase values and the unwrapping occurs by
adding or subtracting multiples of 2π until the PSI value lies within π of the VSI value.
As a last step, the algorithm converts the unwrapped phase into a surface value with units
of nanometers using the wavelength of light. The measurement of a 44nm calibrated step
allows the calculation of the instrument’s effective wavelength (since the instrument uses
a broadband source) as seen below in Figure 3-16. Using a step shorter than a quarterwave prevents any unwrapping problems in the phase. Repeating the measurement of the
short step for each objective groups the correction of the numerical aperture (NA) factor
(large NA objectives measure smaller heights than the actual values) from the different
magnifications in with the effective wavelength (Creath 1989).
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Figure 3-15: Unwrapping Algorithm
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Figure 3-16: 44nm Calibration Step Measurement
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4. RESULTS

The measurement of a distinct set of surfaces demonstrates the performance of the
aforementioned data acquisition and processing techniques. The evaluation of a super
smooth surface, a surface with surface deviations within the noise limit of a single shot
phase measurement, proves the ability to match the low noise floor of phase shifting
interferometry (PSI). In contrast, the measurement of a large step, a step discontinuity
much greater than the wavelength of light, validates the extended range of the instrument.
A point by point subtraction of two data sets of the large step quantifies the repeatability
of the proposed methods. Furthermore, using the instrument to assess a micro-mirror
shows the low noise from the PSI and extended range of the vertical scanning
interferometry (VSI) working in harmony to measure industrial samples.

Unless

otherwise noted, all measurements place the instrument and sample on a floating table
and use a step size on the order of 100nm. All of the measurements utilize a 2X
Michelson interference objective with the exception of the micro-mirror which uses a
10X Linnik. The term PSI represents the phase after the aforementioned unwrapping
process while the terms peak to valley (PV) and root mean square (RMS) hold their
respective traditional meanings. In order to demonstrate the vibration insensitivity of the
instrument, additional measurements of the super smooth surface and the large step use
an inactive floating table. Finally, supplementary measurements of the super smooth
surface demonstrate the coarse sampling ability of the proposed method with a 1µm data
sampling period.
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SUPER SMOOTH SURFACE
Figure 4-1 below displays the VSI measurement of a super smooth surface with a 2X
Michelson objective while Figure 4-2 displays the same measurement with subtraction of
the reference tilt due to dispersion (further discussed in Chapter 5). Figure 4-3 exhibits
the unwrapped phase while Figure 4-4 exhibits the same measurement with the removal
of the first 16 square Zernike terms (Bray 2004). The small residuals (PV = 3.2nm, RMS
= 0.4nm) of the unwrapped phase with the removal of the aberrations demonstrate the
low noise floor of the technique and the absence of unwrapping errors. The aberrations
emanate from misalignment errors in the objective as further discussed in Chapter 5.
Also notice the camera stray discussed in Chapter 3 in Figure 4-2.
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Figure 4-1: Super Smooth Surface VSI Measurement (PV = 451.3nm, RMS = 104.6nm)
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Figure 4-2: Super Smooth Surface VSI Measurement – Reference Subtracted (PV = 39.1nm, RMS =
5.1nm)
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Figure 4-3: Super Smooth Surface PSI Measurement (PV = 38.4nm, RMS = 4.7nm)
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Figure 4-4: Super Smooth Surface PSI Measurement – Aberrations Removed (PV = 3.2nm, RMS = 0.4nm)
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LARGE STEP
Figure 4-5 below presents a VSI measurement of a step on the order of 4.5µm with a 2X
Michelson objective while Figure 4-6 presents the unwrapped phase of the same
measurement. The spiral shapes seen in the measurements depict damage to the sample
but provide interesting detail. A zoomed comparison of the two measurements seen
below in Figure 4-7 demonstrates the low noise floor of the phase data. The smoothness
of the phase data results from its lower noise floor. A histogram of the PSI measurement
of the step as seen below in Figure 4-8 shows good agreement with its designated value
of 4.5µm. As an industry standard, manufacturers only produce steps within a few
percent of their marked value.
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Figure 4-5: Large Step VSI Measurement
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Figure 4-6: Large Step PSI Measurement
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Figure 4-7: Large Step VSI (Top) and PSI (Bottom) Zoomed Comparison
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Performing a point by point subtraction of two successive measurements of the step
yields the repeatability of the measurement technique. Figure 4-9 below depicts the VSI
repeatability with a value of 12.4nm RMS while Figure 4-10 depicts the PSI repeatability
with a value of 1.6nm RMS.

