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(57) Abstract: Frequency-scanning interferometry is used for measuring test objects having multiple surface regions. The regions
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& of the test object from a plurality of interference patterns taken over substantially the same imageable portion at different measuring
& beam frequencies. The interference data is evaluated to determine topographical measures of associated points on the test object.
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imageable portion of the test object. The interference data of points within the first surface region are further evaluated to a higher

accuracy.
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FEATURE ISOLATION FOR FREQUENCY-SHIFTING INTERFEROMETRY

BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION

[0001] The invention relates to the measurement of surface features of test objects
using frequency-shifting interferometry, and in particular to such measurement of test
objects having distinguishable surface regions that may be subject to differing measuring

requirements.
DESCRIPTION OF RELATED ART

[0002] Frequency-shifting interferometry, which involves the collection of interference
data at multiple measuring beam frequencies for converting the accompanying variations
in intensity into a measure of optical path length difference between interfering portions of
the measuring beam, is noted for the capability of taking measurements over a wider range
of distances than conventional phase-shifting interferometry. For example, test surfaces
having discontinuities well beyond the measuring beam wavelength can be unambiguously

measured using frequency-shifting interferometry.

[0003] However, considerable pixel-by-pixel processing is required to complete the
measurement of test surfaces over which frequency-shifting interference data is gathered.
Each pixel collects light from a finite area of the test surface, and separate calculations are

carried out for each pixel of recorded interference data for measuring local height
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variations of the test surface (i.e., surface topographies). The calculations convert the
intensity data collected for each pixel at the multiple measuring beam frequencies into a

measure of surface topography, and the calculations for each pixel take time.

[0004] US Patent No. 6,741,361 entitled MULTI-STAGE DATA PROCESSING FOR
FREQUENCY-SCANNING INTERFEROMETER discloses examples of the pixel-by-
pixel processing in multiple stages. Increased accuracy is achieved by additional stages of
processing. Although the disclosed multi-stage processing saves time, the additional
processing for achieving increased accuracy takes more time than measurments of lesser

accuracy.

[0005] Co-assigned US Application entitted PHASE-RESOLVED MEASUREMENT
FOR FREQUENCY-SHIFTING INTERFEROMETER, filed on even date herewith,
discloses further improved processing procedures for achieving high accuracies typical of
conventional phase-shifting interferometers over a range of measurement typical of phase-
shifting interferometers or beyond. Each pixel is calculated separately based on intensity

measurements acquired at multiple measuring beam frequencies.

[0006] Computer processing time associated with the measurement of surface
topographies, particularly when higher accuracies are required, can add considerably to the
overall time required to measure the surfaces. The time for taking measurements is
particularly important in the manufacturing environment where expensive operations can
beslowed by the measurements. To avoid production down time, inspecti;)n criteria can
be lowered, fewer test objects can be inspected, or less satisfactory inspecti-on techniques

can be applied.

[0007] The surfaces of some test objects have different regions over which different
measuring criteria can be applied. For example, some regions of test surfaces can require
measurement to higher accuracy than other regions of the same test surfaces, including
different regions imaged by the same interference patterns. Generally, the interference
patterns are evaluated as a whole or within more limited areas that are within a range of

measurement.

[0008] Frequency-shifting interferometers are capable of measuring rougher surfaces

and surfaces with larger discontinuities than conventional phase-shifting interferometers,
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including surfaces with regular variations that exceed one fringe spacing (e.g., one-half of
the measuring beam wavelength). The interference patterns evaluated by frequency-
shifting interferometers are often apparent as speckle patterns having no discernable

fringes and extending largely without interruption over a wide range of surface variations.

BRIEF SUMMARY OF THE INVENTION

[0009] The in{/ention is directed in part to conserving processing time of frequency-
shifting interferometers for enhancing measuring speed or efficiency. Particular beneﬁtg
can be derived for measuring imageable test surfaces having regions that are subject to
different measuring criteria such as manufacturing tolerances. Generally, the surface
regions subject to different measuring criteria are separated from each other by distinct
surface discontinuities, including abrupt changes in surface height or slope. The invention
in one or more of its preferred embodiments provides for (a) evaluating interference data to
identify such discontinuities as the boundaries of the different regions and (b) adjusting
processing requirements for evaluating the remaining interference data depending upon the
measuring criteria of the different regions. The invention also provides for distinguishing

between regions for making relational measurements.

