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ABSTRACT

Interferometers for the measurement of surface form and texture have a reputation for high performance. However, the
results for many types of surface features can deviate from the expectation of one cycle of phase shift per half wavelength
of surface height. Here we review the fundamentals of imaging interferometry and describe ways of defining instrument
response, including the linear instrument transfer function. These considerations define practical regimes of linear behavior
that are usually satisfied for traditional uses of interferometers; but that are increasingly challenged by applications
involving complex textures and high surface slopes. We conclude by proposing pathways for further improving
performance on difficult surface structures using advanced modeling techniques.
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1. INTRODUCTION

Interferometers are widely used in science and industry for the measurement of surface form and texture. Laser Fizeau
interferometers measure up to meter-class optics [1], while interference microscopes reveal final surface details on lateral
scales below a micrometer [2]. Commercial instruments achieve measurement noise levels over millions of data points
below 0.1 nm/v/Hz [3]. Instruments are available that simultaneously measure flatness, thickness variation and material
homogeneity for optical components [4], while other systems based on coherence scanning interferometry (CSI) provide
process control for automotive parts [5] and semiconductor devices [6]. Modeling methods have added the ability to
analyze surface materials and transparent film structures in addition to surface form and texture [7]. Methods have been
developed to acquire data in difficult environments with air turbulence and vibration [8, 9]. These advances have been
motivated by the continued success of interferometry across an increasing range of applications.
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Figure 1: (Left) An interference microscope. (Right) A large-aperture laser Fizeau interferometer.
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Given the success of instruments such as those shown in Figure 1, it is safe to say that interferometry does work.
Nonetheless, there are frequent occasions when interferometers do not work as expected. This is increasingly the case as
traditional metrology techniques are applied to non-traditional test objects, from additive manufacturing parts to aspherical
or freeform lenses with highly sloped surfaces [10-13]. The desire to extend the technique to these challenging new
measurement tasks motivates a critical re-examination of the foundational principles of the technique.

2. FUNDAMENTALS

The foundational premise of interferometry for dimensional metrology is that interference fringe phase is proportional to
an optical path difference. If for example we have a Michelson-type interferometer and the measurement mirror moves a
distance %, we expect a phase shift inversely proportional to the wavelength 4

Ry

=7

(1)

If we know the wavelength and its associated uncertainty, simple inversion of this equation provides a traceable
measurement of length. It is natural to suppose that we can extend this measurement principle to areal surface topography
measurements using an equation

h(x,y)=%¢(x,y), ()

where x,y are coordinates in a plane that coincides with the surface, and / is the local surface height along the orthogonal
z direction. A digital camera detects the interference signal over multiple surface points in the x, y plane, and the phase
follows from some form of spatial or temporal heterodyning to extract information from interference fringes. This idea is
fundamental to the operating principle of interferometers.

Notwithstanding the attractiveness of a direct linear relationship between interference phase and surface height, it is
understood that this is not quite correct for surface topography measurements. If for example two neighboring surface
points are closer together than the imaging lateral resolution of the system, then we will not be able to distinguish between
the corresponding surface heights at all. This tells us something critically important about interferometric instruments for
surface topography measurements: They are, first and foremost, imaging systems. Given that interferometers for surface
topography measurement rely on optical imaging, we might expect that the response of an interferometer to surface
features would parallel that of a conventional imaging system. As we shall see, this is sometimes approximately the case;
but it is by no means true in general.

3. IMAGING OF 3D STRUCTURES

First it is important to distinguish between reflectivity objects, which we will define as perfectly flat and having only a
reflectivity pattern, and topography objects, which have a height variation £ (x, y) . We then define a simple model of an
optical system that includes an illuminator, the object surface, imaging optics, an image detector, and a data acquisition
and processing method for generating quantitative data about the surface from the image. For further simplicity, the model
assumes that the illumination is a monochromatic plane wave, thus defining a coherent optical system.

In both imaging and topography measurement, there is interest in the instrument response to individual sinusoidal
components of the surface. For conventional imaging of reflectivity objects, a co-sinusoidal amplitude reflectivity pattern
of unit contrast along the x direction results in a light field U, that varies at the spatial frequency v as follows:

Ug (x,y) =1+cos(27vx) 3)
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The Fourier transform of this wavefront has only three Fourier frequency components at ' =—v, 0, v . From the classical
grating equation, these frequencies correspond to the zeroth and first diffraction orders at angles o with respect to the z
axis given by

sin(a)=Af". 4)

For a sinusoidal topography object of amplitude b, the reflected field U,, is modulated in phase according to

Uy (%) =exp[%bcos(2m/x)}, (5)
which expands to
U, (x,y):ao +iay cos(2m/x)+ %o:zipap cos(p 2m/x)’ (6)
=
where the coefficients are
a,=J, (47””) ™

