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Calibration, modeling, parameterization, and verification of the

Instrument Transfer Function of an interferometric microscope

P. Z. Takacs™, S. Rochester?, I. Lacey®, K. Munechika?, and V. V. Yashchuk®
1Surface Metrology Solutions LLC, 19 S 1% St, Unit B901, Minneapolis, MN 55401 USA,;
2Rochester Scientific, LLC, 2041 Tapscott Avenue, El Cerrito, CA 94530, USA; 3Advanced Light
Source, LBNL, 1 Cyclotron Road, Berkeley, CA 94720, USA; “HighRI Optics, Inc., 5401 Broadway
Terr, St. 304, Oakland, CA 94618, USA

ABSTRACT

Interferometric microscopes are used to measure surface roughness, from which the computed power spectral density
function can be used to extract bandwidth-limited values of the various surface properties, such as root-mean-square
(rms) height and slope errors. Measurements with a microscope equipped with different objectives that have an
overlapping spatial frequency range usually give different rms results over the common frequency bandwidth. This is a
result of different instrument transfer functions (ITFs) that attenuate spatial frequencies by different amounts over the
overlapping range. We report on the use of binary pseudo-random array (BPRA) standards to characterize the ITF of an
interferometric microscope with the various objectives. We use a simple model of a 1D binary Results show that the
spectrum for an undersampled array is a cosine function, rather than a straight line, constant white noise spectrum. We
have an analytical model of the ITF that includes the effects of an obscured aperture and defocus, in addition to the usual
parameters of numerical aperture, wavelength, and sampling period. In addition, the model includes the effect of aliasing
of spatial frequency components beyond the Nyquist back into the sub-Nyquist region. We compare the model PSD
predictions to the measurements performed with different objectives. Departures of the measured PSDs from the model
predictions indicate that there are higher-order ITF corrections yet to be identified and included in the model.

Keywords: Instrument transfer function, metrology, standard calibration artifact, binary pseudorandom array, power
spectral density, Mirau interference objective.

1. INTRODUCTION

Interferometric microscopes are useful tools for measuring the surface roughness properties of precision optical
components, such as mirrors used to reflect x-rays in synchrotron radiation (SR) beam lines.[1-3] The most useful
property for assessing mirror surface quality for SR applications is the power spectral density (PSD) function of the
surface roughness. Church and collaborators extended the theoretical work on optical scattering from smooth surfaces of
Rice[4], and Beckmann and Spizzichino[5] to predict the scattering of x-rays from polished and diamond-turned
surfaces[6-10]. The scattering theory hinges on the knowledge of the surface PSD function, which, in turn, depends on
the measurement of the surface topography. At the time these theories were formulated, measurement of surface
roughness to the level required for predicting optical scattering was limited to mechanical stylus instruments[11].
Surface roughness parameters over a limited spatial frequency range were derived from total integrated scatter
measurements.[12] The development of the interferometric microscope in the late “70s and early ‘80s revolutionized the
metrology of optical surfaces, as it was a non-contact method that minimized the risk of damage to delicate coated
optics.[13-16] Church introduced the concept of bandwidth-limited statistics to the analysis of surface roughness in the
spatial frequency domain.[9, 10, 17, 18] When the first surface profilers based on interferometric microscopes were used
to measure surface properties, it was recognized early on that the spatial frequency response of the system, in terms of
the instrument transfer function (ITF), needed to be taken into account in order to restore the attenuation of high
frequencies by the microscope numerical aperture and the pixel sampling period.[18] These early works used a
linearized version of the ITF based on the microscope objective numerical aperture (NA). More demanding applications
today require more precise knowledge of the instrument transfer function.
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Various methods have been developed for calibrating the ITF of optical profilers, but they all have limitations. [3, 19,
20] de Groot provides a comprehensive analysis of the workings of interference-based microscope profilers. What is
needed is a convenient way to calibrate the response of the instrument over the desired spatial frequency bandwidth. The
ideal calibration artifact should be reproducible and have a known frequency spectrum over the profiler’s bandwidth, so
that departures from the nominal spectrum indicate the system ITF. This statement is strictly true only for linear systems.
The interferometric microscope is an inherently non-linear system, so we must take care to address non-linear effects in
our application of the calibration artifact to the measurement. Yashchuk and collaborators,[21-25] have developed a
family of 1D binary pseudo-random grating (BPRG) and 2D binary pseudo-random array (BPRA) artifacts that have
been shown to be useful for characterizing surface topography measuring instruments. This paper will discuss some of
the issues involved in applying BPRAs to the characterization of interference microscope-based surface profilometers.

2. BPRG PSD SIMULATIONS

The mathematical parameters and technology involved in the development of 1D BPRGs and 2D BPRAs are discussed
in a number of references and will not be reproduced here.[26-28] There are a few different types of BPRAS that have
been produced as calibration artifacts for various metrology instruments.[29-31] Here we will be concerned with
modeling the behavior of the Highly Randomized BPRA (HR BPRA), which is a more randomized version of the earlier
pattern based on a uniformly redundant array (URA).[32] These patterns are lithographically produced on polished Si
substrates and consist of an array of uniform height features with different minimum feature sizes (ground rules, grRule).
A map of the current version of the artifact is shown in Fig. 1 along with a chart listing the details of each pattern.