[0010] Regions of test surfaces subject to higher accuracy requirements can bé
identified and measured to required accuracy to the exclusion of other regions of the test
surfaces subject to lower accuracy requirements or not requiring measurement at all. Two
or more distinct regions of an imageable test surface can be measured to different
accuracies, or two or more offset regions of an imageable test surface can be measured to
the same accuracy. New procedures, which can be followed in accordance with the
invention, avoid wasting time taking measurements beyond required accuracies and
support faster overall measuring times. Dust particles and other surface contaminants, as
well as test surface mounting elements, can be identified and excluded from the

measurements.

[0011] One embodiment of the invention as a method of measuring test objects having
multiple surface regions illuminates and gathers interference data for the imageable portion
of a test object from a plurality of interference patterns taken over substantially the same

imageable portion at different measuring beam frequencies. The interference data is
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considered in sets of corresponding pixels within the interference patterns associated with
~ points on the test object. The interference data sets are evaluated to determine
topographical measures of associated points on the test object. The topographical
measures are compared against a benchmark (e.g., a threshold) to distinguish between
points on the test object that are within a first of the surface regions from points on a
boundary separating the first surface region from one or more other surface regions of the

imageable portion of the test object.

[0012] Preferably, a point on the test object known to be within the first surface region
is chosen as a starting point for the comparison, and the topographical measures of a
sequence of neighboring points are compared against the benchmark to identify a
contiguous set of points distinguished from the boundary. The topographical measures can
include measures of surface height among the points on the test object, and the benchmark
can be related to an amount of height variation. Alternatively, the topographical measures
can include measures of local gradients among the points on the test object, and the

benchmark can be related to an amount of slope.

[0013] Two or more of the plurality of surface regions can be subject to different
measurement criteria. For example, the interference data sets can be arranged to determine
the topographical measures of the associated points on the test object to a first accuracy.
Additional processing can be used to further evaluate the interference data sets of points
within the first surface region to determine topographical measures of the points within the

first surface region to a second higher accuracy.

[0014] A comparison of the topographical measures against the benchmark can also be
used to distinguish between points on the test object that are within a second of the surface
regions from points on a boundary separating the second surface region from one or more
other surface regions of the imageable portion of the test object. Measurement ambiguities
can be resolved by additional input or processing to relate the topographical data of the
points within the first surface region to the topographical data of the points within the

second surface region.

[0015] Another embodiment of the invention as a method of measuring a test object

having surface regions subject to different measurement criteria produces a plurality of
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interference patterns covering at least two surface regions of the test object at a succession
of different measuring beam frequencies. Interference data from the plurality of
interference patterns is converted into topographical measures of points within the two
surface regions. The topographical measures are compared to distinguish points within a
first of the two surface regions from points within a second of the two surface regions. The
interference data of points within the first surface region is converted into topographical
measures of a higher accuracy for evaluating the points within the first surface region to a

different measurement criterion than the points within the second surface region.

[0016] The interference data from both the first and second surface regions is
preferably converted into topographical measures by determining a rate of phase change of
the interference data as a function of changes in the measuring beam frequency. The
interference data from the first surface region is preferably converted into topographical
measures of higher accuracy by determining a phase offset of the points. The phase offsets
can be used to resolve the topographical measures into variations in surface height to

accuracies of less than one-half wavelength of the measuring beam.

[0017] Another embodiment of the invention as method of measuring a particular
surface region of a test object using a frequency-shifting interferometer produces
interference patterns at different measuring beam frequencies imaging a plurality of surface -
regions of a test object including a first surface region intended for measurement.
Interference data is gathered from the interference patterns in sets for individual points on
the test object. A first point on the test object known to be within the first surface region is
chosen as a starting point for identifying other points within the first surface region. The
interference data sets are evéluated to determine topographical measures of the individual
points on the test object. The topographical measures of a sequence of neighboring points
starting adjacent to the first point are compared against a benchmark to identify the first

surface region as a contiguous set of points distinguished from a boundary.

[0018]  For making the comparisons, the interference data sets of points within more
than the first of the surface regions of the test object can be evaluated. However, the
interference data sets of points within the first surface region is preferably further evaluated
to determine topographical measures of the points within the first surface region to a higher

accuracy.
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[0019] Either all of the interference data sets can be evaluated prior to making the
comparisons or the results of the comparisons can be used to affect ‘the order at which the
interference data is evaluated. For example, the steps of evaluating and comparing can be
alternated for sequentially evaluating the neighboring points intended for comparison

based on the results of the comparison for identifying other neighboring points.

