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ABSTRACT
DARYL PURCELL. Interferometric technique for microstructure metrology using an
index matching liquid. (Under the direction of DR. ANGELA DAVIES)

Non-null interferometry offers a viable alternative to traditional interferometric testing of
aspheric micro-lenses since computer generated holograms or null optics whose
fabrication and testing are very expensive, are not required. However, due to the violation
of the Nyquist sampling theorem these non-null tests provide limited dynamic range. The
dynamic range of these non-null tests can be extended by implementing an index liquid
which allows the measurement of micro-lenses with several microns of departure from a
sphere. The first objective of this dissertation was to test important micro-lens properties
such as the sag, radius of curvature and form errors for a micro-lens by using an index
liquid. The results compared favorably to measurements taken on a Twyman-Green
interferometer, a contact profilometer and an optical non-contact profilometer. Also,
retrace errors, which are aberrations caused by altered ray paths of the test beam through
a micro-lens were investigated. Reverse ray-trace and reverse optimization techniques are
typically used to calibrate retrace errors, but in depth knowledge of the interferometer
optics is assumed, and hence cannot be used for systems containing commercial optics. In
this dissertation, re-trace errors are quantified and a novel calibration procedure derived
to experimentally compensate for these errors. This retrace error calibration led to
agreement of within 1% for the sag values between the index liquid technique and a
profilometer. The second objective of this dissertation was to enable measurements of
arbitrary geometries and to reduce testing time compared to profilometry. The index

liquid technique was applied to faceted microstructured optical products which are



v
becoming more widespread due to advances in manufacturing. Many of these structures
contain faceted surfaces with steep slopes. Adequate metrology for such surfaces is
lacking. The use of the index liquid technique achieved high quality, high speed
measurements of such faceted microstructures. Refraction is accounted for at the
interfaces, rather than consider only optical path length changes due to the index liquid,
and this significantly improves the facet angle measurement. The technique is
demonstrated with the measurement of an array of micro-pyramids and show that our
results are in good agreement with measurements taken on a contact profilometer. The
index liquid measurements took approximately five seconds to complete compared to a
measurement time of six hours for the contact profilometer. The technique was also
extended to measure opaque micro-corner cubes by implementing an intermediate
replication step. This allowed a measurement of the angle between facets of a nickel
micro-corner cube hexagonal array, a combination not previously demonstrated in the
literature. A first order uncertainty analysis was carried out on the index liquid technique
to determine any limiting factors that need to be taken into account when assessing such
parameters as the sag and facet angle. The uncertainties in the sag and facet angle were
found to be well below 1%. Lastly secondary factors such interferometer bias, refraction,
masking effects and pixel calibration were investigated to understand the possible

implications on the sag and facet angle calculation.
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which one device is tested at a time. Because manufacturing methods can produce
thousands of these devices in an array, testing times become a bottleneck in the
manufacturing process. To overcome this, the test technician can measure serially a sub-
sample of the manufactured micro-optics array to provide important feedback to the
process engineer. Sampling assumes that the micro-optic components tested are
representative of the whole array. This assumption may not be valid, and this might
prevent the process engineer from improving the quality of the manufacturing process.
Measurement, characterization and testing are key processes during design, production,

and assembly of micro-optical components. It is the role of micro-optics metrology to

Figure 1: Micro-lens array.

provide the proper experimental support that is able to deliver initial data and in-process
tests for fast product development and produce quality tests.
In this PhD dissertation, we contribute to the fascinating world of micro-optics by

developing a novel technique that improves the capability of traditional interferometry by



extending its dynamic range to enable measurements of micro-optics structures and to
reduce the testing time compared to other techniques. To this end we focus our
techniques on two types of micro-optic structures, namely micro-lens and micro-pyramid

arrays.

Micro-lens Arrays

Individual micro-lenses or micro-lens array (Figure 1) have applications that are
extremely diverse. These applications can be divided into three broad categories: beam
shaping, interconnections and imaging.

In beam shaping applications, micro-lenses find widespread use to correct the
wavefront produced by commercial laser diodes (Figure 2). These micro-lenses are
geometrically cylindrical and are used to correct the astigmatism inherent in the beam
that emerges from these laser diodes [1]. The technique can also be extended in which
case a micro-lens array is used to collimate the light from a linear laser diode array [2].

Micro-lens arrays are also used frequently in optical computing and optical information

Figure 2: Artist’s concept of a hybrid coupler between a single-mode laser diode and a
single optical fiber [1].
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processing in which the requirement is to generate an array of duplicate images of an
input pattern [3]. In the telecommunication industry, linear micro-lens arrays are used to
connect arrays of elements such as laser diode arrays, spatial light modulators and
detector arrays. These micro-lens arrays must be able to direct a beam from a source
array to a spatially variant detector array in order to manipulate data in high speed
switching networks [4]. Micro-lenses have also been extensively used to couple light into
optical fibers for datacom and telecom applications as well as in diverse application such
as Doppler velocimeters and astronomical spectroscopy [S5]. Micro-lenses are also used in
measurement instrumentation, such as the use of, micro-lens arrays to concentrate light
into the photo-receptive cell of CCD cameras in which they can double the
photosensitivity of the sensor array [5]. Micro-lens arrays have also found use in
measurement applications such as the Shack-Hartmann sensor which is used to assess the
shape of an incoming wavefront [7]. This type of sensor is used in advanced telescopes
for astronomy in which the information can be used to alter the profile of active mirrors

and therefore correct for atmospheric disturbances [8]. Micro-lens arrays are also used in

AccV SpotMagn F—— 1mm
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Figure 3: 2D MEMS Stage integrated with a microlens array for use in an Endocopic Imaging
device [12].
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efficiencies [25]. High aspect ratio Fresnel lenses have also been employed to collimate
light from an ultra-bright light-emitting diode that attained high excitation efficiencies
[26]. Although micro-optics have become the obvious choice for communication over
long distances, recent trends have forced designers to use optical interconnects to bridge

short distances within systems such as printed circuit boards. To achieve these optical

Figure 9: Panel configuration of a reflective display laminating a light control film [22].

interconnections micro-prisms have been used to achieve large coupling angles at low
loss (Figure 9) [27].