Uniformly Redundant Array (URA) BPRA Patterns

Elementary | Number of Elements, Total Size,
Size [nm] Ny =Ny X=Y [mm]

Al 2,500 4127+4129 10.32x10.32
Bl 1200 4127=4129 4.95+4,95
c1 800 4127+4129 3.30~3.30
D1 400 (2<2)<( 4127=4129) 3.30~3.30

Highly Randomized (HR) BPRA Patterns

A2 2,501 42264226 10.57+10.57

B2 1201 42264226 5.08x5.08

c2 801 4226%4226 3.39%3.39

D2 401 (2x2)%( 4226x4226) 3.39x3.39

Single Step
Size [mm] Number of Elements Total Size,
X=Y [mm]
(b) =il 7.0<7.0 1 7.0<7.0

Figure 1 - Current version of the BPRA on a 2" dia. substrate, containing both URA and HR patterns. The nominal height of
the BPRA features used in this study is 60nm.

Table 1 shows all the relevant sampling parameters for the 4 objective lenses with 3 zoom settings for the Zygo
NewView-9000™ in the Advanced Light Source (ALS) X-Ray Optics Laboratory (XROL). This microscope has a 1200
X 1600 pixel camera with 8.68um square pixels but the current measurements are recorded on a 1000x1000 pixel subset
grid. The nominal wavelength of the illumination system is 550nm. Each objective has a numerical aperture (NA) that,
along with the wavelength, determines the maximum spatial frequency transmitted by the system, fya. This cutoff

frequency is given by f = 2NA/)\. The effective magnification, given by the product of the objective magnification

and the zoom lens parameter, determines the size of the camera pixels projected onto the BPRA object. The field of view
for each magnification is the overall apparent size of the camera area, indicated by the “Total trace length” column. The
inverse of this parameter determines the fundamental frequency in the PSD. We use the one-sided periodogram estimator
as our PSD function.[33] The frequency values in the PSD are integer multiples of the fundamental with the highest
frequency given by the sampling Nyqist frequency (fNy), which is the inverse of twice the projected pixel pitch. If the



object contains features with power at frequencies greater than fNy, that power can be aliased back into the sub-Nyquist
region and contaminates the observed spectrum This is an example of a non-linear process involved in the measurement.
If, however, the objective lens cutoff is before the Nyquist frequency, the lens acts as a low-pass filter and prevents the
super-Nyquist signal from being aliased back into the sub-Nyquist range. Useful lens-sampling combinations with no
aliasing are indicated in the last column in green.

Table 1 - Sampling parameters for all possible combinations of lens magnifications for the NewView™-9000 profiler in the
ALS XROL lab.

MTFRutoffNAR . .
A=550nm PixelBampling
Total® sampling®
Objectivel fNA Effective projected? traceR samp@ENy Nyquist® #NA Aliasing?
magnificat period® MTFcutoffd magnific | pixelBizeB| length® |Fundamental] Nyquistdreq period MTFcutofg@ ENARE
ion NA | [um] [um-1] Zoom | ation [um] [um] frequm-1] [um-1] [um] samp@ENy  samp@Ny
2.75 0.08 | 3.438 0.291 0.5 1.375 6.31 6312.73 | 0.000158 0.079 12.63 3.67 YES
Michelson 0.291 1 2.75 3.16 3156.36 | 0.000317 0.158 6.31 1.84 YES
0.291 2 5.5 1.58 1578.18 | 0.000634 0.317 3.16 0.92 NO
10 0.30 | 0.917 1.091 0.5 5 1.736 1736 0.000576 0.288 3.472 3.79 YES
Mirau 1.091 1 10 0.868 868 0.001152 0.576 1.736 1.89 YES
1.091 2 20 0.434 434 0.002304 1.152 0.868 0.95 NO
20 0.40 | 0.6875 1.455 0.5 10 0.868 868 0.001152 0.576 1.736 2.53 YES
Mirau 1.455 1 20 0.434 434 0.002304 1.152 0.868 1.26 YES
1.455 2 40 0.217 217 0.004608 2.304 0.434 0.63 NO
50 0.55 [ 0.5 2.000 0.5 25 0.347 347.2 0.002880 1.440 0.6944 1.39 YES
Mirau 2.000 1 50 0.174 173.6 0.005760 2.880 0.3472 0.69 NO
2.000 2 100 0.0868 86.8 0.011521 5.760 0.1736 0.35 NO