[0020] The procedures for distinguishing a first surface region from a boundary can
also be used to exclude boundaries or other regions defined by boundaries or to compare
different regions. For example, mounting elements such as wires can be excluded from the
measurement of test objects, of two or more regions can be identified, measured to

required accuracy, and compared to each other.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0021] FIG. 1 is a diagram of a frequency-shifting interferometer arranged for

measuring isolated surface regions of a test object.

[0022] FIG. 2 is a plan view of a test object having multiple surface regions that can be

subject to different measuring criteria.

[0023] FIG. 3 shows the test object imaged onto a detector as an interference speckle

pattern. Outlines of the test object are superimposed on the pattern.

[0024] FIG. 4 is a flow chart showing the identification and further measurement of a

limited surface region of the test object.

[0025] FIG. 5A plots the intensity values of a typical pixel data set, showing the
intensity values varying sinusoidally between conditions of constructive and destructive

interference as the measuring beam frequency is incrementally varied.

[0026] FIG. 5B plots the amplitude of the tested frequency sinusoids matching the
intensity values of the pixel data set of FIG. 5A.

[0027] FIG. 6 shows a portion of a pixel detector array featuring a single pixel

surrounded by neighboring pixels for referencing measures of test surface slope.
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[0028] FIG. 7 plots measures of correlation between the expected intensity patterns at a

plurality of test distances Dy for an actual distance D.
DETAILED DESCRIPTION OF THE INVENTION

[0029] A frequency-scanning interferometer 10 is shown in FIG. 1 in a common path
(e.g., Fizeau) configuration for measuring a test object 12 having first and second surface
regions 14 and 16 as also shown in FIG. 2. Height variations among points on one or both
of the first and second test surface regions 14 or 16 are measured in comparison to a
reference surface 18 by collecting and evaluating interference data for each of the points at
a plurélity of measuring beam frequencies. The second surface region 18 surrounds the
first surface region 16, and a boundary 15 separates the two surface regions 14 and 16. In
this example, the first surface region 14 is subject to more stringent measuring criteria,
such as a more limited tolerance for height variation, than the second surface region 16 and

requires measurement to higher accuracy.

[0030] A preferred coherent light source for the interferometer 10 is a mode-selective
frequency-tunable laser 20, which includes a lasing cavity 22 and a feedback cavity 24. A
frequency adjuster shown as an angularly adjustable diffraction grating 26 forms one end
of the feedback cavity 24 and is adjustable about a pivot axis 28 as directed by a driver 30
through a range of angles @ for adjusting the beam frequency output of the frequency-
tunable laser 20. The angularly adjustable diffraction grating 26 retroreflects light of a first
diffraction order back into the lasing cavity 22 for influencing the lasing frequency subject
to the least loss. Different frequencies are returned to the lasing cavity 22 as a function of

the inclination angle & of the diffraction grating 26.

[0031] For purposes of simplifying data processing operations of the frequency-
shifting interferometer 10, particularly for making approximate topographical measures of
one or both of the test surface regions 14 and 16, the diffraction grating 26 is pivoted
between positions for selecting among nominal beam frequency modes favored by the
lasing cavity 22 for varying the frequency output of the frequency-tunable laser 20 by one
or more intervals of the mode spacing. Zero order reflections from the diffraction grating
26 reflect a measuring beam 32 in a different direction as the output of the frequency-

tunable laser 20. A folding mirror (not shown) moves together with the diffraction grating
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26 to maintain a single output direction for the measuring beam 32. Such folding mirrors
are shown in U.S. Patent No. 6,690,690, entitled TUNABLE LASER SYSTEM HAVING
AN ADJUSTABLE EXTERNAL CAVITY, which is hereby incorporated by reference.

[0032] Additional details of such frequency-tunable lasers are given in co-assigned US
Application entitled MODE-SELECTIVE FREQUENCY TUNING SYSTEM filed on
even date herewith, which is hereby incorporated by reference. Other frequency tunable
lasers can also be used in accordance with the invention including continuously tunable
lasers, which can be arranged to output a plurality of discrete beam frequencies. A
feedback system (not shown), such as described by co-assigned US Application entitled
OPTICAL FEEDBACK FROM MODE SELECTIVE TUNER, filed on even date herewith
and hereby incorporated by reference, can be used to further adjust the output of the

frequency-tunable laser or to participate in the subsequent processing of interference data.

