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A novel pitch evaluation of one-dimensional gratings based on a cross-
correlation filter
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2 Physikalisch-Technische Bundesanstalt (PTB), Bsalise 100, 38116 Braunschweig, Germany
*E-mail: ludger.koenders@ptb.de

Abstract

If one-dimensional (1D) _period and arbitrarily structured grating positi@hated topographical signals
coexist with noise, it is difficult to evaluate tp#ch practically using the centre-of-gravity (C@gthod. The
Fourier-transform-based (FT) method is the mostipeeto evaluate pitches; nevertheless it canvet e
uniformity of pitches. If a cross correlation filte-a half period of sinusoidal waveform sequernsepériod),
cross-correlates with the signals, the noise caglibenated ifpr= p. After cross-correlation filtering, the
distance between any two adjacent waveform peaksgydhe direction perpendicular to 1D grating lirees
one pitch value. The pitch evaluation based orcthss-correlation filtering together with the deitee of
peaks position is described as the peak deted®Di ihethod in this paper. The pitch average anfbmity
can be calculated by using the PD method. The ctengimulation has indicated that the average tohpi
deviations from the true pitch and the pitch véoiad are less than 0.2% and 0.2% for the sinusaiaidl
rectangular waveform signals with up to 50% unifavhite noise, less than 0.1% and 1% for the simadoi
and rectangular waveform signals and 0.6% and 208%he triangular waveform signal if three wavafo
signals are mixed with Gaussian white, binomial Bedhoulli noise up to 50 % in standard deviatimme
probability and trial probability respectively. Ase examples, a highly oriented pyrolytic grapfHOPG)
with 0.246 nm distance between atoms and a 1Dngratith 3000 nm nominal pitch are measured bytra-ul
high vacuum scanning tunneling microscope (UHV SHWJ a metrological atomic force microscope (AFM)
respectively. After the position-related topographisignals are cross-correlation filtered, thet0.8m and
3004.11 nm pitches calculated by using the PD naetine very close to the 0.240 nm and 3003.34 naoitses
evaluated by the FT method.

Keywords: pitch evaluation, cross-correlation, pitch andamnity measurement, SPM
1. Introduction

In nanometer metrology and measurement, one-dimieaisi1D) nanostructures and gratings are crucial
artifacts. When metrologically certified, they dadly applied as the reference materials to \pdir sub-
nanometer resolution of atomic force microscopeMAEantilevers as an encoder[1,2], nanometer résolu

of optical grating encoders[3-5], to calibrate sgag probe microscopes (SPM) [6] and to calibrayus
profilers [7] etc. The pitches of a grating canclhébrated if a micro- or nano-probe has been nattegl into a
laser interferometer based measuring system astdhdard instrument, such as metrological AFMs d@nlav
leading national metrology institutes [8-11]. Thikclp evaluations are based on the centre-of-gra(@@)
[11-13] and Fourier-transform-based (FT) [13] melhioThe pitches of the rectangular, isosceles z@gal
structure gratings have been evaluated by calogldtie CG because the grating structures have bwiows
steep sides between one waveform and the adjaesmefovm.

Owing to the surface contamination, surface defieota the fabrication and abrasion of the cantitdigeor a
probe stylus etc., grating position-related toppbreal signals are always accompanied by noise.nbonee
makes the regular waveform of signals irregulachsas a probed topographical signal shown in fidurgis

very difficult to practically apply the CG method teterminate the pitch parameter from the measured
topographical signals with the noise and irregtiesi The FT method is the most precise to find the
fundamental frequency of a 1D grating positiontedasignal because the pitch is the reciprocalhef t
fundamental frequency. However, the FT method caugne the information about the pitch uniformity
which is another significant parameter to fabricatd calibrate 1D grating.
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Figure 1. Grating position-related topographicghsi with noise and irregular waveform measuredlbly/ STM.

To efficiently employ CG, FT or other pitch evalioait methods, it is very important to apply a dibftering
technique to filter the measured signal so as taiola good signal-to-noise ratio (SNR), and toagsturate
integer period peak or valley positions.