2.1 ldeal BPRG parameters

When we make a measurement of the 2D surface topography with an interferometric microscope, the data points are
arranged on a rectangular grid and are usually analyzed by computing the average 1D periodogram estimator of the PSD
on a row-by-row or column-by-column basis. Each row PSD is averaged into one that represents the spectral distribution
of roughness in that direction. To examine the effects of resampling with different pixel pitch and with sub-pixel
shifting, it is more convenient from a computational efficiency standpoint to use a 1D model of the BPRA that contains
all of the features necessary to simulate the 2D observations. The 1D version of the BPRA, the binary pseudo-random
grating (BPRG) was the predecessor of the BPRA and is discussed in earlier references.[22, 23] For illustration
purposes, we use the 1D URA pattern with 2*2-1 = 4095 elements generated according to the method in Koleske and
Sibener[27] shown in Fig. 2. The mean has been removed from the binary 1-0 height distribution, so the illustrated
points have +1/2 values. The autocovariance function (ACF) of this profile is a single spike at zero lag, indicative of a
white noise-like profile. The periodogram estimate of the PSD function for this profile is a constant, confirming that the
generated profile has the desired properties. The root-mean-square (RMS) value for this binary pattern is 0.5, and the
value of the ACF at zero-lag is the square of this number, 0.25, as it should be.
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Figure 2 - (Left) First 50 elements of the BPRG height profile for the mathematically ideal case, with the mean subtracted.
The RMS is 0.5. (center) Autocovariance function of the height showing a delta-function-like spike at zero lag. The
remainder of the points are below the 10-2 level;.(right) Periodogram estimate of the PSD is constant, indicative of a white-
noise profile. The frequency is scaled to 0.400pum ground rules.



2.2 Resampling

When we make a real measurement of a BPRG, it is practically impossible to match the magnification of the microscope
to the grid spacing of the base BPRG to align all elements exactly along the boundaries of the camera pixels. This is a
pathological alignment case — it never occurs in practice. The general case has the magnified camera pixels straddle
transition boundaries between feature elements on the base BPRG. The binary height distribution is then split between
adjacent pixels in the camera. This is the resampling process. We use an algorithm that resamples the initial base BPRG
to a grid with larger or smaller size pixels by integrating the base heights within each projected pixel region. The
resampled pixel amplitude is then normalized to the new pixel pitch. The total physical length of the resampled profile
does not change, but the number of sampled pixels varies according to the resampled pixel size. This aspect of the
simulation differs from the actual measurement of a BPRA, where the total number of points remains constant
(1000x1000) as the size of the region viewed in the image changes. In the simulation, since the total length of the
resampled profiles remains constant, the fundamental frequency in the sampling remains constant, while in the real
measurement case, the fundamental frequency changes as the area changes. This difference between the simulation and
the physical measurement is inconsequential, as the spectrum at the low frequency end is essentially constant in both
cases. Fig. 3 shows the result of resampling for the two cases: undersampling (upper row), where the resampled pixel
pitch is greater than the base pattern ground rules, and oversampling (lower row), where the resampled pixel pitch is less
than the base pattern ground rules. In general, we have found that the undersampled PSDs (upper row) can be described
by a cosine function, while the oversampled PSDs are described by a sinc-squared function. This will be discussed
further below. We note that the typical PSD computed from the resampled data is no longer a smooth curve: it is noisy
because the resampling pitch is generally not an integer multiple of the ground rule pitch and it is only a single
realization of a resampled BPRG. It is not averaged with other BPRG pattern realizations. Other n=12 binary URA
patterns are possible and will be implemented in future simulations. In the case of a real measurement with the
interference microscope, each row in the image is treated as a separate realization and then all of the resulting PSDs can
be averaged to reduce the variance in final PSD.
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Figure 3 - Resampled 400nm BPRG with autocovariance function and PSD: (upper) undersampled with 434nm pixels,
corresponding to a 20x1x objective-zoom combination; (lower) oversampled with 86.8nm pixels, corresponding to a 50x2x
combination. The lag length is the resample pixel pitch in each case.

Table 2 shows the ratios of the projected pixel pitch to the base pattern ground rule pitch (grRule) for all of the lens
magnification-zoom combinations available for the microscope with 8.68um pixels on a 1000x1000 grid. The ratio of
projected pixel pitch to the ground rule pitch determines the over- or under-sampling condition: ratios greater than 1 are



undersampled, ratios less than 1 are oversampled. We note that the oversampled PSDs always have a null in the
spectrum before the Nyquist frequency of the sampling array, while the undersampled PSDs do not.

Table 2 - Ratio of projected pixel pitch to the base BPRA pattern ground rule pitch for a microscope with 8.68um pixels.
Ratios greater than 1 are undersampled (green squares), less than 1 are oversampled.

pattern@D D C B A
grRuleBizednm] 400 800 1200 2500
grRuletnull® 25 1.25 0.833 0.4
[um-1]
projected | Aliasing? | Objectivel Ratio:fprojpixgErRuleBize
pixelBize® | HNAXE |magnificat undersampledal
[um] sampENy ion Zoom oversampled®®a
6.313 YES 2.75 0.5 15.782 7.891 5.261 2.525
3.156 YES Michelson 1 7.891 3.945 2.630 1.263
1.578 NO 2 3.945 1.973 1.315 0.631
1.736 YES 10 0.5 4.340 2.170 1.447 0.694
0.868 YES Mirau 1 2.170 1.085 0.723 0.347
0.434 NO 2 1.085 0.543 0.362 0.174
0.868 YES 20 0.5 2.170 1.085 0.723 0.347
0.434 YES Mirau 1 1.085 0.543 0.362 0.174
0.217 NO 2 0.543 0.271 0.181 0.087
0.347 YES 50 0.5 0.868 0.434 0.289 0.139
0.174 NO Mirau 1 0.434 0.217 0.145 0.069
0.0868 NO 2 0.217 0.109 0.072 0.035