As we have seen previously, there exists a large variety of ways to manufacture
micro-lenses and micro-lens arrays. The situation though is different for micro-pyramid
fabrication, where very few fabrication techniques exist. Most are based on mechanical
methods. The difference in manufacture for micro-lenses versus micro-prisms is that for
micro-lenses, the radially symmetric surfaces are well supported by physical effects such
as surface tension (micro-jetted) and isotropic processes such as etching. For micro-
pyramid structures, the symmetry of the profile is not continuous and hence the

fabrication effort increases significantly. Micro-pyramid structures tend to be
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characterized by a linear surface or phase slope which has a very sharp edge. Isotropic
processes are not well suited for fabrication of sharp edges and angled steep facets. As
the wedge or facet angle of the micro-pyramid increases, the traditional isotropic and

lithographic processes that work so well for micro-lens fabrication start to break down.
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Figure 10: Analog contact lithography with a HEBS glass grey-scale mask [27].

One lithographic process that has been used to manufacture micro-pyramids is
proton lithography. This is the same process mention previously to manufacture micro-
lenses in which protons from a high energy source are used to shape an under-lying
polymer. The micro-prism slopes can be altered by illuminating the polymer at different
angles. These techniques though tend to produce rough surfaces [28]. Grey scale
lithography with the help of UV photopolymerization has been used to form micro-
prisms [29]. In this technique, a special polymer, PMMA, that absorbs strongly in the UV
region causes the molecular chains to increase in length, hence causing a simultaneous
volume and surface growth. As with deep proton lithography, the greater the slopes, the
less well defined the sharpness of the micro-prism edges. Analog lithography with
subsequent etching procedures have also been used to fabricate micro-pyramids with

large facet angles [27].
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Reflow and mass transport techniques have also been used to fabricate micro-
prisms in which binary or multi-level preshapes are generated by lithographic techniques.
A mass transport or reflow process is then initiated by heating the surface [30]. Laser or
e-beam polishing techniques can then be used to smooth the micro-prism surface [31].
Mechanical machining techniques such as diamond turning represent by far the most
common fabrication technique for micro-prism arrays. Profiling depths of several tens of
micrometers can be achieved, along with a large variety of facet angles and lateral
dimensions. Often, diamond turning is first used to make a master mold, then subsequent
replication or hot embossing techniques are applied to fabricate micro-prism arrays [32].
Most micro-pyramids are convex pyramidal with triangular apertures. Advancements in
manufacturing methods, such as diamond micro chiseling, can be used to create more
complex pyramidal structures with concave pyramidal micro-cavities (Figure 11) [33].
Micro-cube corner retro reflectors with a hexagonal aperture fall under this category.
They offer much higher reflection efficiencies compared to triangular aperture cube
corner retro reflectors. Lastly, anisotropic etching of crystalline substrates can be used to
fabricate mirror substrates [34]. The edge sharpness tends to be very good, and a larger
number of angles can be etched with different wafer orientations, and etchants.
Fabrication is only the first step, the manufacturing process is not complete until the part
has been measured and its conformance to tolerances assessed. Characterization of these
structures presents its own unique set of challenges. It is the limitations of existing
measurement techniques that this dissertation research addresses.
Micro-Lens/Array Testing

Micro-lens array testing can be broken into three categories: wavefront testing,
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Figure 11: Principle of cutting hexagon cube corners [33].

geometrical properties, and optical properties such as focal length. Wavefront testing is
one of the basic performance characteristics of a micro-lens. Interferometers such as
Mach-Zehnder [35], Twyman-Green [36], and lateral shearing [36] play a significant role
in wavefront testing. However, single-pass arrangements, particularly the Mach-Zehnder
and lateral shearing interferometers are preferred for micro-lens testing due to the fact
that sharp imaging of the lens aperture onto the detector array is absolutely essential. In a
double-pass configuration like a Twyman-Green interferometer, the micro-lens is placed
in the test arm of the interferometer and the wavefront travels through the test lens twice.
From an imaging perspective, the lens under test exists at two locations along the optical
axis and only one may be focused on the detector at a time. Diffraction at the edge of the
aperture is no longer completely removed by focusing, and this interferes with the
measurement, leading to erroneous wavefront measurements near the edge. Also, when
testing a micro-lens array using a double-pass configuration such as a Twyman-Green

interferometer, only the even part of the wavefront aberrations can be measured in the
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Figure 12: Reflection and transmission lateral shearing interferometer [36].

cat’s eye position. [38]. Hence, coma cannot be measured due to the inversion of the
wavefront upon reflection at the plane mirror.

Lateral shearing interferometry (Figure 12) calculates the wavefront aberrations
of a micro-lens by measuring the partial derivates of the wavefront in two orthogonal
directions. Integration of both orthogonal data sets can then be processed to calculate the
wavefront aberration of the micro-lens under test [36]. Lateral shearing interferometry in
conjunction with Ronchi phase gratings can also be used to measure the uniformity of a

micro-lens array, although this is a qualitative test and depends on visual interpretation
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Figure 13: Setup to measure the wavefront aberrations of fused silica microlenses in
transmission mode [40].
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[39]. An alternative to interferometric techniques for wavefront testing of microlenses is
the use of a Shack-Hartmann wavefront sensor [40]. The Shack-Hartmann sensor uses a
micro-optic lenslet that is mounted in front of a CCD array to measure the wavefront
aberrations of a micro-lens (Figure 13). The light that passes through the micro-lens is
sampled by the individual lenslets and creates a series of focal spots onto the finely
spaced CCD array. Positioning algorithms are then used to calculate the position of these
focal spots with reference to a reference location. The average gradient of the wavefront
over each lenslet can be calculated. The wavefront can finally be reconstructed by
integration yielding the desired output.