Generally, VSI measurements have a minimum

repeatability of 3nm RMS while PSI measurements have a minimum repeatability of
0.3nm RMS (Schmit et al. 2007). The instrument has a shot noise limited single phase
measurement (no averaging) repeatability of roughly 0.6nm, but the scanning of the
proposed method degrades the repeatability (Kimbrough et al. 2011).

Reducing the

coherence length of the source and actively calculating the acquisition step size improves
both the VSI and PSI repeatability of the outlined method as further discussed in Chapter
5.
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Figure 4-9: VSI Repeatability (PV = 84.2nm, RMS = 12.4nm)
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Figure 4-10: PSI Repeatability (PV = 13.1nm, RMS = 1.6nm)
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MICRO-MIRROR
Figure 4-11 below illustrates a VSI measurement of a micro-mirror actuator with a 10X
Linnik objective while Figure 4-12 illustrates the unwrapped phase of the same
measurement. Again, a zoomed comparison of the mirror surface as seen below in Figure
4-13 demonstrates the low noise floor of the phase data. With the increased vibration
immunity of this technique one can imagine measuring such devices in manufacturing
environments.
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Figure 4-11: Micro-Mirror VSI Measurement
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Figure 4-12: Micro-Mirror PSI Measurement
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Figure 4-13: Micro-Mirror VSI (Top) and PSI (Bottom) Zoomed Comparison
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SUPER SMOOTH SURFACE WITHOUT VIBRATION ISOLATION
Figure 4-14 below details a VSI measurement of a super smooth surface without
vibration isolation while Figure 4-15 details the unwrapped phase. The VSI data appears
slightly noisier but a change in the tilt reference due to known thermal fluctuations
accounts for most of this increase. Despite the increased noise in the VSI measurement,
the algorithm properly unwraps the phase demonstrating the ability of this technique to
make measurements in places where temporal methods cannot.
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Figure 4-14: Super Smooth Surface VSI Measurement (Without Vibration Isolation)
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Figure 4-15: Super Smooth Surface PSI Measurement – Aberrations Removed (Without Vibration
Isolation)
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LARGE STEP WITHOUT VIBRATION ISOLATION
Figure 4-16 below displays a VSI measurement of a 4.5µm step without vibration
isolation while Figure 4-17 displays the unwrapped phase of the same measurement. A
zoomed comparison of the two measurements seen below in Figure 4-18 demonstrates
the low noise floor of the phase data. Thus, even in the presence of vibration, the
outlined technique makes measurements with the low noise floor of phase measurements
with the extended range of vertical scanning techniques.
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Figure 4-16: Large Step VSI Measurement (Without Vibration Isolation)
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Figure 4-17: Large Step PSI Measurement (Without Vibration Isolation)
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Figure 4-18: Large Step VSI (Top) and PSI (Bottom) Zoomed Comparison (Without Vibration Isolation)
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Again, performing a point by point subtraction of two successive measurements of the
step yields the repeatability of the measurement technique without vibration isolation.
Figure 4-19 below exhibits the VSI repeatability with a value of 10.6nm RMS while
Figure 4-20 exhibits the PSI repeatability with a value of 22.9nm RMS. The repeatability
of the VSI measurement remains largely consistent with and without vibration isolation
further confirming the averaging of the Gaussian fit of the visibility profile. However,
the PSI repeatability markedly degrades without vibration isolation since the accuracy of
the piston added to the phase measurements taken from different acquisition steps suffers
from the vibration. The current algorithm uses an average step size to bring the phase
values from different acquisition steps to a common reference. However, the vibration
broadens the distribution of the step sizes as seen below in Figure 4-21 as compared with
data taken on a vibration isolation table as seen above in Figure 3-1. Measuring the exact
step size greatly reduces this error as described further in Chapter 5.
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Figure 4-19: VSI Repeatability (PV = 76.6nm, RMS = 10.6nm) (Without Vibration Isolation)
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Figure 4-20: PSI Repeatability (PV = 62.5nm, RMS = 22.9nm) (Without Vibration Isolation)
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Figure 4-21: Step Size Calculator (Without Vibration Isolation)
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SUPER SMOOTH SURFACE WITH LARGE DATA ACQUISITON STEPS
Figure 4-22 below presents a VSI measurement of a super smooth surface with large data
acquisition steps while Figure 4-23 presents the unwrapped phase.