[0033] The measuring beam 32 output by the frequency tunable laser 20 propagates
along a common optical pathway to both the reference surface 18 and the pair of first and
second surface regions 14 and 16 of the test object 12. One portion of the measuring beam
32 reflects from the reference surface 18 as a reference beam, and another portion of the
measuring beam 32 transmits through the reference surface 18 and reflects from the first
and second test surface regions 14 and 16 as an object beam. A beamsplitter 34, which
allows for the passage of the measuring beam 32 to both the reference surface 18 and the
first and second test surface regions 14 and 16, directs the returning reference and object
beams to a camera 36 that records interference patterns between the reference and object
beams as images of the test object 12. A separate interference pattern 40, as shown in FIG.
3, is recorded for each of the plurality of measuring beam frequencies emitted from the
frequency tunable laser 20. The interference pattern 40 is depicted as a speckled
interference pattern reflecting a surface roughness approaching one-half wavelength of the

measuring beam or more.

[0034] Within an image plane 42 overlying a detector 38 (e.g., a charge-coupled diode
array) of the camera 36, the interfering reference and object beams form the speckled
interference pattern 40 as an image of the first and second test surface regions 14 and 16.
A different speckled interference pattern is formed by each of the different measuring

beam frequencies output by the frequency tunable laser 20. A computer 44 records the
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different interference patterns on a pixel-by-pixel basis as local measures of beam intensity

referenced throughout the image plane 42 of the detector 38.

[0035] A list of exemplary computer processing steps for measuring the first test
surface region 14 to a higher accuracy than the second test surface region 16 is contained
in FIG. 4. In step A, intensity data I(i, j, n) for each pixel (i, j) of the camera array is
gathered over the plurality of interference patterns (n = I to N) as a separate set. Within
each set, an individual pixel (i, j) is associated with V intensity values corresponding to the
interference patterns produced at N different measuring beam frequencies. Step B excludes
from further consideration pixel data sets with inadequate modulation as an indication that

the excluded pixels are not part of an interference pattern.

[0036] Calculations performed in step C, such as Fourier transforms, convert the
intensity data sets into approximate topographical measures H(i, j) of local test object
height. Fourier transforms can be used to describe the intensity values of each set as a
function of the regularly changing beam frequency in the form of a peak amplitude
sinusoid, itself having a frequency that is directly related to the local height H(i, j) of the
corresponding point on one of the test surface regions 14 or 16. Each different local height
H(i, j) 1s associated with a unique rate of change in phase with respect to beam frequency,
which is evident as the frequency of the peak amplitude sinusoid or as an alias thereof.
Weighted averaging, such as a conventional moment arm technique, or other interpolation
techniques, can be used to locate the peak amplitude sinusoid among the higher amplitude

sinusoids tested by the function.

[0037] The intensity value I(i, j, n) for a pixel in the detector array 38 can be written as

the interference of the reference beam Uggr and the object beam Uzgsy as follows:

.. 2
](l3jan):|(UREF+UTEST)| . (1)
[0038] The reference beam Uggr can further be written as:

4r
U rer =1 ger exP(l—c‘DREFV) > 2
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where Irgr is the intensity of the reference beam, c is the speed of light, Dggr is the optical
distance from the laser source 20 to the detector array 38 via the reference surface 18, and

vis the laser frequency.

[0039] Similarly, the object beam Upgsris given by:

An
Usgsr = sy €xp (i —C'DTEST v). (3)

where Irgsris the intensity of the object beam and Dyggr is the optical distance from the

laser source 20 to the detector array 38 via one of the test surface regions 14 or 16.

[0040] By substitution into Equation (1) we then have:

.. 4z
I1(i, j,n) =1 per +1pper + 241 pepd resr cos(—c—Dv), 4)

where distance D = Dger - Dyesr. Since the test and reference beam components are
reflected, the distance D is equal to one-half of the optical path length difference of light
travel between the reference surface 18 and one or the other of the test surface regions 14

or 16.

[0041] Equation (4) forms the basis for measurement using a frequency-shifting
interferometer, such as the interferometer 10. The basic task is to determine the value of
distance D that gives rise to the series of intensity measurements at the sampled measuring
beam frequencies. The local heights H(i, j) correspond to variations in the distance D from
a given reference distance, such as the average distance between the reference surface 18

and the test surface regions 14 and 16.

[0042] In a simplified discrete notation of Equation (4), an intensity /'(i, j, n) with bias

subtracted and magnitude normalized to one is given as follows:

1‘(i,j,n)=cos(4—ﬂDvn), (%)
c

where I'(i, j, n) is the normalized intensity value at a pixel (i, j) recorded at the n™

measuring beam frequency and (, is the n™ measuring beam frequency value.
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[0043] A discrete Fourier transform for assessing the frequency components of a set

I'(n) of the normalized intensity values for a given pixel (i, j) is given as follows:

K'(m) = il'(n)exp[—i27r(n—l)(m—1)/M], (6)

where M is the total number of frequency component samples distributed evenly
throughout Fourier frequency space, m denotes one of the frequency components ordered
from 1 to M throughout the Fourier frequency space, and K ’(m) measures how well each of
the m ordered individual frequency components samples (also referred to as bins) matches

the interference frequency of the recorded data point intensities /’(n) of each pixel (i, j).