Focal length, chromatic aberration, coupling efficiency and image quality are also
important parameters in determining the quality of micro-lenses. These tests are
application dependent and are based on microscopy or interferometry. In the first test a
microscope in conjunction with a split-field focusing graticule is used to locate the
surface of the micro-lens. The focal length can then be determined from a measurement
of the displacement necessary to refocus the microscope on the image of a distant source
[41]. Both, white light or monochromatic illumination can be implemented in the
microscope test. Chromatic aberration can be derived from calculating the focal length at
different wavelengths [42]. Interferometers can also be used to measure the focal length if
they are equipped with the appropriate linear displacement transducer for length
measurement. The measurement principle involves positioning the micro-lens under test
on axis, so as to collimate a point source. The interference pattern is monitored to obtain
null fringes. The reading from the transducer is then noted at this axial position. The

micro-lens is then moved axially until the beam is focused at the cat’s-eye position. The
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favorable to measurements taken on a Twyman-Green interferometer and an optical non-
contact profilometer (WYKO NT 2000). The second objective is to enable measurements
of arbitrary geometries and to reduce testing time compared to profilometry [56]. It is the
ability to use plane wave illumination for the interferometric measurement that allows
one to measure many microstructures at a time and greatly reduce measurement time. The
analysis presented here accounts for path length changes introduced by the immersion
liquid but in a manner whereby refraction is also taken into account. This allows the
dynamic range of interferometry to be extended such that micro-lenses with several
hundred of microns departure from a sphere can be measured. The measurement on the
micro-faceted structures focuses on the extraction of the facet angles of the micro-
pyramids under test. The facet angle is defined as the angle the surface normal each face
of the micro-pyramid makes with the base of the pyramid. It is a crucial parameter for
micro-pyramid manufacturing, since it determines the overall efficiency as brightness

enhancers.

@ o D)
Figure 17: Interferogram of plane wave illumination on a micro-pyramid array (a) using
no index liquid and (b) using an index liquid.
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(11)

Micro-lens arrays mostly consist of plano-convex lenses with the geometrical
parameters shown in Figure 21. The variable t represents the substrate thickness, R is the
radius of curvature and is the distance from the vertex of the micro-lens to the center of
curvature of the lens surface. The variable d is the diameter of the lens, h is the sag which
is measured form the vertex to the substrate and f is the front focal length as measured

form the vertex. The sag of the lens is related to the diameter and radius of curvature by

(12)

Figure 21: Plano-convex micro-lens parameters.

Aberration Theory

The paraxial formulas derived earlier for image formation by spherical refracting
surfaces assumed rays both near the optical axis and at small angles to it. Once the higher
order terms (X3) for both sine and cosine functions are included inconsistencies develop
with the corresponding paraxial description. These departures from Gaussian optics are
referred to as aberrations. More specifically, when the x* term is included in the

approximation for the sine function, third-order aberration theory results. For
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monochromatic light there are five third order or Seidel aberrations: spherical aberration,
coma, astigmatism, curvature of field and distortion. There is another aberration known
as chromatic aberration which results from the wavelength dependence of the imaging
properties of an optical system.

Ray and Wave Aberrations

Aberrations can be described either as ray or wave aberrations. Ray aberrations
are easier to understand and can be described as in Figure 22. Here we have two
wavefronts that emerge from an optical system. Wavefront W; is a perfect spherical
reference wavefront that produces an image at point . W, is a wavefront that contains
aberrations due to the optical system. Rays from A (ideal ray) which is normal to W;
intersects the image plane at point |, whilst rays from B (actual ray) which is normal to
W, intersect the image plane at point S. The distance LI is called the longitudinal
aberration and IS is known as the transverse aberration. These are known as ray
aberrations. These aberrations can lead to the blurring of an image in a typical image
forming system. Wave aberrations can be described as the optical path difference along a

ray between the actual wavefront W, and the ideal wavefront W;. Figure 23 can be used

Optical

system
b S

Paraxial

/Actual wavefront image plane
L Ideal wavefront /

Figure 22: Illustration of ray and wave aberrations [71].

to show that there is a relationship between the ray and wave aberrations [71]. In fact, the
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ray aberrations are the derivative of the wavefront aberrations. The lateral ray aberration

by due to rays from the neighborhood of P can be approximated by

b, 2, (13)
n,dy

where da/dy represents the local curvature of the wavefront at P. The longitudinal ray
aberration b, can be described in terms of the lateral ray aberration by and is given as

b, 2. (14)

y

Third-order Siedel aberrations are typically described by polynomials which are derived
by expanding the theory of refraction at a single spherical surface to include the x® terms
(third-order) in polar pupil coordinates. The wavefront aberration polynomial ¢ then
becomes a function of the paraxial image height #” and the polar pupil coordinates r and

0 and is given by

[h,r, T ,Cor* C,hricos T ..
,C,,h?r*cos® T,C,h%r* ,C, h”rcos 7

The C coefficients are subscripted by numbers that specify the powers of the term

(15)

Figure 23: Relationship between ray and wave aberrations [71].

dependence on 4’, r and cosf respectively [71]. These terms comprise the five
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monochromatic Seidel aberrations which are summarized in Table 1 as follows:

Table 1: Seidel Aberrations.

r Spherical aberration

hr*cos 7 | Coma

h?r?2cos®> 7 | Astigmatism

hr? Curvature of field

hrcos 7 Distortion

Higher order (x°, X etc) aberrations also exist and are typically described by
Zernike polynomials, which unlike Seidel polynomials are orthogonal polynomials,
meaning that each term in the polynomial is unique and independent of the others. This
orthogonality also simplifies fitting the polynomials to measured interferogram data [72].
There are two dominant naming and ordering conventions which are used to describe
Zernike polynomials; OSA and University of Arizona. In this dissertation we employ
University of Arizona’s description in the form of thirty-six entries (Astigmatism is
defined by the third term in equation 15 and increases with the off-axis object and image
distances from the optical axis /4’ as well as with the aperture radius, r. This aberration
also becomes more severe with increases in 6. Astigmatism results when rays from an off
axis object point that lie in the sagittal plane come to focus at a different distance than
rays that lie in the tangential plane. This is shown in Figure 26 for an off-axial point P.
To eliminate astigmatism in an optical system, the tangential and sagittal surfaces must
be made to coincide. This can be achieved by altering the curvatures and spacing between

lenses. The resulting surface is then called a Petzval surface. Although in a Petzval
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surface astigmatism is eliminated, field curvature (% %) still remains because the Petzval
surface is curved. This means that the focus changes from the center out to the edge of
the field of view. This aberration causes flat objects to
be imaged onto a curved surface rather than a plane. To eliminate field curvature, an

Table 2) since most interferometric software applications employ this convention.
The Zernike polynomials were developed as a convenient set for representing wavefront
aberrations over a circular pupil. One problem with Zernike polynomials is that that non-
rotationally symmetric aberrations like coma and astigmatism need to be decomposed
into two components one along the x axis and another along the y axis [72]. In the
following section we briefly describe the third-order Seidel aberrations in terms of their
visual effects and describe some of the ways in which these aberrations can be reduced.