In the previous investigation, real-time filterirgf 1D sinusoidal grating position-encoded signalswa
performed [14]: aross-correlation technique has been employeittéo & 1D grating position-encoded signail;
half sinusoidal waveform template was being protebe very efficient and accurate to filter 1D Soigal
grating-encoded signal by cross-correlating with ieal time It is predicted that the cross-correlation filiér
applied for the pitch evaluation of the 1D arbityastructured grating, can achieve very similac@ecy to
the FT method. In the following sections, after thathematical explanation that the 1D sinusoigiating
position-related topographical signal with noisefiiered by a cross-correlation filter - a halhggoidal
waveform template, the mathematic equations areeteand the computer simulation is conducted &tee
what extent that the cross-correlation filter candiffectively and precisely applied to filter 1Dbidrary-
structured grating position-related topographidéghal, and whether or not the evaluated pitchemfthe
filtered signal can achieve the same pitch valueshat the FT method does. Finally it is applied tfee
evaluation of two 1D grating position-related topagghical signals that are scanned by a UHV STM and
metrological AFM respectively.

2. 1D sinusoidal grating
2.1 1D grating position-related topographical signa

When a 1D grating is probed by a micro- or nandspralong the direction crossing the grating lirtes,
plotted topographical signajl, against the displacemer} consists of many countable integer waveforms,

noise and low frequency tilt signals shown in figur

¥,

) Riylx,) Ulx,)

5 =
Figure 2. 1D sinusoidal grating position-relateghsil F( X,) probed by tuning-fork cantilever AFM. It consists
sinusoidal, noise and tilt drafting signals.

F(x,) represents 1D sinusoidal grating position-relatiggal plotted in the solid thin-line in figure R.is

resolved into a sinusoidal signla{x,), a white nois#/(%,) and a low frequency tilt signidl(x,) (dotted-
line in figure 2), which is

F(x)) = f(x)+U(x)+W(x) (1)
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whereF (x,), f(X,), U(x,)andW(x,) are all finite discrete sequences with nunmief data points at a
scanning range, and

f(x,)= Asinsz(”, 0<n< N-1 2

where, p denotes the period of signal sequelR¢x ) .
The noise is directly presented by its absolutelinde a:
W(x)=38 0<ns N-1 (3)
U(x,), caused by the micro-moving stage or a tilted iddigg, is expressed as a polynomial function:
U(x)=H,+H, X +--+H X 0<ns N-1 4

where,H,, H,, ---,H, are the constant item, coefficient of monomiamiteoefficient of quadratic item, - - -,
and coefficient oK™ order item respectively.

2.2 Signal filtered by a cross-correlation filter

If a half sinusoidal waveform templald€x,) has M numbers of data ang. numbersof period in the
sequence, which satisfies the equatioMof p; /2,

T(x)= BsinZTnXm, 0< m< M-1 5)

The cross correlation df (x,) and T(X,) is

Ree (%)= R0+ Ry( ¥+ R 3 (6)

whereRre (X)), Rri(X,), Rru(X,) andRrw( X,) is the cross-correlation signal, cross-correlatiousoidal

signal, cross-correlation tilt signal and crossrelation noise respectively, afiik n< N+ M -1, which
means in cross-correlation sequence total numiget 4sN), M is the number of elements in the sequence

of T(X%,), N is the number of elements in the sequende(af) .

Rru(X,) still is a low frequency tilt drift signal, because
BN . 2
Ry (%) = > {sin o I H, + H [0, + %) +-+ H D%+ 9*])
M m=0 pT (7)
=Jo+J LK + J2D)$2+"'+ ‘:|<D)§K
where, J,, J,, J,,---, J are the constant item, coefficient of monomial itetnefficient of quadratic

item, ..., and coefficient oK™ order item respectively. According to binominaéhem,the coefficient of
eachitemJ, (i=0, 1, 2,---,K )in equation (7) is expressed as
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Jo = BY [sin Xm _K [iojDH.Dﬁ'n]
3,=BY [sin XmDZK:[IJDH X1

P (8)
J,=BY [sin meZK:[ jDH 0% 2]

Where,(i_j =" andizj .
i (i = j)!
The cross-correlation signal is

Ry (%)= 3, TOR DI+ ) =22 z's.pz’”%[s.pwxg X,
©

=cM, pr]mosz’;"“ +G[M, mtsinz—’;"": am, mzsm%xﬂw[m, )

M-1 :Zm(
where,c M, p ] ZSm 27 4in 2% 1C,[M, p; Ezsmzﬂ@%— :
Pr p M = Py p

dM, p.]=tan™(G,IM, p,]/ GIM, ) andC[M, p.]=(CTM pl+ Gl M @) 2.

