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Abstract—Established methods to gauge the surface height by
the white light interferometry do not use the full information
contained in a correlogram. As the result, the envepe
evaluation methods suffer from susceptibility to nse, whereas
the phase methods are prone to the “2-pi ambiguity”In the
approach of the present paper, the surface positionis
determined via the correlation of the local correlgram with a
reference correlogram, thus benefiting from its comlete
information. Accuracy and tolerance to noise of tté method is
by more than one order of magnitude higher, than tat of the
envelope methods; the 2-pi ambiguity has not revead itself so
far. Another advantage of the suggested method ishe
immediate availability of a suitability criterion for a local
correlogram — the correlation coefficient with the reference
correlogram.
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l. INTRODUCTION

cannot be applied to rough surfaces being prortbe®-pi
ambiguity [2]. Disadvantages when applying thes¢hods
are actually to be expected - both make use onby it of
the information contained in the signal. The waygtois to
involve the complete information in a single evéiom
procedure. There are continuous attempts to comibitle
methods in order to profit from the advantages athbof
them [4], yet both kinds of shortcomings remain.

The intention of the present study is to obtainatad
evaluation procedure, which uses complete corratogr
information, and to obtain improvement in both thaise
tolerance and the confidence level assessmeatsitggested
to find - in the measured intensity z-distributien the
interval which is most similar to the known referen
correlogram of the interferometer. The position tbe
interval will give the position of the surface atta level of
similarity would give the confidence level for thiwight
estimation. This is exactly what is provided by tress-
correlation function between the measured intensity
distribution and the reference correlogram: it gibeth the

Among sensor device technologies, the white lightyosition of maximal resemblance and the level ofilsiity.

interferometry (WLI) is established as one of thesin
popular methods of surface topography evaluatione T
challenging problem is false evaluations of thefeug
height, which are affected by different kinds ofiseo
inevitably appearing during any measurement. Onathe
hand, there is a continuous search for data evafuat
methods that are immune to noise, on the other,Hagidg
aware of error inevitability, one is looking fopassibility to
assess the confidence level of the surface heigtttiaion —
on every pixel of the optical field - in order tors out

Note that this method uses the complete information
contained in the correlogram signal: both phaseesivelope
information, since its complete form is involved
correlation analysis. Thus, the noise stability tife
correlogram cross-correlation method is expectethecas
good as with the phase method, and as in the geelo
evaluation methods no phase ambiguity should appear

In Section I, a short description of the methodjiigen;
the results of a testing of the method by correlogrand
noise simulation are given in the subsection “A"Sgction

in

improper ones [1]. Although the assessment of the. in supsection “B”, the results of an applicatiof the

confidence level does not prevent appearance ¢ fabight
estimations, yet it allows preventing false conicos during
a further surface topology analysis.

method to measurements on smooth surface are prdsém
this way, the subsection “A” describes mainly thfiuience

of measurement noise whereas the consideration of

The WLI data are primarily represented by a set ofypsection “B” concerns both the instrumental naise the

correlograms from different pixels. There are twwoenonly
recognized ways of correlogram processing to estirttee
surface height: the method of the correlogram epel
maximum/centroid calculation and the method

correlogram phase tracking [1][2]. Both methodséhghweir
own advantages and shortcomings: the first is totunen
applied to rough torn surfaces but shows higheiatians
caused by the data noise [3]; the second one,wdcss, is
known providing low variations / high reproducibjlibut
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surface reflection variations.

1. REALIZATION OF CORRELOGRAM CORRELATION

of METHOD AND TESTING OF ITS STABILITY AGAINST NOISE

The cross-correlation function has been used agahge
of the correlogram packet position and the leveiwfilarity.
The employed normalized cross-correlation funcisogiven

by
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w w o very substantial packet spoiling at the 0.1-levabl ao
K= II (Dly(z+ r)dz/\/‘[lz(z)dz.[loz(z)dz, complete correlogram distraction at the level G@lowing

o o e (1) values have been used for the simulatitn= 40 nm;4, =

300 nm;W, = 2l,. For the presented correlogram correlation

wherel is a measured pixel-correlograty,is the reference (CC) method, the correlogram without noise (@) = 0)
correlogram,z is the interferometer scan coordinate. Ofhas been used as reference correlogram.
course, the cross-correlation has been calculatedhe
digitalization net, originally with the step of @rferometer
frame distancefz. In fact, the MATLAB functionxcov has
been employed to calculat€. The position of absolute
maximum ofK has been interpreted as the local height of
surface relative to that of reference surface wigiddduces
the correlogramly. The valueKyex < 1 (= maximum
correlation coefficient) gives the confidence levet the
current pixel.