Spherical aberration is described by the first term in equation 15 and is the only
term that does not depend on the height of the paraxial image /’, hence spherical
aberration exits even for axial object and image points. Spherical aberration exists due to
the fact that rays emanating from the extremities of the lens come to focus at different
locations than rays passing through the lens closer to the optical axis. This results in

longitudinal and lateral spherical aberration as shown in Figure 24. Because the focal

(a) (b)
Figure 24. Spherical aberration of a lens, producing in (a) different image distances and
in (b) different focal lengths, depending on the lens aperture [71].
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length of the lens depends on the radii of curvature of the two surfaces, spherical
aberration can be reduced by changing the shape of lens surfaces while whilst keeping the
focal length constant. In fact it can be shown that for an object at infinity, a plano-convex
lens results in minimum spherical aberration [71]. Incidentally, most micro-lenses that
are manufactured are of this type. It should be noted though that to achieve minimum
spherical aberration, the convex side of the micro-lens should face the parallel incident
rays. In this way each surface contributes to refraction hence dividing the refraction over
two surfaces which results in the incident angles are smaller therefore most of the rays
coming to a focus on the optical axis closer to one another. In optical systems, spherical
aberration can be reduced by employing positive and negative lenses since these lenses
produce spherical aberration of opposite sign. This approach is used frequently when
designing afocal systems. For optical systems where only a smaller number of surfaces
are allowed, cemented doublets and aspherical lenses are generally employed.

Coma unlike spherical aberration depends on the object and image height 4’
which indicates an off-axis aberration. Such an aberration is prevalent in misaligned
optical systems. It is represented by the second term in equation 15 which also indicates
that coma is nonsymmetrical (cos @ # constant) about the optical axis and that it increases
rapidly with the aperture radius of the lens, r. Coma results because rays passing through
the periphery form images of different lateral magnification than rays passing through the
center of lens. This is seen in Figure 25 for a tangential fan of parallel rays. Coma, like
spherical aberration, can be either negative or positive. To reduce coma, the lateral

magnification resulting from refraction by all zones of a lens must be constant [71].
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Figure 28: A succession of diffraction patterns at increasing distance from a single slit;
Fresnel at the bottom (nearby), going toward Fraunhofer at the top (faraway) [76].

As a lead into the explanation of interference, two important concepts need to be

introduced: optical path difference and phase difference.

Optical Path Difference and Phase Difference

The wave velocity of light in a transparent material is different from that in free

space and is given by
v
vo—, 21
- @1

where n is the refractive index of the transparent material. The optical path difference can

be defined as the geometrical path length of a wave multiplied by the refractive index of
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the material traversed by the ray. The optical path length between points a and b in

Figure 29 is given by

OPD D, n,D, D, nD, D;. (22)
z-direction
n,=1 1, n.=1 n, | n=1 B
Dl D2 D3 D4| D5
# S > =|-1 >

Figure 29: OPD between points a and b.
Let us assume that the phase at point a in Figure 29 for a plane wave traveling in the z-
direction is given by

L okz; 28t C, (23)
where K is the propagation number and d is an arbitrary phase offset. The phase at point b
is given by

L, kz, 28t C (24)
Hence the phase difference between a and b is given by

l, | KOPD. (25)

Two-beam Interference

Interference is the superposition (addition) of two waves in space. Typically these
two waves originate from the same source and recombine after travelling along different

paths. For example consider two waves
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A z,t Ucos /[ 28t, (26)
and

A z,,t U,cos /, 28t (27)

The resulting wave will simply be

A A A. (28)

For the case where U; = U, and ¢1 # @2, the intensity of the resultant wave can be
observed as

(29)

Since and equation 29 now becomes

(30)

Hence the measurable quantity irradiance is not only the sum of the intensities but also
has an additional term called the interference term which can produce an enhancement or
diminution of the intensity through interference.
Phase-Shifting Interferometry

Phase-shifting interferometry (PSI) is by far the most wide-spread technique used
to recover the phase difference (4¢) between two wavefronts in an interferometer. It
involves introducing a known phase shift J(z) between the reference and sample

wavefronts. Hence equation 30 can be written in the following manner
€2))
where is the intensity bias and is half the peak-to-

valley intensity modulation.
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PSI takes full advantage of today’s computing power to rapidly collect high
resolution, repeatable and accurate interferometric data. PSI is incorporated by using a
CCD camera and frame grabber to capture successive images while the phase of the
interference is modulated. Each image will contain intensity values ranging from 0-255
(8-bit camera) which gives you the grey level of each pixel, I(X, ¥), in the acquired image.
A plethora of phase-shifting algorithms can then be implemented to recover the three
unknowns /’, I” and A¢ [49]. The simplest of these is the three-step algorithm with a

phase-shift of 90 degrees:

/X,y tan' (32)

SENLERY
pll |2 ,

Figure 30 shows four interferogram with a phase-shift of 90 degrees between them.
Notice how interferograms one and three are the complement of each other due to the 180

degree phase-shift between them. The same can be said for interferograms two and four.

Figure 30: Four interferograms with a phase-shift of 90 degrees between each.

Spatial Sampling

Almost all phase-shifting interferometric tests today produce an interferogram
that is imaged onto a sensor, and the intensity pattern is spatially averaged over the

sensor’s active area during the digitization process. Sampling the interferogram leads to
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two major consequences, a reduction in the modulation of the digitized interference
pattern and a limitation on resolution.