The first two terms of the light field U, for a topography object look similar to the field U, for a reflectivity object.
However, these first two terms in U, are followed by a sum of contributions at higher spatial frequencies pu that are not
actually present in the surface structure [14, 15]. Figure 2 illustrates this difference. As the amplitude b increases, the
number of diffracted beams also increases. One way to conceptualize the higher diffracted angles is to think of them as
reflections from the more steeply-angled surfaces of the sinusoidal topography, similar to what takes place with blazed
diffraction gratings.

zrange 100 um
x range =50 pm
Period 2.5 pm
2D Length 7.5 um
L. Contrast 100%
reflect|V|ty Wavelength 0.5 um

3D
topography Nl Wavelength 0.5 um

P-V 0.25 um

Figure 2: Illustration of the diffraction from a one-dimensional, sinusoidal reflectivity pattern (left) and a sinusoidal surface
topography variation (right),with the same sinusoidal period and sample length for both object types
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There are some significant consequences to the differences in the way that light diffracts from these two types of object
surfaces. In a coherent system, the scattered light will pass if the diffraction angles are no larger than those admitted by
the entrance pupil of the imaging system, as defined by the numerical aperture

Ay :sin(z//) s ®

where ¥ is the maximum acceptance angle for the entrance pupil in object space. This filtering effect on the propagating
light field is linear in complex amplitude for all diffraction orders that are within the instrument’s bandwidth [14]. It is
clear from Figure 2 that for a given optical system and limiting aperture, it is possible that a reflectivity pattern is correctly
imaged; whereas for a topography object the loss of higher-order diffactions could lead to errors. Even though the optical
filtering effect is linear in this model, the instrument response using interference phase as a measure of surface topography
may be nonlinear.

These observations regarding diffraction from 3D objects lead to the following requirement, which if satisfied, should
allow us to reconstruct the topography correctly:

1. The optical system should have a sufficiently large numerical aperture to capture the light scattered from the
topography object, including the higher diffraction orders.

This first condition is readily satisfied in the optical testing of the low-order surface form of polished flats and spheres, for
example, in a laser Fizeau interferometer. A second criterion applies to sharp edges and step-like features, which scatter a
continuum of diffraction angles that will always be blocked to some degree. In such cases, we can still have linear behavior
if the topography is shallow enough that the range of diffraction angles is similar to that of a reflectivity object:

2. For discrete steps and steep walls, linear behavior is still possible if the size of the step is much less than one
quarter of the mean wavelength..

If one or the other of these two “rules of the road” are satisfied, and there are no other sources of nonlinearity, then the
instrument response will be at least approximately linear [16-18].

4. THE INSTRUMENT TRANSFER FUNCTION

Assuming that we are operating the instrument in the linear regime, the next step is to establish a means to quantify the
instrument response using tools that parallel familiar methods from conventional optical imaging systems. Imaging
instruments for reflectivity objects are often characterized by the modulation transfer function (MTF), which documents
the image contrast as a function of spatial frequency for an incoherent optical system [19, 20]. Typically, the MTF declines
with spatial frequency, eventually reaching a limit according to the resolving power or lateral resolution.

There is some ambiguity in the use of the MTF in practice. According to the ISO 9334 standard, the MTF is the magnitude
of the optical transfer function (OTF), which itself is the Fourier transform of the incoherent point spread function (PSF)
[19]. 1t is clear that the PSF relates only to the optics in an instrument—that is, the glass parts, limiting apertures,
illumination geometry and so forth. However, in other contexts, the MTF can refer to a complete electro-optical assembly,
including camera, electronics and data processing [20]. This is sometimes referred to as the system MTF, and in practice,
it is this quantity that serves as a specification for instrument performance [21].

The parallel specification to the system MTF for interferometers is the instrument transfer function (ITF), which quantifies
the height response as a function of the spatial frequency of the surface topography [16, 22]. One definition for the ITF
T (V) is the ratio of the power spectral density (PSD) of the topography at each surface spatial frequency v:

T(v)=yP'(v)/P(v) ©)
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where P is the PSD, given by the square magnitude of the Fourier components of the known surface structure, and P’ is
the corresponding measured value [17, 23-25]. More generally, it can be defined as the ratio of Fourier components for
the measured and true topography; in which case T (v) may include a complex phase. In all cases, the ITF corresponds to
an evaluation of the complete system, not just the optics. Indeed, it is possible to determine the ITF of an instrument
without having any idea how it functions, by evaluating standard specimens [26-28]. The ITF is agnostic to the
measurement technology, which could be based on contact stylus methods, ultrasonic testing, pneumatic gaging, or optical
interferometry. As such, we can use the OTF or similar transfer function for the optics as part of a model used for predicting
the ITF of an interferometer, but the OTF and the ITF are most definitely not the same thing.