2.3 Oversampling

Figure 4 (left) shows the 4 simulated PSDs computed for the 4 oversampled combinations indicated at the bottom of the
400nm ground rule column in Table 2. The curves are labeled by the pixel sampling pitch, ranging from 347nm down to
86.8nm for objective-zoom combinations of 50x0.5x, 20x2x, 50x1x, and 50x2x, or total magnifications of 25x, 40x, 50x,
100x, respectively. Along with these simulated oversamplings, the sinc-squared function is shown using the 400nm
grRule pitch as the periodicity parameter. One can see from the curves in Fig. 4 that the simulated PSDs are described
precisely by a single sinc-squared function with the periodicity parameter set to the ground rule pitch. The sinc-sq
function is given by

sin (wgrRulef) ’

sinc-sq =
4 wgrRule f

M

The oversampled height profile in the bottom left in Fig. 3 is similar to the random telegraph signal discussed by Rice in
his treatise on random noise processes.[34, 35] He shows that a sampled binary signal has a correlation function given by

T
a ramp function: 1% for x| <h and is O otherwise, where h is the correlation length. This correlation function

(ignoring normalization factors) has a spectrum given by the sinc-sq function in egn. (1). We can see from Fig. 3 (lower
center) that the oversampled ACF with lags equal to the resampled pixel pitch can be described by a ramp function with
h = grRule pitch, with the corresponding PSD described by the sinc-sq function.

Note that these PSDs show the frequency response only for the pixel sampling function and do not include lens cutoff or
other system response considerations. If the lens cutoff for the 50x objective at f = 2.0um™ is imposed, the curves
beyond 2.0um™ would drop to the noise level or to effectively zero. In any case, using the measured oversampled PSD
from the 400nm BPRA pattern for ITF investigations is problematic because of the large amplitude difference between



low and high frequencies. Also shown in Fig. 4 (right) are actual measurements on the A-pattern that has 2.5um ground
rules, along with the corresponding sinc-sq function. One can see from the A-column in Table 2 that these magnification
combinations are all greatly oversampled. The sinc-sq function with grRule = 2.5um describes the sampling nulls
exactly for these measurements.

Simulation 400nm Oversampled

with SincA2 for 400nm grRule Oversampled A2 with 2.5um sincA2
10; 10° !
——0.347um i0® S s - T
1 —— 0.174pm 4
0.0868um 10
SincA2 0.400pum 1 075 |
f"f"‘\v ~~~»\‘ & 10»6 {
0 |

107

—— 10x2x !
1078 | ——20x1x it + ‘*wl

50x1x § l
10° | | - sincA2 2.5um ‘

1.0 2.0 3.0 4.0 5.0 6.0 0.10 1.0

Freq [um™'] Freq [um™']

Figure 4 — (Left) PSDs for simulated oversampled 400nm BPRA for the indicated resampling pixel pitch. The sinc-sq
function for 400nm grRule is also shown. (Right) Actual measured PSDs for the A2 pattern with 2500nm ground rules, with
the sinc-sq function for this ground rule pitch.

2.4 Undersampling

Table 2 highlights in green all magnification-ground rule pattern combinations that are undersampled. Simulated PSDs
for selected projected pixel pitches for each of the four ground rule patterns are shown in Fig. 5. A 2-parameter cosine
function is fit to each PSD using the relevant resampled pixel pitch value as the periodicity, per:

PSD=A+ Bcos(27r f - per) (2)

Since the undersampled pixel pitch is always greater than the grRule pitch, the Nyquist frequency of the PSD never
exceeds the frequency corresponding to the grRule pitch, hence the value of the cosine fit never goes to zero. The green
entries indicate those magnification-ground rule combinations that provide useful frequency range coverage. This is
illustrated in Fig 5 for the different magnification combinations for each of the grRule values. The smallest size
resampled pixel PSD falls off more steeply than the others at high frequencies because its sampling period is closer to
the ground rule period than for the other PSDs. For ITF calibration purposes, the flatter curves are more useful because
they do not fall off so much at high frequency. In Table 2, combinations with resampled pitch-to-ground rule pitch ratios
greater than 2 will be most useful for calibrations. Except for magnifications greater than 25x, for a given magnification,
there are at least one or two BPRA patterns with ground rules that have PSDs useful for ITF calibration. Higher
magnifications require a BPRA pattern with ground rules smaller than 400nm, such as with the HR BPRA with smallest
ground rules of 80nm. The amplitudes of the PSDs for a given ground rule pattern are proportional to the height values
of the resampled profiles. Resampling with larger pixel pitch is a low-pass smoothing operation resulting in smaller
values for the resampled heights, hence lower rms and PSD numbers.