The modulation reduction is a function of the spatial frequency of the fringes
being recorded. The higher the frequency of the fringes, the larger the modulation
reduction will be for a given pixel size. The pixel MTF describes the reduction in
recorded signal modulation due to the nonzero size of the pixels [49]

Pixel MTF = sinc a /,b K. (33)
where a and b is the pixel spacing in the X and y dimension and &, n are the spatial
frequency coordinates. Figure 31 illustrates the pixel MTFs for sensors with width-to-

pitch ratios of 50% and 100%. By using equation 33, one sees that the pixel MTF goes to

Pixel MTF
=)
(2

+

' 1!:(&_%;5\_3:'% s

Spatial frequency
Figure 31: The pixel MTFs for sensors with width-to-pitch ratios of 50 and 100%.

zero at a spatial frequency of 1/a. Modulation plays an integral part in PSI since the PSI
algorithms need a high enough modulation signal to successfully calculate the phase.
Spatial sampling of the interferogram also sets a limit on the resolution which is known

as the Nyquist frequency. The Nyquist frequency is defined as half the sampling

frequency:
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f, (Nyquist frequency) 2L (34)
X

where X; is the spacing of the pixels in the X-direction. Therefore in PSI there needs to be
at least two pixels per fringe, which are capable of measuring the high and low points on
a fringe. If the fringe frequency exceeds the Nyquist frequency, aliasing occurs and the
PSI algorithms cannot interpret the interferogram. As a safe measure in PSI it is
recommended that four pixels per fringe be used to avoid aliasing [49].
Aliasing

Aliasing causes fringe frequencies above the Nyquist frequency to be displayed at
frequencies less than the Nyquist frequency. Figure 32 illustrates the unwrapping errors
that could be caused by aliasing if a wavefront is sampled at less than the Nyquist

frequency.

(a) (b) (©)
Figure 32. (a) Sampled interferogram of a defocused wavefront. (b) Under-sampled
interferogram showing aliasing. (¢) Unwrapped phase map of (b) [49].
Phase Unwrapping
Phase unwrapping is a necessary step in the recovery the surface profile of an

object under test by PSI methods. This is because the arctangent function in equation 32

only produces phase values between —/2 and 7/2 at each pixel. Hence, the phase has to
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be extended in the range from 0 to 2w since we know the surface is continuous and
extends over a larger range. This can be done since the signs of the since and cosine
function are known independently of the tangent [49]. After the phase values are
converted from 0 to 2m, the final step is to unwrap the 2x discontinuities into a continuous
representation of the wavefront under test. This process is illustrated for one-dimensional

data in Figure 33.

Figure 33: The phase unwrapping process in one dimension.

Aspherical Surfaces

Aspherics are optical elements that have either one or both surfaces that are
neither planar nor spherical. It has been shown using Fermat’s principle that aspherics are
well suited in transforming a spherical wave into a plane wave and vice-versa [77].
Aspheric elements are able to minimize aberrations caused by and inherent to spherical
optical elements. Fewer elements are needed, making systems smaller, lighter and
shorter. This has led to frequent use in optical systems, such as cameras, projectors,

telescopes and eyeglasses as a means of correcting imaging errors. Although they are
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Figure 40: (a) Square Pyramid. (b) Tetrahedron.

Table 4: Micro-pyramidal array parameters.
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Parameter Description Square Tetrahedron
Pyramid
a Length of pyramid side a a
X Distance from center to vertex edge a
2
d Distance from perpendicular bisector of a to a 1 3a
2
center
h Height of pyramid a 1
— —~/6a
V2
0 Angle between pyramid face and pyramid base 54.74 70.53

otherwise known as facet angle.

When a collimated wave front passes through the micro-pyramid, refraction and

therefore distortion of the wavefront occurs at the microlens boundary and this is reduced
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compared to refraction with an air boundary. By controlling and reducing this refraction,
the transmitted wave can be interferometrically measured against a plane wave. Take the
refractive index of the micro-lens as n, and the refractive index of the liquid as nj, as
shown in Figure 41. The optical path length at the vertex of the microlens is given by

OPL, nt, nh (36)
where t; is the thickness of the substrate and h is the sag of the micro-lens. The optical
path length for the arbitrary ray shown is given by

OPL(x,y) nt, nh(x.y) nL(xy) (37)

where L is the distance from the point of refraction to the index liquid-air interface. The
optical path difference between these two rays is therefore given by

OPD n(h(x.y) h) nL(xy) (38)

Solving for L(X, y) in equation 38 we get

Figure 41: Schematic of the measurement principle for a micro-lens.
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OPDcos T

sag )
n,cos £ n,

(48)

Therefore it is important to know which orientation the sample is placed in before
analyzing the results with either equation 43 or 48. In order to measure faceted structures
such as micro-pyramids the same steps applies as in the case of micro-lenses but in this
case we focus on the facet angle calculation. Take the refractive index of the micro-
pyramid as np and the refractive index of the liquid as ni, as shown in Figure 42. Using

Snell’s Law, we get

(49)
n,sin 7 n,sin 7 (50)
and
T T T (s1)
Figure 42: Micro-pyramid measurement principle.
Substituting equation 51 into equation 49 gives
nsin T n,sin T T. (52)

By using the sum and difference formulas, we can expand equation 52 to get
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nsin T n,sin fcos T n,cos fsin 7. (53)
Dividing equation 53 through by cosf;, we have
ntan T n,tan fcos T n,sin 1. (54)
By solving for the facet angle (6), we finally have

8 n,sin T

7 tan'B—2 > — (55)

LR
th, n,cos T '

where
-
T sin' ch * (56)

Hence, to recover the facet angle of the micro-pyramid under test, #;, we need to know
the index of refraction of the micro-pyramid under test (n;), the index of the liquid (n;)
and 64, which is the angle (slope) of the exiting wave front. The interferometric
measurement directly gives us #4. The OPD and slope of the exiting wavefront (6s) is
found in exactly the same way as in equations 45 and 46. As was also the case for the
micro-lens the orientation should be taken into consideration before applying the
appropriate equations.
Sensitivity vs. Fringe Density

The index liquid that is chosen will depend heavily on what characteristic of the
micro-optics need to be tested. This is because the index liquid puts a threshold on the
sensitivity of the index liquid technique due to refraction. If the index of the liquid is very
different from the micro-optic refractive index, the refraction is strong at the index liquid-
micro-optic boundary and the wavefront is significantly distorted and not measurable

with interference against a plane wave. In the same way if the index liquid has a
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that allows incoherent light from an incandescent bulb to be used to illuminate the sample
under test. This procedure makes it easier to focus on the rim of the micro-lens under test
by axially moving the stage which holds the micro-lens array. After the micro-lens under
test is imaged sharply onto the CCD camera, the incandescent lamp is switched off and
the laser beam is switched back on. A good indicator of proper focusing is by inspecting
the image for an edge ringing effect (Fresnel diffraction) at the rim of the micro-lens.
Once these rings vanish, the rim is in proper focus.