[0044] FIG. 5A plots the intensity values /’(n) of a typical pixel data set, showing the
intensity values varying sinusoidally between conditions of constructive and destructive
interference as the measuring beam frequency is incrementally varied. FIG. 5B shows the
results of a Fourier transform for identifying the frequency of the sinusoid that best
matches the intensity values. The Fourier transform treats the intensity values /’(n) as
phases of a sinusoid, and the rate of change of phase as a function of beam frequency (i.e.,

the frequency of\ the sinusoid) is a measure of the distance D as follows:

D = 2c¢f,, (7)

where c is the speed of light and 1, is the frequency of the highest amplitude sinusoid of

the Fourier transform as follows:

AB
= : 8
Som o Av (®)

where 48 1is the change in phase and 4v is the change in beam frequency.

[0045] Examples of such processing can be found in US Patent No. 6,741,361 entitled
MULTI-STAGE DATA PROCESSING FOR FREQUENCY-SCANNING
INTERFEROMETER, which is hereby incorporated by reference. Although the intensity

patterns from unevenly spaced measuring beam frequencies can also be transformed into



WO 2006/036711 PCT/US2005/033884
12

measures of the distance D, the calculation of approximate local heights H(7, j) of the test
object 12 from each set of a single pixel’s data can be simplified by generating the
different interference patterns at equally spaced beam frequency intervals and finding the

peak amplitude sinusoid using a Fast Fourier Transform (FFT).

[0046] The first and second surface regions 14 and 16 can be distinguished from one
another in a number of ways including by sorting the local height values H(Z, j) between
different ranges of height associated with the two surface regions 14 and 16. However, if
the first and second surface regions 14 and 16 are offset from each other beyond an
ambiguity interval within which the heights can be uniquely defined (e.g., limited as a
result of aliasing), then other approaches must be used, such as by distinguishing values
within the first surface region 14 from values on its boundary 15. The latter approach
involves comparing the calculated topographical values, such as height or slope against a

threshold value or other benchmark.

[0047] Step D initiates such a comparative approach by choosing a starting point (i, j)
within the first surface region 14. For example, the imaged test object 12 can be imaged
onto a computer screen to allow an operator to choose the starting point, or prior
knowledge of the test object 12 can be used to make an automatic selection.of a starting
point. The pixel height values H(l, j) are converted by step E into gradients G(i, j,) having

slope components in each of four planar orientations of surrounding pixels.

[0048] FIG. 6 shows a single pixel 50 surrounded by neighboring pixels 46 through 49
and 51 through 54. Four planes 55, 56, 57, and 58 reference the directions in which the
slope components are measured. In step F, the slope components are compared to a slope
threshold (e.g., one micron per pixel) corresponding to a given maximum change in height
H(i, j) over the pixel interval. The threshold is preferably chosen based on the expected

characteristics of the test object 12, including surface roughness and form.

[0049] Two outcomes are possible, referenced as steps G1 and G2. If the calculated
slope for a pixel (, j) is less than or equal to the threshold, the pixel (i, j) is identified as a
pixel of the first surface region (i, j, R). If the calculated slope for a pixel (i, j) is more than
the threshold, the pixel (i, j) is identified as a pixel of the first surface region’s boundary (i,

j, B). Step H1 follows step G1 and selects an adjacent pixel in the same direction for
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testing against the threshold. Step H2 follows step G2 and selects an adjacent pixel in a
different direction for testing against the threshold. Conventional fill techniques can be
used to select among the remaining pixels for testing against the threshold to identify the

pixels that correspond to the test surface region 14.

[0050] Step I queries if the current region R is filled. If substantially all of the pixels
within the boundary 15 have been identified, processing procéeds to Step J. Otherwise,
processing returns to step F to continue making threshold comparisons for more pixels. At
step J, the interferometric data gathered for the pixels (i, j, R) within the first surface region
14 are further evaluated to a higher accuracy. For example, the approximate measures of
the test object heights H(3, j) can be used to perform a finer Fourier transform of the
normalized intensity data I’(i, j, n) in the vicinity of the first approximation. Alternatively,
correlation techniques can be used to more closely fit a sinusoid to the normalized intensity

data I'(i, j, n).