Certainly, the scan discretization interval of
interferometeriz produces a too rough net: the surface has to
be localized much more accurately. Therefore, an
interpolation of intermediate points has been peréa 50 00 150 200
producing a net 10 times denser. In this study,raper z, measure point
interpolation has been performed to keep the sprectf the ‘
function unchanged by the interpolation. Specificaligital
Fourier transform of the original function is perfed; the
present harmonics are kept unchanged, but supptethen
with harmonics of higher frequencies and zero ationghd;
finally the reverse transformation produces thecfiom on
the dense net. It can be proven that such an woitgrpn of
the correlograms followed by the calculation ofith&oss-
correlation gives the same result as the primatyutzion
of cross-correlation on the rough net followed hye t
interpolation. The latter variant lowers computaticosts,
and being much more effective, has been used isepte ‘ ,
study. Further accuracy elevation is achieved bg th 50 1%, measure Poim”" 200
parabolic interpolation on the three points nearrttaximum
of K.

Intensity, arbitrary units

Intensity, arbitrary units

0.8+
A. Simulation 0.6

A simulation has been carried out in order to obtaie
surface height assessment at different noise levidie
correlograms have been simulated on a digitalinatiet z
just as the harmonic modulated with the Gaussiaglepe:

|, = Aex;{—log(Z)[(zi - zo)/WA]z}x
cod(2/2,)(z ~ 2)| +0

0.4+

0.2

-0.2

0.4f

Intensity, arbitrary units
o

0.6

rand(i), ©

. ) . i . 50 160 150 200
whereA is an arbitrary amplitudez, is the position of the z, measure point

correlogram maximumyV, is half-width of the correlogram;

Ao IS its main wave lengthy, s is the noise dispersionand Figure 1. Correlogram corruption at different noiseels: (a) — noise
is the function producing normally-distributed ranad  dispersiononsse is 0.01 of the double correlogram amplitude; ¢Rjse =
values with zero mean value and the unit dispersionis,  0-1: (€)onoise= 0.3. The red lines show the corresponding eeeio

white noise has been used, not in complete comelspe For the comparison with the results of the cormeloy

with the distortion noise produced by SuncaCecorrelation method, the signal envelopes have been
inhomogeneities which reveal themselves mainly in ' 9 P

" : : calculated using the known formula of square suriunaif
?\i?rlt:?:rlltam?)is;e shifts [5], but representing wie correlogram with its Hilbert transform [1]. The twoost

Figure 1, (a)-(c) shows how the noise of differiavel common methods to determine the correlogram paositio

distorts the correlograms. The correlogram coramptirows gﬁxgl(?e:?oltljg\?vg:dtge t%aer?jg?gfm?ﬁaptrigﬁrcr)]?it':ganFmgr?(tj
from a slight disturbance at the relative levelOddl to a P y axm

noise
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the calculation of the half-height envelope cemntroNo level 0.3 the error is still moderate (56 nm) wotber

filtration of the envelope [5] has been appliedired on the methods fail completely.

averaging which is automatically provided by thds® The deviations from unity of the averaged correfati
envelope position evaluation methods owing to usdgbe  coefficients obtained by the CC for the noise Iswafl 0.03,

complete half-height envelope. 0.10, 0.30, are correspondingly: 0.018, 0.16, OT6&. values

As expected, the height determination has beentetac of coefficients at the lower noise level are peaity
zero noise level by all the tested methods. Thennvadues  indistinguishable from 1.
of deviations of height estimation from the height
specified in (2) have been calculated as the aeemagr B- Measurementon asmooth surface

1000 repetitions. These deviations appearing wisamgtthe For a validation with experimental data, a measergm
correlogram correlation method and the two envelopen polished Si wafer has been evaluated. The Mirau
evaluation methods are presented in Figure 2. interferometer, Breitmeier Messtechnik GmbH, withe t

interferometer objective Nikon CF IC EPI of x10

10000 ‘ ‘ magnification has been employed for this measurénitine
—4—Envelope, maximum | frame area of the objective is 0.66x0.89 Mmrifihe low
1000 |-~ Envelope, centroid b fe camera resolution of 518x692 pixels has been chasen

. ggzﬁgsri:';:;’i::'a“"” order to keep data amounts reasonable. The digge i

€ 1001 N source has a spectrum energy distributed in thgerah 490

S - 740 nm. The sampling step size of 40 nm, minifoathe

E 10, instrument, has been chosen. A typical correlogsasmown

> e in Figure 3, on the top. On the bottom of the feguthe

s | | correlogram which has been chosen to be the referene

< oal — o fqr the CC method is plepicted. It has been jusitrarby

; ; picked among the available correlagrams of the sdata
0.01 ! ! stack as one which seemingly contains low noisef@ma
0.001 0.01 0.1 1
Noise level 200] ' ' ' ' 1
i

Figure 2. Mean deviation obtained by the two eopelmethods and the 1801 h ]

correlogram correlation method. .E 160/ ‘ i

Following conclusion can be drawn from the datdigure .E 1401 ]

a) For white noise, the deviation of the correlogram 2 [~ "¢ %] T
correlation method is approximately 1.5 orders of &' ; ; 1
magnitude below the errors produced by the envelope § sof | .
methods. = el ‘ » |

b) In practice, the noise levels of about 0.1 areracs. ;