Now depending on the size of the micro-lens array under test or the field of view,
the MZ interferometer is equipped with different imaging micro-objectives (5X, 10X,
20X, 50X). Now because these micro-objectives are used in conjunction with a tubus lens
to image the micro-lens array under test, one has to make sure that they are well aligned.
More specifically, the back focal length of the imaging micro-objective needs to coincide
with the front focal length of the tubus lens in order to eliminate the defocus aberration.
The elimination of the defocus aberration is important in plane-wave testing, since the
defocus term seen in the analysis should only be associated with the micro-lens under test
and not due to any lateral misalignment between the micro-objective and the tubus lens.
Any additional defocusing will influence the focal length measurement of the micro-lens
under test, which can also affect the sag of the micro-lens. Hence changing the micro-
objective to another magnification will change the focal length. The sample should be
taken out from the field of view of the interferometer. The interference pattern one sees
will then consist of curved interference fringes (defocus). The tubus lens and the camera,
which are mounted on a translation stage, can be moved on command by the computer

until the curved fringes are straight. These straight fringes can then be nulled by tipping
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or tilting the beam splitter which makes the test and reference beam parallel. Once in the
null position, the micro-lens sample can then be reinserted into the interferometer and
then refocused as described above.

Measurable Quantities and Measuring Procedures

The plane-wave illumination mode allows one to measure multiple micro-lenses
in an array simultaneously. By choosing a suitable index liquid, one can measure fast
microlenses, aspheric microlenses with hundreds of microns departure from a sphere as
well as micro-structures with non-spherical geometries such as micro-pyramids.
Important geometrical parameters for micro-lenses such as form error, surface profile,
focal length, sag, diameter, radius of curvature, pitch, f/# and NA can all be measured
either directly or indirectly by the index liquid technique. For non-spherical micro-
structures such as, micro-pyramids, parameters such as surface profile, height, pitch and
facet angle can also be measured using the index liquid technique.
Twyman-Green Interferometer

A Twyman-Green (TWG) interferometer is preferred to a MZ system, when
testing high the transmitted wavefront of high quality optics whose aberrations are very
small. This is because the wavefront has to traverse the optics twice (double-pass), and
wavefront aberration is magnified by a factor of two. This will not be the case in a single-
pass system as in the MZ interferometer. TWG interferometers can also be used to
directly measure the form error and the radius of curvature of a micro-lens. Since most
applications for micro-lenses require a spherical shape, the TWG interferometer becomes
a valuable tool when investigating the deviations of the micro-lens surface from an ideal

sphere.
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To measure the deviation of a micro-lens from a perfect sphere, a plane wave is
focused by a high quality, high numerical aperture microscope objective in such a way
that the focus of the microscope objective coincides with the center of curvature of the
micro-lens under test. The light rays that impinge normally on the surface, pick up any
surface deviations of the micro-lens and are retro-reflected. The reflected beam carrying
the deviations is then re-collimated by the microscope objective and then interferes at the
beam-splitter with a plane reference beam. The micro-lens under test as well as the
interference pattern are both imaged onto a CCD camera. To obtain a phase map of the
form errors, phase-shifting interferometry is performed by axially shifting the reference
mirror with a PZT.

As mentioned above, due to the double-pass configuration of the TWG
interferometer as well as the high spatial and temporal coherence of laser illumination,
speckle noise and spurious fringes can corrupt an interferogram [65, 103]. Hence, to
reduce spurious reflections, polarizing optics (beamsplitter, half-wave plate) are normally
implemented. These polarizing optics can also be used to balance the intensities between
the test and reference arm so as to obtain high contrast fringes. Unfortunately, the
interferograms still suffer from speckle noise, which lead to rough interference fringes.
To reduce these effects, the spatial coherence is reduced while maintaining the temporal
coherence of the laser illumination. This is implemented by introducing a rotating
scatterer in the light beam which smoothes the fringes.

A picture of the Twyman-Green interferometer as well as a detailed schematic is
shown in Figure 47. This interferometer works by imaging the beam from a HeNe laser

onto a rotating scatterer via a microscope objective. The light is then re-collimated by an
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Figure 47: (a) Workingg,?rinciple and (b) picture of Twyman—Greelgbizlterferometer [103].
achromat and then passes a field stop which is sharply imaged by a 4f system onto the
lens under test. The field stop can be moved along its optical axis until it is in focus on
the surface of the micro-lens under test. To achieve high contrast fringes, the image of the
stop due to the reference mirror should also be imaged sharply on to the CCD array. The
half wave plate in front of the polarizing beam splitter allows for the intensity balance of
the two arms of the interferometer, which is very essential, since the reflectivity of the
lens under test and the mirror in the reference arm can be quite different. The polarizer at
the exit of the interferometer is used to force the two orthogonally polarized beams to
interfere. The imaging optics following the exit of the interferometer allows the
intermediate image of the micro-lens formed by the condenser lens to be imaged sharply
onto the CCD camera. The PZT attached to the reference mirror allows the
implementation of phase-shifting.

This interferometer allows for sphericity testing of micro-lenses ranging from 50
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um to 2 mm in diameter with a maximum radius of curvature of 4500 pm. It is also
possible to measure the radius of curvature of a micro-lens by using the TWG
interferometer described above. In order to achieve this, the micro-lens has to be shifted
axially downwards from the confocal position to the cat’s eye position, which is the
position where the spherical wavefront focuses on the vertex of the micro-lens under test.
Visually, one should see straight, parallel, equidistant interference fringes. The difference
between these two positions is monitored by a Renishaw length gauge which gives the
radius of curvature of the micro-lens under test.