The low frequency ends of the simulation PSDs are determined by the length of the initial BPRG profile, which is the
number of points, 4095, times the ground rule pitch. The 800nm grRule low frequency limit is lower than that of the
400nm grRule because the simulated 800nm profile is “longer” The other larger grRule patterns have even lower
fundamental frequencies. In actual use, when a BPRA is viewed at a particular magnification, its truncated field of view
is always smaller than the full extent of the BPRA, so its low frequency limit is determined not by the intrinsic size of
the array, but only by the size of the field of view. When that same BPRA is viewed at a different magnification, the area
size changes and the fundamental frequency changes. The high frequency Nyquist limit is determined solely by the
resampled pixel size, which remains constant as the total trace length is changed. Except for the lowest magnification
with the A-pattern, all the magnification entries in the table have a field of view that lies entirely within the intrinsic
BPRA patterns.



The simple cosine function in equation 2 with coefficients in the ratio of A=2B appears to describe most of the simulated
PSDs in Fig. 5. Because of the large variance in the PSDs at high frequencies, the differences between fits with the
period parameter equal to the ground rule pitch or to the resampled pixel pitch are very small. Further study is needed to
determine the proper form of the undersampled ideal PSD. For the present analysis, where we need to start with a
normalized PSD, we set the coefficients to A=2/3 and B=1/3.
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Figure 5 — PSDs for the 4 different ground rule pitch resampled to larger pixel pitch as indicated, i.e. undersampled. The
cosine function fit to each PSD is superimposed on each curve. The ratio of A to B coefficients is found to be 2 tol
empirically.

2.5 Non-shift invariance issues

It is well-known in digital signal processing that sampled images are not linear shift invariant.[36] For binary intensity
objects, the MTF of the measured pattern depends on the fractional sub-pixel position of a transition edge within a given
pixel. The ISO 15529 standard discusses the issues involved in defining an average MTF for non-shift invariant sampled
imaging systems based on slanted edge or line patterns.[37] Interferometric microscope measurements of step-edge
phase-shifting patterns suffer the same shift invariance issues. We can use our resampling model to explore shift
invariance issues of BPRA measurements.

We illustrate non-shift invariance by keeping the pixel size constant at 400nm, but shifting the entire pattern by fractions
of a pixel so it is not exactly aligned with the sampling grid. Because the original array is a distribution of 1s and Os
precisely aligned to a grid, the pixels at the transition boundaries now have intermediate values that depend on the
amount of the shift, as illustrated in Fig. 6. The corresponding PSDs for these shifted profiles are shown in Fig. 7. In a
fashion similar to the slanted edge MTF curves, the shifted BPRG PSDs oscillate between unity and zero at high
frequency. For a shift of 0.5 pixels, Fig. 6(d), the transition pixels all have a value of 0.5 and the PSD has a null at the
Nyquist frequency. This case is pathological, in that this particular pattern alignment to the camera grid will never
happen during a typical measurement scenario. The general case is that the BPRA will have a random distribution of
transition edges among the resampled pixels, and the resultant PSD will be an average over all the oscillating PSDs. We
illustrate the general fractional shift case in Fig. 8 with PSDs for the 400nm BPRG resampled to 434nm pixels,
corresponding to a measurement with a 10x2x or 20x1x objective-zoom combination. The PSDs of the resampled pattern
for fractional shifts in increments of 0.1 pixel over the 0.0 and 1.0 pixel shift range are superimposed along with the
average of the 11 individual PSDs. The PSDs for each of the fractional shifts are essentially identical, showing that the



(a) grRule=0.4, resamp=0.4 shftFrac=0. (b) grRule=0.4, resamp=0.4 shftFrac=0.1
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Figure 6 - Fractional pixel shifts, keeping the pixel size constant. The transition boundary pixels are affected by the
shifting. (a) Intrinsic array, no shift; (b) Shift = 0.1 pixel; (c) Shift = 0.3 pixel; (d) Shift = 0.5 pixel.

non-shift invariant transition pixel effects are averaged out when the resampled pixel size is different from the intrinsic
BPRA ground rules.