Fundamental to the concept of an ITF is the fact that the instrument response is linear in spatial frequency within defined
limits [22]. To be meaningful, the ITF must be independent of surface shape and shift invariant, at least locally within the
field of view. It is improper to use ITF as a synonym for instrument response in general. It is possible, however, for an
instrument to be nonlinear, part dependent and field dependent, and still to be useful; it just would not have a defined ITF.
Similarly, a material measure for calibration that is inconsistent with the rules of the road defined above, is not an ITF
specimen; but can be used nonetheless to evaluate instrument response for the specific surface structure of the material

measure.
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—— Measured MTF (step intensity object)
1.0 —— Measured ITF  (44-nm step height object)
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Figure 3: Comparison of the experimentally-determined ITF, the calculated optical imaging MTF, and the measured MTF
for an interference microscope. A white-light LED provides the incoherent, broadband illumination.

The good news is that for a wide variety of instrument types and practical applications, the ITF follows the system MTF,
and we can use this as a guide when designing an electro-optical system for interferometry [16]. Figure 3 illustrates an
example of approximation of the ITF using the system MTF for an interference microscope. These data compare an
experimental measurement of the ITF using a 44 nm step specimen with an experimental determination of the incoherent
MTF using an opaque screen to obtain the line-spread function for the system [17].

The encouraging results of Figure 3 illustrate the expected performance of interferometers—that is, that they should behave
like conventional imaging systems, with the addition of surface height information. However, even within the boundaries
defined by the two rules stated above for slopes and discrete feature heights, it is still possible to have important differences
with respect to imaging reflectivity objects, some of which relate to the fact that interferometers rely on just the phase of
the imaged light field.

An important example of the difference between intensity and topography imaging within the linear regime is the laser
Fizeau interferometer, which is a coherent optical system. The optical transfer function for coherent illumination, also
known as the amplitude transfer function or ATF, preserves the magnitude of the spatial frequencies up to the cutoff
defined by the limiting aperture, even in the presence of aberrations and focus errors [14]. In an interferometer, however,
a focus error degrades the spatial frequency response, resulting in blurring, even in coherent light [29]. This is because the
phase of the scattered light contributions captured by the instrument are affected by aberrations, even if the Fourier

Proc. of SPIE Vol. 11102 111020G-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Sep 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



component magnitudes are not. In this case, the ITF does not necessarily follow the magnitude of the ATF, and a deeper
analysis is essential. This effect has been thoroughly studied and is an important consideration in achieving optimal

performance in modern interferometer design [30-32].
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Figure 4: Simulation of a measurement of a square profile using synthetic wavelength interference microscopy. The
measurement is for a feature height equal to 0.11 um, using an NA = 0.4, incoherent illumination at two wavelengths,
0.5 pm and 0.6 pm.

Another important consideration is that many types of interferometers for surface topography measurement use multiple
wavelengths or white light as a means to overcome the fringe-order ambiguity of monochromatic or laser-based methods.
Examples include synthetic wavelength interferometry [30], which uses two or more discrete wavelengths, and coherence
scanning interferometry [2], which may employ wavelengths covering a range of 100 nm in the visible region. These
methods take advantage of the rate of change of interference phase with wavelength to measure a wide variety of objects,
including high steps and rough textures. A known difficulty with these techniques is that the transfer characteristics of the
optics are wavelength dependent [33, 34]. Differences in the spatial frequency response with wavelength can result in large
errors in the measured topography, particularly with steep slopes and sharp step-like features. Figure 4 illustrates this
phenomenon for a two-wavelength interferometer using a simulation based on Fourier optics.
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Figure 5: Comparison of profile measurements using a CSI microscope and a mechanical stylus instrument, illustrating good
correlation between the two measurement techniques for random (left) and sinusoidal (right) samples.

The measurement distortions shown in Figure 4 are well known [35-37] and a number of practical methods for minimizing
errors have been developed [38-40]. Figure 5 shows examples of a comparison of stylus profile measurements with optical
interferometry results on roughness specimens. The measurements were performed at separate laboratories on the same
samples, taking care to match the spatial frequency range for both instrument types, as detailed in Ref.[41]. These results
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illustrate linear behavior for both instruments within the slope range and spatial frequency content of the specimens, and
correlation consistent with routine measurements of surfaces of this type. However, it is a practical reality that results are
not always this pleasing, particularly when the optical instrument is challenged by higher slopes and step features.

5. TAKING THE NEXT STEP—ADVANCED 3D OPTICAL MODELING

Interferometry for surface topography is an active area of research, both in the development of new instruments and in
extending the range of application for established platforms. Modeling methods are of special interest for understanding
and quantifying errors, and for developing strategies for improved topographical fidelity and metrological traceability.