It is important to note that in order to visually attain the cat’s eye position, the
rotating scatterer should be removed from the beam path, since the cat’s eye position
causes an inversion of the object wavefront with respect to the reference wavefront. This
causes a loss of contrast in the interference fringes with partially coherent illumination.
Optical Non-Contact Profiler

In order to measure the diameter and sag of the microlenses, a WYKO NT2000
non-contact profilometer was implemented. A schematic of this instrument is shown in
Figure 48. There are two configurations in which the profilometer is used to measure a
wide range of surface heights. Vertical scanning interferometry (VSI) is used to measure
rough surfaces ranging from 160 nm to 2 mm. The phase-shifting interferometry mode is
used to measure fairly smooth and continuous surfaces ranging from 0.1 nm to 160 nm.
Since phase-shifting has been previously explained (Chapter 2), we will now discuss the
principle of vertical scanning interferometry. Optical non-contact profilometry is based
primarily on a Mirau interference microscope where a white light beam is split by a beam

split which reflects half of the beam to a reference surface and the other half to the
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magnification is simply the ratio of the focal length of the second lens divided by the
focal length of the first (fo/f1). This design is primarily used in binoculars and in
astronomical telescopes and is known in this field as the infinite conjugate configuration.

This design fulfills two crucial functions. The first of which was to expand the
beam that is incident on the test sample to approximately 8 mm which would give us a
CCD fill factor of close to 100%. Secondly, the two-lens afocal system must be designed
so that in conjunction with the 4f imaging leg would allow sufficient focusing on the
aperture of the micro-structure under test.

Zemax, a ray trace package was implemented to aid in the design of the afocal
component. Zemax was used to first approximate what type (positive or negative) lenses
would be needed in order to achieve the required magnification and secondly to predict
the type and magnitude of aberrations that were expected from such a design. In the
starting design, the afocal component was designed to be a 5x beam expander, work at a
wavelength of 0.6328 um and to have a minimum PV wavefront error. In the preliminary
set-up of the system, there was no power in the lenses and as expected no beam
expansion. This is shown in Figure 52. It is important that Zemax be made to work in
afocal image space or else the design could produce erroneous results. The default merit
function was set so as to minimize wavefront error, spot radius and angular errors. The
optimization operand “REAY” which is the real ray y-coordinate at the image surface
was used to ensure that the output beam diameter was 8 mm. This diameter was chosen to
ensure a magnification of 5X since the incoming beam had a diameter of 1.6 mm. The
system was optimized such that the radii of curvature of the lenses were treated as

variables so as to minimize the wavefront error whilst achieving a magnification of 5X.
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#) 1: Layout
Update Settings Prink  Window Zaam
- —
= =
(a)
b :
12! Lens Data Editor
Edit Solves View Help
Sur f: Type Comment Radius Thickness Glass
0BJ Standard Infinity Infinity
STO Standard input beam Infinicy $.000000
2 Standard expander Infinicy|V 10.000000 N-BE7
3 Standard Infinicy|V
4 Standard collimator Infinicy|V 10.000000 N-BEK7
5 Standard Infinicy|V 10.000000
IMA Standard output beam Infinity -

Figure 52: (a) Initial layout of beam expander design. (b) Lens data editor table showing
the variables for optimization in the initial beam expander design.

The glass was chosen as BK7 since this is the most widespread lens material and could be
found in multiple optics catalogs. The total track length was fixed at 100 mm due to
space constraints in the actual system. Figure 53 shows the resulting system after
optimization. Notice that Zemax outputs a negative lens (meniscus) as the first lens while
the second lens is plano-convex. This is to compensate for spherical aberration which
along with defocus represents two of the largest aberrations present in afocal systems. To
compensate for higher order aberrations, the operand “OPDX” which is the optical path
difference with respect to the mean OPD over the pupil was introduced since for a
perfectly collimated output beam the OPD over the pupil should be essentially zero.

Notice also than the accompanying wavefront error map has a PV wavefront error of less
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(a)

Figure 53: (a) Optimized layout for 5X bearg) lxpander. (b) Wavefront map showing PV
error less than 2¢” waves.

than 2x10~ waves which is excellent. The wavefront map contains mostly defocus and
spherical aberration.

An excel spreadsheet containing thin-lens equations of the afocal component and
the 4f imaging leg were also used as a tool in order to make sure that the aperture of the
micro-structure could be properly focused onto the sensor. This is shown in Figure 54.
The following sign conventions were maintained throughout the spreadsheet when trying
to calculate the image distance: light is travelling from left to right, distances to the left of

the lenses are negative, the focal length of a convergent lens is positive, the distance to a

real object is negative and finally the distance to a real image is positive. Hence a
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negative value for the distance between lens f; and the CCD sensor indicates a virtual
image which essentially means that the aperture of the micro-structure cannot be imaged
onto the CCD sensor. A positive value indicates the ability of the imaging system to
focus on the aperture of the micro-structure under test.

There were a number of practical constraints that were encountered when trying
to design such a system. The first was making sure that the distance between the lenses in
the beam expander were not too long, therefore prohibiting the afocal component from
fitting in the space between the stage and the upper plate which contains the reference
and imaging arm of MORTI. Although the stage could be moved vertically, its range was
limited. The total track length of the beam expander system was constrained to 100 mm
in total track length.

The second constraint was the trade-off between the ability of the system to image
the aperture of the micro-structure onto the CCD sensor and reducing the aberrations
introduced by the afocal design. For example, in the first iteration of the design (Figure
54) the first lens in the afocal system had a focal length of -18 mm whilst the second lens
had a focal length of 90 mm. The axial length was 77 mm and the PV wavefront error
was 2x10~ waves. Third order spherical aberration was approximately non-existent. In
terms of expanding the beam by 5X whilst having very low wavefront error this design
was perfect. These focal lengths were then input into the excel spreadsheet to investigate
if the afocal system in conjunction with the 4f imaging system could image the aperture
of the micro structure onto the CCD sensor. The working distance of the afocal system

was set at 25.4 mm. This resulted in the formation of a virtual image. In order for the
























CHAPTER 4: RESULTS

As mentioned previously, the MZ interferometer, due to its inherent advantages
over a TWG interferometer was the instrument of choice for implementation of the index
liquid technique. The first step was to prove that the index liquid technique could be
implemented to measure an individual micro-lens. Some of the parameters of interest
were sag, diameter, radius of curvature and form. The index liquid technique was used to
measure each parameter of interest and then compared with a more traditional
measurement technique for that specific parameter.