Another extreme example of randomization of shift invariance is seen when the pixel resampling size is increased by just
a very small amount, from 400nm to 401nm. The resampled pixel intensities for the first 500 pixels are shown in Fig. 9
along with the PSD computed from this profile. There is a regular progression in the increase or decrease in transition

edge
pixel
400nm with Fractional pix shift Pixel shift
Not shift invariant 400nm resamp to 434nm
0.6 , 0.6
[ | |
0.5 mmawgm L IPIZUNT VA SRS OSSR 0.5
0.4 S 0.4 A |
N%\ T T e : [
a 03000 S o 03 bt
¥ \1\_\ a ——0.1 En
0.2 —©-03 0.2 — s . ‘
——-0.5 N T — o7 ’ ‘
0.1 —07 \ﬁ\\ - 0.1~ —o29 |
) — 10 \\ T Mean of 11
0 I : \\‘EL 0 ‘ -
00 020 040 060 080 1.0 1.2 1.4 00 020 040 060 08 10 12
Freq [um'] Freq [um]
Figure 7 — PSDs for the 400nm BPRG pattern shifted Figure 8 - PSDs for 400nm BPRG resampled to
by fractions of a pixel width. Non-shift invariance is 434nm and shifted by the indicated fractional pixel.
manifested by the different shapes of the curves as the The average of all 11 PSDs is also shown. All are
transition edges traverse a distance of one pixel. PSDs essentially identical, indicating the non-shift

are symmetric about the 0.5 shift value. invariance is averaged out by the resampling.



values in this case, similar to a vernier scale. There are a little more than 10 cycles of this regular 401 pixel long pattern
in the full resampled profile but the resultant PSD shows that the pathologicality of the non-shift invariant PSDs has
been averaged out, since the PSD in Fig. 9 is similar to that in Fig. 8. We can conclude that, except for the pathological
case, because the resampled BPRG has transition edge positions distributed randomly between the initial array ground
rule positions, the resultant PSD will behave like the average over all the pathological PSDs. Since this holds for the 1D
grating BPRG, we expect it to be true for the 2D BPRA.

grRule=0.4, resamp=0.401 shftFrac=0.

grRule=0.4, resamp=0.401shftFrac=0. ‘ ‘ DetrO,‘Win=R‘ect, sdgv=0.409
e e el Ll e s el 0.5}
04- - R
. - 0.4/
0.2 : 1
o 0.3/
...... L
0.0 0.2]
-0.2f 104t
-04f 7 Sel T ] 0ok ‘ ‘ ‘ ‘ ‘ -
e en o+ mam e sre ot + 4 s et mentns e 2 W ae e e e 0.0 0.2 0.4 0.6 0.8 1.0 1.2
0 100 200 300 400 500 Freq [um-1]

Figure 9 — (Left) The first 500 points in a resampling of a 400nm pattern to 401nm pixels. The regular progression of pixel
height values over 10 cycles in the 4K long pattern is enough to average out the non-shift invariant behavior of the PSD,
(right) which is the same as that in Fig 8 for the 434nm resampling.

3. ITFMODELING BASED ON MEASUREMENTS WITH THE BPRA

The usefulness of a BPRA in assessing the ITF of optical instruments arises from its predictable spatial frequency
spectrum. We can use it to model the expected PSD that we should observe when we make a measurement with an
interferometric microscope. The difference between the model and the observed PSDs we attribute to attenuation by the
ITF of the measuring instrument. In order to model the ITF of the microscope, we need to consider the various
components that comprise the transfer function of the microscope. de Groot gives a comprehensive review of all of the
considerations that go into determining the ITF of interference microscopes.[20] We use a simplified linear model that
considers only the transfer functions of the lens and detector pixels.[18] The measured PSD, Smeas,iS given by

Sl ) =M. S ®)

meas inst obj
where Sqp; is the intrinsic spectrum of the height topography of the object and Ming; is the ITF.

We use a simple model where the MTF of the microscope is given by the product of the incoherent lens MTF and the
pixel sampling MTF:

M =M M (4)

model lens™ ™ piz

The lens MTF depends on the numerical aperture, NA, and the wavelength, A:[38]

2l (A A (A
M,,, () = =|cos [2NA] oA\ [2NA] ©

and the pixel sampling MTF is given by the sinc function:

_ sin(ﬂfd)

Wl == (6)



where d = pixel width and is also the sampling period of the magnified camera grid. The lens MTF goes to zero at

meff = % and acts as a low pass filter to cut off the object’s frequency components beyond this frequency. The

Nyquist frequency corresponding to the pixel sampling period is fNy = 1/(2d). If the lens cutoff frequency is less than
fNy, then there is no aliasing of higher frequencies back into the sub-Nyquist range. If the lens cutoff frequency lies
beyond fNy, then the observed signal is contaminated by super-Nyquist power and needs to be addressed.

The lens transfer function in egn. (5) is derived for a simple circular aperture. The Mirau objectives in the NewView
system have obstructions in the center of the aperture that modify the frequency response. We have incorporated into our
model the correction factors derived by O’Neill for systems with annular apertures.[39, 40] The relative obstruction ratio
is a parameter in our model that we can invoke to improve the fit of our model to the measured data, as we currently
have no a prioi knowledge of what the central obstruction ratios are for our objectives.

When we apply the model MTF to the PSD computed for the BPRA, we get the expected model PSD, Smodet:
S =M S =M MS )

model ~ model” BPRA lens™ " piz BPRA

When we measure a BPRA, we have a measured PSD, Smeas. The ratio between the measured and model PSDs tells us
how good our model is at describing the ITF:

M?
Sm(%as _ hbsl,Sob_y' (8)
2
model Mmodf‘lSBPRA

But, to the extent that we have modeled the PSD of the BPRA correctly, Sonj=Ssrra, and the ratio becomes

2

S M
Smms — 2’mst (9)
model Mmodel
The deviation of this ratio from unity gives us insight into deficiencies in our simple model and what we might need to
consider to improve upon it.