[0051] For example, the measurement of distance D can be accomplished by
determining the value of Dy that results in the best match between modeled data and the
measured data. For a least-squares formulation, the following metric can be used to

evaluate the match:

N 4z 2
lg(DT)=Z{II(n)_COS(—DT Vn):' (9)
C

n=l
where [0(Djy) is the value of the error metric at a trial distance Dr.

[0052] Following the least squares method, the error is minimized at a location where
the derivative of & with respect to DT is equal to zero. The derivative is
N

oe(D,) N 8wv Y1 v . 8x
————=—E —=71 sin(—D, v +§ « —D_ v ). (10
aDT n=1 C ! ( C T ") Sln( c d ") ( )

n=1

[0053) Because the last term does not depend on the data, we can ignore it, leading to

the following metric:

u . Ar
g'(Dy)= E v,I,sin(—D,v,). (11)
c

n=1
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[0054] To further simplify Equation (11), it may be noted that in the optical frequency
regime (i.e., more than 300,000 GHz), the values of v, vary only slightly over the typical
tuning bandwidth, and thus, the v, term immediately to the right of the summation can be

ignored.

[0055] By finding the value of Dy that minimizes £ in Equation (11), a solution for Dr
can be obtained that matches both the phase offset and the frequency of phase change with
the measuring beam frequency. The approach also allows for variation in the sampling of
measuring beam frequencies, including unequally spaced frequency samples. So long as
the values of v, are known, the values can be distributed as desired for achieving specific

goals, including accuracy, repeatability, time, and cost.

[0056] Equation (11) also shows that other metrics are possible. For example, rather
- than minimizing the sine transform, one could maximize the cosine transform as follows:
4

£ "(DT)=iI,, cos(CE D, v,) , (12)
C

n=1

which is equivalent to the real part of a Fourier transform.

[0057] Implementation of the least-squares method is straightforward. Given a vector
of data values, as in Equation (8), and a vector of frequency values, a pre-computed
‘matrix of sinusoids’ can be constructed for testing to determine the value of Dy that

maximizes Equation (12).

[0058] Normalization can be used to remove unwanted bias from the merit function of
Equation (12). The normalized merit function has a value of one when the intensity values
correspond perfectly to the cosine term in Equation (12). The normalized merit function is

given by:

N

ZI,, cos(4—7[DT V,)

p— c
.E(DT)= ~ 1

\/Zlnz \/icosz(i;DT v,)
n=1 n=l|

(13)



WO 2006/036711 PCT/US2005/033884
15

[0059] An important practical aspect of implementing this algorithm is that the merit
function in Equation (13) has fine detail on the order of the wavelength. For example, the
phase offsets corresponding to the actual distance D and to other values of Dy spaced by
intervals of one-half the nominal wavelength of the measuring beam exhibit localized

correlation peaks, which can be readily identified.

[0060] An exemplary plot of correlation as a function of test distance Dy for an actual
distance D of 28 microns is shown in FIG. 7. Within the main lobe or envelope 70, the
merit function has many sharp localized peaks (approximately 12) separated by one-half of
the nominal wavelength of the measuring beam (e.g., approximately 0.4 microns). The
highest localized peak 72 corresponds to the generalized peak 74 of the main lobe 70 of the

merit function at the test distance Dy equal to 28 microns.

[0061] Using the correlation merit function of Equation (13), distances D can be
determined on a pixel-by-pixel basis without regard to the distances of adjacent pixels.
The test values Dy are systematically varied until a localized peak correlation is found with
the normalized data acquired from an individual pixel (i, j). Once a localized correlation
peak is found, the number of remaining choices of Dy for achieving a higher correlation is
limited largely to multiples of one-half of the nominal measuring beam wavelength.
Accordingly, convergence to the generalized peak 74 (where the frequency of phase
change, i.e., the slope of the measured distance D, is also matched) is informed by the
phase-offset requirements of the correlation, which contribute to both the speed and

accuracy of the convergence.

[0062] In a sense, the identification of a localized peak is equivalent to phase shifting.
Instead of collecting data at a fixed measuring beam frequency over a small range of
distances to collectively reference pixel intensity values to their corresponding phases, data
is collected at a fixed distance over a range of measuring beam frequencies to collectively
reference pixel intensity values to their corresponding phases. However, unlike
conventional phase shifting, the same correlation function that is used for identifying the
phase offset can also be used for choosing among distances Dy exhibiting the same phase
offset for determining the distance D at which the pixel within the first test surface region
14 is located relative to a reference surface 18. More detailed processing procedures for

achieving higher measurement accuracies are disclosed in co-assigned US Application
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entitled PHASE-RESOLVED MEASUREMENT FOR FREQUENCY-SHIFTING
INTERFEROMETER, filed on even date herewith and hereby incorporated by reference.