The computer

acquired data at 1µm intervals resulting in a VSI measurement accurate enough to
unwrap the phase. The ability to take large steps further immunizes the measurement
technique from vibration by reducing measurement times. Since the coherence length of
the source only spans around 7µm, 1µm steps represent an upper bound on the data
acquisition step size – especially when considering the short depth of field of higher
magnification microscope objectives detailed above in Table 2-1. The Gaussian fitting
technique of finding the coherence peak allows large steps and provides some immunity
against vibration by fitting multiple data points.
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Figure 4-22: Super Smooth Surface VSI Measurement – Reference Subtracted (Large Data Acquisition
Steps)
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Figure 4-23: Super Smooth Surface PSI Measurement – Aberrations Removed (Large Data Acquisition
Steps)
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5. FUTURE WORK

LINNIK ALIGNMENT
Many well known alignment difficulties exist with Linnik based interference objectives
as described in Chapter 2 (Abdulhalim 1998, Pavliček and Soubusta 2004, De Lega
2007). The results in Chapter 4 present experimental verification of this alignment
difficulty as the processing algorithm must subtract a reference from the vertical scanning
interferometry (VSI) data before the unwrapping process. Curiously the errors only
manifest themselves in the VSI while minimally affecting the phase information. An
evaluation of white-light interferograms in the presence of linear dispersion, as first
presented by Pförtner and Schwider, eloquently explains this phenomenon (Pförtner and
Schwider 2001). The following explanation closely mirrors their discussion:

One can start with a two-beam interference pattern as seen in Equation 5-1.

{

}

I  z ( x )  = I 0 1 + V cos  kz ( x ) 

(5-1)

The irradiance of the beams (I0), fringe visibility (V), wavenumber (k), and phase (z)
varying in one spatial dimension (x) define the pattern. Integrating over a range of
wavenumbers gives the white light interference pattern (IWL) as seen below in Equation
5-2. For simplicity, the derivation assumes constant irradiance and visibility over the
wavelength range.
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k2

{

}

IWL  z ( x )  = ∫ I 0 1 + V cos  kz ( x )  dk
k1


k + k

k + k

IWL  z ( x )  = ( k2 − k1 ) I 0 1 + V ⋅ SINC  2 1 z ( x )  cos  2 1 z ( x )  
 2π

 2



(5-2)

The resulting interferogram consists of a cosine pattern modulated by a sinc envelope.
Adding a linear dispersion term, c(k-k0), where a constant (c) controls the magnitude of
the dispersion to the phase, results in the interferogram seen in Equation 5-3.

k2

{

}

IWL  z ( x )  = ∫ I 0 1 + V cos  kz ( x ) + ( k − k0 ) c ( x )  dk
k1


 k2 − k1
 
1 + V ⋅ SINC  2π  z ( x ) + c ( x )   ⋅ 

 
IWL  z ( x )  = ( k2 − k1 ) I 0 

 k2 + k1

 z ( x ) + c ( x )  − k0 c ( x )  
 cos 

 2



(5-3)

Close examination of the cosine term shows that the dispersion cancels out of the
equation if the center wavenumber (k0) matches the mean wavenumber as seen in
Equation 5-4.

k0 =

k2 + k1
2

(5-4)

Thus, a symmetric source will only see a shift in the coherence envelope with little or no
change in the phase. The slope of the linear dispersion (γ) defined by the index of
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refraction (n) variation as a function of wavenumber determines the dispersion induced
by a plane parallel plate as seen in Equation 5-5.