Our lens transfer function model also includes a defocus term, based on equations 42 and 43 in the paper of Simonov
and Rombach.[41] Their expression is valid for small values of defocus. We have found that there has been no need to
invoke the defocus term in the current modeling of the NewView objectives, as they all appear to be in good focus, and

the heights of the BPRA artifacts are all well within the nominal depth-of-focus range given by Az ~ /\/ZNA2 for all

objectives. Also, in coherence scanning mode, which was used in the present measurements, the surface feature is
always at the nominal focus position of the vertically scanned lens, so we don’t expect to see any defocus in the
measured height profiles. Only if the objective were to be grossly misaligned, so that the null in the interferometer OPD
deviates significantly from the position of best focus, would we need to consider using the defocus term.

4. COMPARING MODELS TO MEASUREMENTS

The measurements used to compare with the modeled PSDs were made with a NewView-9000 interferometric
microscope on a BPRA artifact with parameters shown in Fig. 1. The details of the instrument and the measurement
conditions are presented in a related paper at this conference.[42] The measurements were made on the A2 to D2
patterns, which are the highly randomized version of the BPRAs, in coherence scanning interferometer mode (CSI).

4.1 20x 1x zoom with 400nm BPRA

The 20x1x objective has a lens cutoff frequency of 1.455um™ and a Nyquist frequency of 1.152um™. Fig. 10 shows the
MTF~2 curves for 0.434um size pixels (red) and the lens NA (blue), along with the intrinsic spectrum for this pattern
according to the cosine function in egn (2). Because the lens cutoff is beyond the Nyquist frequency of the array, there
will be some aliasing of the BPRA PSD from the super-Nyquist region back into the sub-Nyquist region. However, the
magnitude of the aliased power will be very small, as it will be highly attenuated by the small lens MTF in the super-
Nyquist region.
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Figure 10 - MTF"2 curves for resampled 0.434pum pixels (red) and the lens response (blue) for the 20x objective with 1x
zoom. Also shown is the cosine function that describes the normalized intrinsic spectrum, So, (gray), for the resampled pixel
width.

When the intrinsic spectrum is multiplied by the pixel and lens MTFs, with the aliased contribution included, the result is
the predicted spectrum of what we should see in the actual measurement. The individual aliased components are plotted
in Fig. 11 along with the combined MTFs applied to the intrinsic spectrum. The combined spectrum (orange) is the
model spectrum that we compare to the measurement, shown in green as discrete points. The model functions are all
normalized to unity at zero frequency. We need to normalize the measured PSD in order to compare it to the model
results. One can see from scatter in the measured points at low frequency that there is some uncertainty in what the zero
frequency value might be due to the inherent variance in the periodogram estimator that we use to calculate the PSD. We
make the assumption that the “true” PSD is a smooth, monotonically decreasing function and fit the low frequency
points to a 2" order polynomial to extrapolate to f=0. This gives us the normalization factor for the measured curve.
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Figure 11 — (Upper) The MTFs of the lens and pixel sampling (blue and red curves) multiply the intrinsic PSD for the 20x1x
model with 0.434um resampled pixels, resulting in the orange curve. This is compared to the actual measured points
(green).(Lower) Ratio of measured PSD to the model curve. The ratio is less than unity over the whole frequency range.



One can see that the normalized, measured curve (green) lie below the model curve (orange) over the entire frequency
range. The ratio of measured to model on the right in Fig. 11 shows the deviation of the model from the data. That the
model curve lies above the measured data suggests that we need to consider the central obscuration factor in the lens
MTF. The effect of the central obscuration is to reduce the lens MTF over the middle frequency range. By trial and error,
the value of the obscuration parameter that gives the best fit by eye is 0.23. This model fit is shown in Fig. 12 as the
orange line. It fits the model curve over the lower half of the frequency range quite well. This is clearly shown in the
ratio between the measured and modeled curve (lower). The falloff of the ratio at higher frequencies indicates a
divergence between the model and measurement that is not yet accounted for. The model PSD is too high at these
frequencies. Aliasing only affects the very end of the model PSD, producing the slight hook that is visible and cannot
account for the difference from the measured PSD at frequencies beyond 0.8um™.
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Figure 12 — (Upper) Adding an obscuration factor of 0.23 to the lens MTF brings the model curve (orange) down closer to
the measured data (green). The legend labels are the same as in Fig. 11. (Lower) The ratio between measured and modeled
PSDs is unity over the lower half of the frequency range but diverges at high frequencies. The model does not fall off as fast
as the measured PSD.