For the proof of concept stage a micro-lens array sample was donated to us from
Tessera North America (formerly Digital Optics Corporation). From this array, one lens
was identified for measurement due to the ease to which it can be repeatedly located. The
lens array was made of fused silica with a refractive index of 1.4564 @ 0.6328 pm, a
nominal diameter of 500 pm, nominal sag of 56.1 um, nominal conic of zero (perfect
sphere) and a normal base radius of curvature of 585 um. This lens was made to collimate
light at a wavelength of 1.3 microns for datacom applications and was fabricated using an
ion beam etching technique. The pitch of the micro-lens array is 1.05 mm. Figure 60
shows an image of the microlens array and also an image of the specific micro-lens that
was selected for testing.

Sag Measurement

The first parameter of interest measured was the sag of the micro-lens. The sag of
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~4%.
The ROC measured by the TWG was ~1% greater than the nominal value, whilst

the ROC measured by the MZ interferometer was ~3% smaller than the nominal value

Figure 64: (a) Confocal p(()zztion for micro-lens. (b) Cat’s eye positior(lb(zf micro-lens.
(585um) of the micro-lens. Also the ROC measured by the index liquid technique is
significantly lower than that measured with the TWG interferometer. This discrepancy
may be due to numerous factors. One factor to consider is that in the index liquid
technique, it is assumed the micro-lens under test is a perfect sphere. Hence in fitting the
surface profile to a best-fit sphere, the following equation was implemented:

z JR* x* y?. (60)
Because these micro-lenses were etch into fused silica, it is imperative that the etch rate
and etch gas composition is very well-controlled. If not, it is entirely possible that an
asphere is generated instead of a sphere [108]. Hence if a best-fit sphere is fit to an
asphere the ROC measured may be inaccurate. To prove this, an aspheric micro-lens with
a ROC of 206 microns and a clear aperture of 230 microns was simulated in Matlab using
equation 35 with different conic values. Equation 60 was then implemented using the

Gauss-Newton least squares fitting algorithm [109]. Figure 65 shows that if a best-fit
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sphere is fit to any surface profile that does not have a conic of zero (perfect sphere), the

calculated ROC will be inaccurate by as much as 38 pum. The higher the conic of the

aspheric microlens, the larger the calculated ROC value. It is also seen in Figure 65, that

none of the curves match the k = 0 at the micro-lens vertex which is precisely where the

base ROC is defined. This comes from the fact the least-square algorithm is minimizing

Best fit sphere for aphere with different conic values but same ROC = 206 microns
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Figure 65: ROC as a function of conic values when fitting to a best-fit sphere.
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(balancing) the sum of the squares between the fit and the actual data. Because the

difference between the fit and measured sag is larger at the edge of the microlens the

algorithm has to compensate at the vertex therefore resulting in a larger ROC. Hence the

best-fit sphere algorithm over compensates for the ROC when trying to fit an aspheric

surface. If the clear aperture is reduced or cropped, the best-fit ROC will approach the

base ROC. This concept is shown in Figure 66. Here it can be seen that a 78 % reduction
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in the clear aperture will result in a ROC of 206 um. Notice that in Figure 65, the conic

values were negative and represented a hyperbolidal surface. It can also be similarly

Figure 66: Best fit sphere ROC vs. clear aperture of aspheric micro-lens for a conic of -1.

shown that for conic values larger than zero (oblate spheroid), that the best-fit sphere
algorithm will under compensate hence producing ROC values which are smaller than the
true value. Figure 67 illustrates this concept.

Of course, if one is given a micro-lens both the ROC and conic constant will be
unknown. Therefore, a more rigid technique will have to be employed to calculate the
base ROC. This can be done by fitting (non-linear methods) the surface profile obtained
with the index liquid technique by employing equation 35 instead of equation 60. Of
course this type of fitting is more complex, since equation 35 has two unknowns which
are inter-dependent whilst equation 60 has only one unknown. Figure 68 examines the
2-D case for a fit to the surface profile obtained with the index liquid technique using
equation 35 (aspheric equation) and equation 60 (best-fit sphere). The fits are so good

that the individual curves are indiscernible. Table 5 lists the calculated parameters of
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Figure 67: ROC as a function of positive conics when fitting to a best-fit sphere.

interest as well as the goodness of fit statistics. The values in brackets represent the 95%
confidence level bounds for the ROC and conic values. The goodness of fit statistics
(SSE, R-square, etc) illustrates how well the fits represent the raw data. The sum of
squares error (SSE) measures the total deviation of the predicted values from the raw
data. A value closer to zero indicates that the model has a smaller random error
component and that the fit will be more useful for prediction [110]. The R-square statistic

measures how successful the fit is in explaining the variation of the data. The closer the

Aszphere and sphere fit to raw data (Index liquid = 1.33)
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Figure 68: Asphere fit vs. best-fit sphere for index liquid technique.
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Table 5: Fit statistics

ROC( i« my) 582.4 (579.9,585) 568.2 (567.4,569)
k 0.6749 (0.5598, NA
0.79)
SSE 16.03 21.31
R-square 0.9998 0.9998
Adjusted R-sgquare 0.9998 0.9997
RMSE 0.2009 0.2314

value is to 1 indicates that a greater proportion of variance is accounted for by the model
[110]. The adjusted R-square statistic takes into account the number of fitted coefficients
and adjusts the R-square value based on the degrees of freedom [110]. Again a value
closer to 1 indicates a better fit. The RMSE parameter describes the standard error in the
fit and a value closer to zero indicates that the fit is more useful for prediction [110].

The first point to note is that ROC obtained using the asphere fit is different
(~3%) than that obtained using the best fit sphere as might have been expected since the
micro-lens under test may not be a perfect sphere. It 