γ=

n1 − n2
k1 − k2

(5-5)

Equation 5-6 shows the calculation of the coefficient of linear dispersion based on the
thickness of the glass plate (d).

c=

2k1k2γ
d
k0

(5-6)

Uniform dispersion across the entire field, such as a glass plate, will not adversely
influence the measurements. However, a variation as a function of field will shift the
maximum of the coherence envelope as a function of field, thus imparting error into the
VSI measurement. Most of the error seen in the experimental measurements consists of
tilt.

Two likely sources of a tilted optical path difference (OPD) in a Linnik

interferometer include the cube beam splitter as well as shearing of the two interference
objectives.

Since the interference objectives consist of spherical lenses, a shearing

between them results in a tilted OPD. Moreover, a deviation from perpendicularity of the
sides of the cube beam splitter can also result in a tilted OPD.
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An estimation of the order of magnitude of the aforementioned dispersion error assumes
the source used in this work with a center wavelength of 460nm and a width of 30nm.
The index of refraction of N-BK7 glass defines the slope of the linear dispersion as
calculated in Equation 5-7.

γ=

n445 nm − n475 nm
1.526 − 1.523
=
= 3.364nm
2π
2π
k1 − k2
−
445nm 475nm

(5-7)

Equation 5-8 converts the dispersion coefficient to a function of cube error (d).

 2π   2π 
2

 ( 3.364nm )
2k1k2γ
445nm   475nm 

c=
d=
= 0.092d
2π
k0
460nm

(5-8)

Thus, the maximum of the coherence envelope will shift by nearly one tenth of the
optical path variation. A commercial grade beam splitter can have up to 5 minutes of
deviation from orthogonality leading to an optical path variation due to the sides of the
cube beam splitter deviating from perpendicular. Using a realistic beam diameter of
10mm at the beam splitter allows calculation of the maximum OPD (OPDMax) as seen
below in Figure 5-1.
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Figure 5-1: Maximum Optical Path Difference Error

Simple trigonometry yields the maximum OPD as seen in Equation 5-9.

OPDMax = 10mm ⋅ tan(5') = 14.544 µm

(5-9)

Equation 5-10 finally computes the dispersion coefficient.

c = 0.092d = 0.092 ⋅ OPDMax = ( 0.092 )(14.544 µ m ) = 1.338µ m

(5-10)

Thus, the beam splitter alone could easily result in over a micron of error due to the
dispersion varying across the field. Figure 5-2 seen below exhibits the effect of such
dispersion on the white light interferograms. Figures 5-3 and 5-4 seen below show the
relative fringe modulation across the field for two steps on either edge of the VSI
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measurement of a super smooth surface with a 10X Linnik. The modulation maps
correspond well to the tilt in the VSI measurement seen below in Figure 5-5.
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Figure 5-3: Relative Fringe Visibility at Step 159
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Figure 5-4: Relative Fringe Visibility at Step 168
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Figure 5-5: Super Smooth VSI Measurement (10X)
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Eliminating the aforementioned dispersion requires precise manufacture of the optical
components as well as meticulous alignment.

Measurements made with Michelson

objectives also suffer from this error due to manufacturing errors in the beam splitter and
effective shear with the beam retracing the objective with an offset. Notice the rotation
of the errant tilt between data from the 2X Michelson in Figure 4-1 and the 10X Linnik in
Figure 5-5 which eliminates most other sources of the tilt such as the scanning
mechanism.

However, other alignment issues affect the PSI measurements.

For example, the

mismatch in the magnifying power of the objectives results in residual power in the
measured wavefront.

In general, interference objective alignment must satisfy four

criteria for high-quality interferograms with incoherent illumination (Sinclair et al. 2005):

1. The sample and the reference objectives must be accurately focused on the
specimen and reference surface, respectively.
2. The overall group delay experienced by a wave packet traversing the sample arm
of the interferometer must be equal to the group delay of the reference arm.
3. The total group velocity dispersion present in the two arms of the interferometer
is matched.
4. The positions of the back focal planes of the objectives in the two arms of the
interferometer are equidistant from the beam splitter.
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Mirau designs avoid many of the aforementioned issues. The use of a single microscope
objective avoids having to match the objectives and the manufacturing of a plate beam
splitter proves much easier than manufacturing a cube beam splitter (Koudelka and Burge
2004).