4.2 10x 2x zoom with 400nm BPRA

The 10x objective has a nominal numerical aperture of 0.3 that is smaller than the 20x NA of 0.4, hence its cutoff
frequency is lower at 1.091um™. But the objective magnification and zoom factor combine for an overall magnification
of 20x, which is the same as the 20x objective with the 1x zoom discussed in the previous section. The projected pixel
size and Nyquist frequencies are the same for both cases because the overall magnifications are the same: 0.434pum with
a Nyquist frequency of 1.454pm™. But the lens cutoff frequency now lies before the Nyquist frequency, so there will be
no aliasing of any power from the super-Nyquist region back to the sub-Nyquist region for the 10x2x objective. When
we run the model with these parameters and compare the results to the measured PSD, we get the results shown in Fig.
13 (top row). What is most evident is that the measured PSD (green) drops off much faster than the model with NA=0.3
for the 10x objective, with the assumption that the addition of the 2x zoom lens does not affect the NA. The ratio
between measured and model PSDs in Fig. 13 for NA=0.3 drops below unity for midfrequencies, then blows up at high
frequencies due to the apparent noise floor beyond 0.8pum™.



Now we adjust the NA value in the model to see if we can get a better fit to the data at the higher frequencies. We also
subtract the mean noise floor value for the frequencies beyond 0.8um™. Fig 14 shows the ratios of measured to model
PSDs as the NA value varies from 0.25 to 0.27. One can see that the NA=0.27 provides the best fit over the low- and
mid-frequency range. The model PSD is shown on the right for NA=0.27 (orange) with the noise floor subtracted from
the measured PSD (light green). The fit is quite good for normalized PSD values between 1.0 and 0.01 but diverges as
before for PSDs below the 1% level as the Nyquist frequency is approached. So we can conclude that the addition of the
2x zoom lens to the 10x objective changes the NA from 0.3 to 0.27 and lowers the lens cutoff frequency from 1.091pm™
to 0.982um™. Note that in this model, the obscuration factor remains at 0.0. We do not need to invoke obscuration to get
a good model fit.
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Figure 13 — (Upper) 10x objective with 2x zoom. Lens cutoff frequency is before the Nyquist frequency, so no aliasing
occurs. The dropoff of the measured PSD beyond 0.5um™ suggests an internal aperture restricting the higher spatial
frequencies. (Lower) The bottom row plot is the ratio of measured to model PSDs. The noise floor at high frequencies
causeds the ratio to blow up there.
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Figure 14 — (Left) Ratio of measured to model PSDs as NA is varied from 0.25 to 0.27. NA=0.27 provides the best fit for
the 10x2x objective-zoom combination. (Right) Noise floor subtracted from measured data (light green) with NA=0.27

model fit (orange).

4.3 10x 1x zoom with 400nm BPRA

The 10x 1x zoom lens combination has a magnification of 10x with resampled pixels of 0.868um with a Nyquist
frequency of is 0.576 pm™. The nominal NA of this lens is 0.3 with a lens cutoff frequency of 1.091um™. Since the
Nyquist frequency is lower than the lens cutoff, we expect some aliasing to occur. The model and measured PSD curves

are shown in Fig. 15.

NA=0.3 Obsc frac = 0., defoc=0, A=0.55

NA=0.3 Obsc frac = 0, defoc=0, A=0.55

resamp per=0.868

fNy ii

resamp per=0.868

08
0.6
0.4+
0.2+ 1
1
H
1
0.0 | | I I | 1 | L | L I I 1
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Freq Freq
NA=0.3, Obsc frac = 0, A=0.55, defoc=0.
noise level=0e0
2.0~ ; : :
Obsc frac =0
1.5+ .

0.5¢

0.0~

0.0

0.1

0.2 0.3
Freq

0.4

0.5

Figure 15 - 10x1x objective model and measured PSDs (upper) with the ratio of measured to model (lower).



The model curve follows the measured PSD up to the middle of the frequency range where the model clearly drops
below the measured PSD. This is unlike the other cases above where the model is always greater than the measured PSD
at high frequencies. This seems to indicate that the model is underestimating the amount of the aliased signal that is
folded back into the sub-Nyquist region.

5. CONCLUSIONS

The simple model of the 1D BPRG has allowed us to investigate practical issues involved in using a BPRA artifact to
characterize the ITF of an interferometric microscope. The simple model shows that the expected PSD of an
undersampled artifact can be described, not a horizontal line, but by a cosine function with A and B coefficients in the
ratio of 2 to 1. More work is needed to refine this model to incorporate the averaging effects of the larger resampled
pixels versus the underlying BPRA ground rule size. To be useful as a calibration artifact, the resampled pixel size needs
to be such that the Nyquist frequency of the sampling interval lies beyond the cutoff frequency of the lens. This insures
that no high frequencies will be aliased back into the measured profile. If the lens cutoff frequency is beyond the
Nyquist, then aliasing must be considered, and untangling the ITF from the measured PSD becomes more complicated.
Tables 1 and 2 indicate which BPRA patterns would be most useful for calibrating a particular lens-zoom combination.
The simple ITF model used in the present work that depends only upon the lens MTF and the pixel sampling MTF
indicates that there are additional factors that are not accounted for in the model. More work is needed to identify and
model these factors.
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