One approach to modeling optical systems involves diffraction calculations followed by numerical integration over an area
of pupil positions, illumination directions and optical paths for each point in the field of view [42-44]. These models often
rely on now-classical Fourier optics methods, involving sectioning light fields into a sequence of x, y planes propagating
in the orthogonal z direction. Although this is a capable approach; it is worthwhile taking a step back and considering how
best to tackle the problem of imaging 3D structures from a fresh perspective.

In conventional imaging of reflectivity objects, we often model the transfer characteristics using the PSF, which is the
best-focused spot of light that a perfect lens with an aperture can make, limited by the diffraction of light [14, 19]. In a
circular-aperture, diffraction-limited optical system, the PSF is the familiar Airy pattern in the x, y plane shown in Figure
6 (a). The PSF can be extended to x,y,z space by mathematical propagation through a sequence of focus positions. If
the light source has a broad spectral bandwidth, the focus is performed for each wavelength, and these contributions are
added together by incoherent superposition. The result is the 3D PSF shown in cross section in Figure 6 (b). If we now
model the complete interferometric system with a reference light field , we obtain the 3D interferometer impulse response
shown in Figure 6 (c), which includes a modulation that can be equated to the interference signal that we would see if we
moved the object with respect to the instrument through a range of z positions.

The next step in the thought process is to consider this 3D interferometer impulse response as a kind of non-contact stylus
probe [45]. The concept and the corresponding modeling methods are particularly well adapted to CSI, which involves
scanning a measurement volume in the z direction and using both the peak magnitude of the impulse response together
with the underlying fringe structure to determine a local surface height value. Figure 7 (a) illustrates how this works for
selected points on a sinusoidal topography, and Figure 7 (b) shows the result of convolving the interferometer impulse
response with an imaginary thin surface layer or foil that represents the top of the surface in 3D [45]. In this image we can
already see some important effects, such as the signal loss at high slopes.

y £10 pm

x 10 pm

NAO0.1

A 0.5 um z £10 pm
FWHM 0.1 pm x £10 um
magnitude magnitude

z 10 pm
x £10 pm
Real part

Figure 6: (a) Magnitude of the 2D PSF in the x, y plane. (b) An X, z cross section of the magnitude of the 3D PSF,
constructed by propagating the 2D PSF through a range of focus positions. (c) The 3D interferometer impulse response.
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Figure 7 (a) Sample points on a sinusoidal topography showing the impulse response at each position. (b) Result of
convolving the impulse response with the surface. The red line in both images represents the profile of the surface.

In addition to the qualitative appeal of the 3D impulse response for interferometers, there are quantitative advantages,
particularly at higher NA values for which the impulse response is shaped as much by focus as by spectral bandwidth [46].
The 3D Fourier transform of the impulse response provides a 3D transfer function that fully describes the filtering process
from the foil-like surface to the imaged light field [47, 48]. The analogous 3D OTF is well established in advanced
modeling of optical imaging and metrology systems, particularly in holography and for confocal microscopy, and can be
derived from first principles in electromagnetic theory [49-51].

An important application of the 3D transfer function approach is for the calibration of optical aberrations, focus effects,
and wavelength-dependent response. The calibration can be performed with a sphere of known radius and high quality, so
as to present a full range of known scattering angles and phase offsets to the instrument [52]. After calibration, inverse
filtering of the transfer function can correct for many of the errors encountered in interferometry. Figure 8 illustrates this
capability for a smooth, sinusoidal topography variation and a CSI microscope with a 50x Mirau objective.

30 []— Topography measurement error - Sinusoidal topography
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Figure 8: Comparison of a topography measurement error on a roughness specimen using interference microscopy before
(blue) and after (red) correction using 3D impulse response modeling.
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6. SUMMARY

It is natural and common to think of measuring surface topography by assuming that the fringe phase is directly and linearly
proportional to surface height in an interferometer. However, as we have seen, it is not quite as simple as that. First, we
must take into account that scattering from a topography surface is more complicated than it is for a reflectivity object,
usually involving higher diffraction orders. Properly imaging the object light field requires that we either capture all of
these diffraction orders, or that we limit ourselves to surface variations that are small when compared to the wavelength.
Additional considerations relate to the fundamental differences between detecting and reporting the intensity of the imaged
light field, and extracting surface topography information using only the complex phase of the light.

Fortunately, for the most traditional applications of interferometric surface topography measurement, the complexities of
interferometric 3D imaging can often be reduced to familiar concepts of linear transfer functions. If for example the
instrument response is linear and can be characterized by Fourier analysis of the reported surface topography, then we can
define an ITF that is analogous to (but not the same as) the system MTF of conventional imaging systems. Furthermore,
emerging methods in 3D inverse filtering often improve the fidelity of the topography reproduction even in the presence
of aberrations, focus errors and wavelength-dependent spatial frequency response.

Consequently, although there is still significant room to improve, we can safely say that interferometry does work, and it
works quite well.
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