However, the current system requires orthogonal polarizations in each

interferometer arm, thus complicating the design of an appropriate Mirau objective
(Biegen 1990).

UNWRAPPING ALGORITHM
As seen in Chapter 4, adding the piston offset to the phase during the unwrapping process
adds error to the PSI measurement as seen in the poor repeatability in the presence of
vibration. Reduction of this error can occur by maximizing the amount of phase data
taken from the same coherence envelope or measuring the exact piston offset.

The first technique only solves the problem within the depth of field of the microscope
objective since phase data spanning beyond the depth of field will have different piston
values. Thus, this technique proves limited especially with high magnification objective
with small depths of field.

The second technique uses the phase data to calculate the vertical movement between
each data acquisition step for each pixel. Assuming a mean step size allows unwrapping
when using step sizes greater than a quarter wavelength.

However, the vibration

introduces ambiguities in the calculating the step size if the magnitude of the vibration
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exceeds a quarter-wave. The instrument could use a distance measuring interferometer
(DMI) as described in Chapter 2 to overcome the quarter-wave limitation at the expense
of potentially putting a corner cube on the measurement surface. Also, the DMI method
may require multiple samples across the field to account for tilt variances. However,
knowing the exact distance between each data acquisition improves not only the
repeatability of the phase data over an extended range but improves the VSI measurement
as well. Measurements in the presence of vibration especially demonstrate the power of
this technique by essentially measuring and removing the effect of the vibration.

VIBRATION CHARACTERIZATION
While the instrument displays good performance in the presence of vibration typical to a
standard scientific laboratory (up to roughly half a fringe of motion), the instrument
needs its performance evaluated at various vibration levels.

SOFTWARE IMPROVEMENT
Future refinement of the software includes increasing the processing speed as well as
expanding the feature set. The current implementation stores the camera frame from each
scan step for off-line processing.

This paradigm provides maximum flexibility for

debugging the algorithm but requires a large amount of storage and long processing
times. Instead performing the calculations concurrently with data acquisition and only
storing the necessary data will reduce computer resources. For example, the centroid
approach only requires the two sums and the phase when the division of the values
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reaches a maximum. In addition, dividing the processing into multiple threads and
making use of multiple processor cores could greatly reduce the processing time.

The current software only provides the raw data without any analysis options while
further processing occurs in a commercial interferometry program called 4Sight produced
by 4D Technology. These analysis options, such as aberration removal and statistical
analysis, need implementation into the software or the core data collection added to a
commercial interferometry program.

SOURCE SELECTION
The instrument’s source in the current implementation has a relatively narrow bandwidth
of roughly 30nm resulting in a relatively broad visibility function of 7µm FWHM in
comparison with commercial VSI instruments.

Commercial instruments have

bandwidths upwards of 200nm and visibility functions smaller than 1µm FWHM. The
use of the narrow bandwidth source ultimately affects the noise floor of the measurement
as a broader visibility profile makes it easier for noise to skew the measurement. A
broader source could improve the VSI capabilities while still providing the ability to
make PSI measurements. Noise in the VSI measurement can cause unwrapping errors in
the PSI measurement.

A simulation using a least squares fit to find the center of a visibility profile with random
noise (with a maximum amplitude of 0.05) reveals the influence of the source width on
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noise immunity. The simulation masks out data with a visibility below 50% and averages
the error over a large number of trials. A Gaussian profile with a FWHM of 7µm
produces an average error of roughly 13nm while a FWHM of 1µm produces an average
error of roughly 5nm. The sharp fall-off of the broader source suppresses the noise as
seen below in Figure 5-6.
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Figure 5-6: Coherence Length Effect on Noise Suppression

E2C CORRECTION
Unbalanced irradiance values between the pixels of the polarization mask due to
manufacturing defects and misalignment can introduce errors into both the visibility and
phase calculations.