At these levels the errors of envelope methods are or ‘ . . . ‘ ‘ ‘ . ]
already inacceptable while that of CC are stilltjus 160 180 200 220 240 260 280 300 320

Z, measure point

about 2-3 nm.

c) Itis known that the deviations of the phase methed
about 7 times smaller than that of envelope methods
[1]. Here the inaccuracy of CC is still lower.

d) Within the CC method, the confidence estimation is
readily available, and can be used to screen aut th
worst corrupted correlograms when calculating the
mean value of surface height. Such a screening has
been performed, and the result is given in Figure 2
The threshold maximal correlation coefficient wille
reference correlogram here has been 0.5. All
correlograms of lower correlation have been omitted
Moreover, the height deviation values producedhey t
remaining correlograms have been weighted for the . , ,
averaging; the maximal correlation coefficients hwit 0 20 Z“*;easure p:iit 80 100
the reference correlogram have been used to get the '
weights. Up to the noise level of 0.1, the erraelds Figure 3. A typical correlogram measured on smamitface (picture
practically the same as that of pure CC, but anttise above) and the correlogram used as the referemoglagram (below).

Intensity, digitalizatin units
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distortions. The reference correlogram is alreaelyoti of
the mean level and slope and shortened in lengtbrder to
exclude surplus noise. Comparing the correlogractupgs
in Figure 3 with those of the simulation, the ndiseel can

standard industrial application, where many sudaeee
routinely inspected and the sarecan be used unless the
WLI needs a recalibration. A doubt could arise when
thinking about using the CC method because of legedly

be roughly estimated to be about 0.02. The evaluatehigh computation time for the cross-correlationdiion. But

distributions of surface heights along a stretcihef optical
field are illustrated in Figure 4.

The height dispersion provided by the envelopeexpansive.

if done employing the very quick procedure of treestf
Fourier transform (direct and reverse), it is, aetf not time
Moreover, the procedure can be further

maximum estimation method is 5.6 nm, the dispertiordeveloped, say, resettled in the frequency donmaorder to

provided by the envelope centroid method — 9.6 amad, of
the CC method it is 0.45 nm. Thus, the CC dematestran
accuracy 12 times higher, than that of the envelopthod.
The dispersions found correspond well to the resofltthe
simulation given in Figure 2, assuming the estihateise
level is in the vicinity of 0.02.

hﬂ'hwl” l_ll‘:(‘lﬂluurl.w,Al”_

1
100
Pixel #

50 150 200

Figure 4. Surface heights obtained by envelopecanglogram correlation
methods on a smooth Si surface along a line segofiginé optical field.

The CC method is expected to have still higher sapty:

its dispersion seemingly contains also a fractibhe real
surface height variation. This part in the heiglpdrsion by
the envelope method is apparently negligible. Tioege
there is no correlation between the height profitesasured
using both methods: their correlation coefficiemboants
just to 0.08. Notice that the accuracy improvenisnCcC in
relation to the envelope method again exceeds dberacy
gain commonly provided by the phase method as cmedpa
to the envelope method [1].

For a practical realization of the CC method, @nexfice
correlogram is needed. Ideally, it should be meabsun a
smooth surface of the material in question and fireperly
averaged over a set of pixels. In this case, itaing also the
particularities of surface reflection. Often it gsfficient to

employ just one of the correlograms measured on the

surface. Furthermore, because the form of a nasele
correlogram is mainly determined by the instrumitsdlf, it
is expected that an on mirror measutgavill work in the
majority of situations. Thus, there is no problenobtain the
reference correlogram in the practice. Especiatly in a
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get a still quicker performance.

Ill.  CONCLUSION AND FUTURE WORK

The introduced correlogram correlation method ukes
complete information contained in the correlogram ¢hus
is supposed to have a noise immunity at leastavegi, than
that of the phase method. The noise immunity insplie
tolerance to both the measurement disturbances and
imperfections of local surface reflection. At theree time, it
is not supposed to exhibit a phase ambiguity. Tingt f
supposition is confirmed in the present study it help of
simulations and a measurement on a smooth surfhee:
accuracy of the CC method exceeds that of the epsel
method by more than one order of magnitude. The
confirmation of the absence of an ambiguity is dteneof
further research, involving the evaluation of measents
on rough surfaces and possibly simulations.

It is demonstrated that the CC method can be wgeeh
analyzing data with a noise level at which the empplent of
the envelope estimation methods is impossible.

Another advantage of the method is that it autaralyi
provides a measure to be used for screening oft inap
correlograms from further evaluations — the cosdfit of
correlation with a reference correlogram. This a@erice
parameter can be used for further surface structure
evaluations. It is shown here that its applicatiaiows
height evaluation even from very corrupted corredags.
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