[0063] For satisfying other measuring criteria, the tést surface region 16 could be
similarly identified and more finely measured. Comparisons can also be made between the
test surface regions 14 and 16, such as for parallelism and offset. For example, the test
surface region 16 can be defined by the remaining interference pattern beyond the
boundary 15 and similarly measured on a pixel-by-pixel basis similar to the test surface
region 14. The two measured surfaces can then be compared based on desired relational
criteria. Two or more test surface regions can be individually distinguished from other
surface regions of more complex test objects in similar ways. For example, the above-
described steps for identifying the boundary 15 can be used to identify one or more
additional boundaries for identifying contiguous groups of pixels distinguished by the

boundaries.

[0064] Although the invention has been described with respect to particular
embodiments, the invention can be embodied in a variety of other ways as more generally
taught. For example, the invention can be practiced using two arm interferometers,
including Michelson and Mach-Zehnder configurations, arranged for performing
frequency-shifting interferometry. Test surface regions can be distinguished in a variety
of ways, including by using computer vision applications for edge finding independent of

interferometry. -

[0065] Instead of performing calculations for approximately measuring points
throughout the interference patterns in advance of comparing the results against a threshold
or other benchmark, the pixel points can be calculated individually as needed for making
the comparisons to the benchmark. The topographical values represented by the pixel
intensity patterns can be determined in the order that the pixels are compared the
benchmark. The topographical calculations can be performed alternately with the pixel-to-
threshold comparisons. Once a comparison is made, the topographical value of the next
pixel in line for comparison is calculated. Preferably, only pixels within the surface region
of interest and its boundary are measured. Each such calculation can be made to the final

accuracy, or the comparisons can still be made based on approximate topographical values



WO 2006/036711 PCT/US2005/033884
17

and more accurate measurements can be made without interruption for the pixels identified

as being within the surface region of interest.
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CLAIM OR CLAIMS

1. A method of measuring test objects having multiple surface regions

comprising steps of:

illuminating an imageable portion of a test object having a plurality of

surface regions;

gathering interference data for the imageable portion of the test object from
a plurality of interference patterns taken over substantiaily the same imageable portion at

different measuring beam frequencies;

considering the interference data in sets of corresponding pixels within the

interference patterns associated with points on the test object;

evaluating the interference data sets to determine a topographical measures

of associated points on the test object; and

comparing the topographical measures against a benchmark to distinguish
between points on the test object that are within a first of the surface regions from points
on a boundary separating the first surface region from one or more other surface regions of

the imageable portion of the test object.

2. The method of claim 1 in which the step of comparing includes choosing a
point on the test object known to be within the first surface region as a starting point for the
comparison and comparing the topographical measures of a sequence of neighboring
points against the benchmark to identify a contiguous set of points distinguished from the
boundary.

3. The method of claim 1 in which the topographical measures include
measures of surface height among the points on the test object, and the benchmark is

related to an amount of height variation.

4. The method of claim 1 in which the topographical measures include
measures of local gradients among the points on the test object, and the benchmark is

related to an amount of slope.
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5. The method of claim 1 in which at least two of the plurality of surface

regions are subject to different measurement criteria.

6. The method of claim 5 in which the step of evaluating the interference data
sets determines the topographical measures of the associated points on the test object to a
first accuracy, and further comprising a step of further evaluating the interference data sets
of points within the first surface region to determine topographical measures of the points

within the first surface region to a second higher accuracy.

7. The method of claim 1 in which the step of comparing includes comparing
the topographical measures against a benchmark to distinguish between points on the test
object that are within a second of the surface regions from points on a boundary separating
the second surface region from one or more other surface regions of the imageable portion

of the test object.

~

8. The method of claim 7 including a step of relating the topographical data of
the points within the first surface region to the topographical data of the points within the

second surface region.

9. A method of measuring a test object having surface regions subject to

different measurement criteria comprising steps of:

producing a plurality of interference patterns covering at least two surface

regions of the test object at a succession of different measuring beam frequencies;

converting interference data from the plurality of interference patterns into

topographical measures of points within the two surface regions;

comparing the topographical measures to distinguish points within a first of

the two surface regions from points within a second of the two surface regions; and

further converting the interference data of points within the first surface
region to topographical measures of a higher accuracy for evaluating the points within the
first surface region to a different measurement criterion than the points within the second

surface region.
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10. The method of claim 9 in which the step of converting the interference data
includes evaluating the interference data as measures of phase change with respect to

changes in the measuring beam frequency.