A flat field calibration reduces this error, but more advanced
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algorithms, often referred to as ellipse to circle (E2C) routines, can help further alleviate
the problem (Guzhov et al. 2011, Kimbrough et al. 2011).

THERMAL ISOLATION
The current interferometer design allows thermal coupling between components
generating heat, such as the light emitting diode (LED) driver and camera, with the
optics. In particular, the interference objectives slowly change temperature over a period
of hours.

The temperature change proves problematic when making sensitive

measurements since the errors introduced by the interferometer change over time, making
them impossible to subtract. Thermally isolating these components will stabilize the
instrument error and allow more accurate measurements.

COARSE MAPPING
The ability of the current technique to calculate modulation using one camera frame
allows for a coarse mapping based on estimating a surface location based on the
modulation of the fringes. Capturing a measurement twice over the coherence length
allows use of the coherence falloff to estimate the position of a surface without
ambiguity. Such technology could replace traditional offline VSI instruments used to
measure devices being produced on a production line. The increase in speed makes the
measurement less sensitive to vibration and allows the measurement to keep pace with
the production process. Traditional temporal measurements require at least three phase
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shifted camera frames to calculate modulation. Not only does this take a long time but
results in an inaccurate modulation value in noisy environments.

SURFACE ROUGHNESS MEASUREMENTS
Measuring the surface roughness of large telescope mirrors during the polishing process
provides one possible initial commercial application for the proposed technology. The
instrument can make measurements directly on the mirror due to its small form factor and
its ability to tolerate vibration. Figure 5-7 below shows an initial VSI measurement of a
ground bare glass surface using a 10X Linnik objective with a measured value of
302.8nm RMS.

However, while initial measurements prove encouraging, future

experimentation will need to demonstrate the ability of the proposed instrument to make
accurate surface roughness measurements as this area of metrology usually invokes some
controversy (Pavliček and Soubusta 2003, Rhee et. al. 2005, Leach et. al. 2012).
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Figure 5-7: Ground Bare Glass Surface VSI Measurement (RMS = 302.8nm)

132

CONCLUSION

This work utilizes an interference microscope with a pixelated mask polarization based
spatial carrier camera.

The instrument vertically scans a test surface with a low

coherence source. The low coherence source isolates the fringes to a known plane
allowing construction of a coarse surface profile. The coarse profile allows removal of
ambiguities in the low noise phase data through an unwrapping process.

The pixelated mask polarization based spatial carrier camera captures four phase shifted
interference patterns simultaneously.

Thus, the instrument calculates accurate

modulation and phase values at each scan step even in the presence of vibration. The
processing algorithm further reduces the effects of vibration by using a Gaussian fitting
routine to find the coherence peak and average out vibration.

The measurement of a super smooth surface demonstrates the low noise floor of the
system while the measurement of a step discontinuity roughly ten times the instrument’s
wavelength demonstrates the extended range. The assessment of a micro-mirror coupled
with measurements without vibration isolation and a measurement using coarse data
sampling demonstrate the advanced commercial appeal of the technique. In addition, the
proposed technique does not appear to suffer from a diffraction effect known as
“batwings” which introduces an error at sharp discontinuities in temporal methods.
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The successive measurement of a large step demonstrates a repeatability of roughly 10nm
RMS for the VSI measurements both with and without vibration isolation. However, the
repeatability of the PSI measurement increased by a multiple of 10 without vibration
isolation from the roughly 2nm RMS value with vibration isolation. The repeatability of
both measurements, especially the PSI measurement, will likely improve when the
algorithm incorporates using the phase data to measure the exact data acquisition step
sizes.

Capturing the four phase shifts simultaneously allows quantization of small

magnitude vibration, thus removing it from the measurements.

Improving the construction of the interference objectives and better managing the heat in
the instrument combined with improved data processing will result in a commercial
instrument with a unique feature set.

Initial commercial applications might include

measuring large telescope mirrors in various polishing stages since the instrument can
reside directly on the mirror due to its small footprint and can make measurements in the
presence of vibration.
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