11.  The method of claim 10 in which the step of further converting the
interference data includes evaluating the interference data as measures of phase offset for
measuring topographical variations in surface height to accuracies of less than one-half

wavelength of the measuring beam.

12.  The method of claim 9 in which points within the first surface region are
identified by distinguishing a first set of contiguous points from a boundary that separates

the first surface region from another of the surface regions.

13.  The method of claim 12 in which the step of comparing includes comparing
the topographical measures against a benchmark to distinguish between points on the test
object that are within the first surface region from points on a boundary separating the first

surface region from another of the surface regions.

14.  The method of claim 13 in which the topographical measures include
measures of surface height among the points on the test object, and the benchmark is

related to an amount of height variation.

15.  The method of claim 13 in which the topographical measures include
measures of local gradients among the points on the test object, and the benchmark is

related to an amount of slope.

16.  The method of claim 13 in which the step of comparing includes choosing a
point on the test object known to be within the first surface region as a starting point for the
comparison and comparing the topographical measures of a sequence of neighboring
points against the benchmark to identify a contiguous set of points distinguished from the

boundary.

~17. A method of measuring a particular surface region of a test object using a

frequency-shifting interferometer comprising steps of:
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producing interference patterns at different measuring beam frequencies
imaging a plurality of surface regions of a test object including a first surface region

intended for measurement;

gathering interference data from the interference patterns in sets for

individual points on the test object;

choosing a first point on the test object known to be within the first surface

region as a starting point for identifying other points within the first surface region;

evaluating the interference data sets to determine topographical measures of

the individual points on the test object;

comparing the topographical measures of a sequence of neighboring points
starting adjacent to the first point against a benchmark to identify the first surface region as

a contiguous set of points distinguished from a boundary.

18.  The method of claim 17 including a step of further evaluating the
interference data sets of points within the first surface region to determine topographical

measures of the points within the first surface region to a higher accuracy.

. 19.  The method of claim 18 in with the step of evaluating includes evaluating
the interference data sets of points within more than one of the surface regions of the test

object.

20. The method of claim 17 in which the topographical measures include
measures of surface height among the points on the test object, and the benchmark is

related to an amount of height variation.

21.  The method of claim 17 in which the topographical measures include
measures of local gradients among the points on the test object, and the benchmark is

related to an amount of slope.

22.  The method of claim 17 in which the steps of evaluating and comparing
alternate by using the results of the comparisons to affect an order at which the interference

data is evaluated.
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23.  The method of claim 22 in which the step of evaluating includes evaluating
neighboring points intended for comparison based on the results of the comparison for

identifying other neighboring points.

24, A method of measuring a test object having surface regions subject to

different measurement criteria comprising steps of:

producing a plurality of interference patterns covering at least two surface

regions of the test object at a succession of different measuring beam frequencies;

identifying a boundary separating a first of the surface regions from at least

a second of the surface regions;
identifying points within the first surface region; and

converting interference data from the plurality of interference patterns into

topographical measures of the points within the first surface region.

25.  The method of claim 24 including a step of imaging the at least two surface
regions of the test object onto a detector having an array of pixels for measuring local

intensities produced by interfering portions of the measuring beam.

26.  The method of claim 25 in which the step of identifying includes
distinguishing pixels corresponding to the points within the first surface region from pixels

corresponding to points on the boundary.

27.  The method of claim 24 in which the steps of identifying include

distinguishing points within the first surface region from points on the boundary.
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A. Consider intensity data I(n, i, j) in sets wheren=1- N

'

B. Exclude intensity data sets with inadequate
modulation.

I

C. Convert the intensity data sets into approidmate
topographical measures of height Hi, j)

I

D. Choose a starting point (i, j) within first surface region
R

v

E. Convert the topographical measures into gradients
G(i, j)-

.

F. Test point against threshold.

y !

G1. If less than the G2. If more than the
threshold, save as pixel threshold, save as pixel
of the first surface region boundary point
(i}, R) (i.J, B)
H1. Choose adjacent H2. Choose adjacent
point in the same point in a different
direction. direction.

:

I. Is fill of area R complete?

\ 4

J. Further convert intensity data sets of the first surface
region into topographical measures of height to a higher
accuracy.
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