From equation (9), it is seen tha{ (X,) remains sinusoidal signal sequence. It has pefiodhich is the
same asf (x ), although the amplitude changesdpN, p.] and the phase has a shifigh¥, p;]. SinceRry

(X,) is a low frequency tilt signal, #tannot modulate the period Rf: ( X,), and it can be easily corrected using
mathematic method. Therefore, equation (6) becomes

Re(%)= Ri(%)+ R )= € M m@in(z’;’*w M B+ R{ X (10)

The cross-correlation noise in equation (10) isreszsped as

Ru(X) =3 2 TON D 4r =13, 4, [Sin 22 1
If A =Esin 270 is setequation (11) is rewritten as
M Pr
R ()=, AfR, (12)

It is actually the operation of weighted moving eage (WMA) of the noise signal by using a set cthd%h
(0<m< M -1) as the weights. Therefore, after the cross-cdroeldiltering, the noise signal serieg
(0 < n < N -1) with highly dense irregularities becomes a sloanging noise serigg,, (%) - It is estimated
that the slow changin®, (x,) does not influence the period but can more or esdulate the amplitude of
the cross-correlation sinusoidal sigmal(x ) in equation (10). An example below demonstratednfiuence
of the noise on the sinusoidal signal before atet afoss-correlation filtering.

a) If a series of 1000 Bernoulli noise data(n) with amplitude of 1 arbitrary unit in 50% probétyi,
plotted in thin line in figure 3(a), is cross-cdated with a half sinusoidal waveform templatém)

with 25 samplesM = 25 andp, = 50 ) and 1 arbitrary unit amplitude, the normedizcross-
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correlation noiser,,, ( x,) Which is plotted in thick-line in figure 3 (a) exiis the slow changing

random waveforms;
b) if a series of 1000 sinusoidal signal data)with amplitude of 1 arbitrary unit and period & §p =
50 ) data points is cross-correlated witifm) , the cross-correlation signgl (n) , plotted in dash-

line in figure 3 (b), is a series of sinusoidal wirm signal with the same peripdif f (n) is mixed
with the noiseW (n), the mixed signaF(n) shown in figure 3 (c) is formed. It is less poésito
evaluate the pitches frof(n) by using other methods than the FT method. Howeitehes can be

evaluated from the cross-correlation sigig) () shown in figure 3 (b) by detecting the peak
positions in the horizontal axis, although it isdutated more or less bR, (N shown in figure 3(a).

J

with cross-correlation
without cross-correlation

noise before & after cross-correlation
l_

0.8-

0.6-
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Figure 3. Influence of Bernoulli noise on sinusoisignal before and after cross-correlation filkgria) Bernoulli noise
before and after cross-correlation filtering; (bdss-correlation signals before and after mixedhwiernoulli noise and
(c) sinusoidal signal influence by Bernoulli noise.

The previous simulations and experiments [14] hdegcribed and proven that if a half sinusoidal i@we
template with sampl& = p, / 2is taken as a filter,
a) if p;is chosen any number in a small mathematic intenghhding or closer t@, especiallyp, = p,
the amplitud€[ M, p,] will reach its maximum, the noise can be mostlysapsed,;
b) if p, << p, the number in the set of weights is relatively anough to average the noise so that

cannot be totally suppressed;
c) if p, >> p, to a certain extent the amplitude Ry ( X, )drops as small aRrw( X,) so thatsignal to

noise ratio $NR) is too low to distinguish periodical signairr noise.
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If the 1D simulated sinusoidal grating-related sign(x ) has the pitch op and amplitude of one arbitrary
unit and is accompanied with noise of 0.3 arbitnamit, the calculate®rg( X,), Rrw( X,) and SNR plotted in
figure 4 can explain the aforementioned concluslmest, whenp; is chosen to be the different multiple of a
p.

Y,
" Rrx,)

y
~

==
=

Ampitudes (RS ) & SHR

A .
"P;=P P.=2P P,=3P 'PT"=4'P Xy

Al i A ol

Figure 4 Rre( X,), Rrw(X,) and SNR change withp,

Therefore, instead of directly calculating the Ipés from the original measured sigrgk ), the cross-

correlation signalr. (x) is validated to calculate the pitches whgn= p. For 1D sinusoidal grating
position-related signaF(x,) probed by an AFM in figure 2, the cross-correlatismgnal R _(x,)

(0sn< N-1)is plotted in solid gross-line after the extlanumber of data in the two ends of its sequence
are cut-off from the series of data.

3. Pitch evaluation based on peak detection (PD)

After filtering, the low drifting tilt topographical signal (x )and itscross-correlation signak, (x,)shownin
figure 2 have been eliminated by using the mathiemagthod as shown in figure 5. If the coordinaibthe peaks
are detected as;, P2, P3,- - -,pL, along the probe-scanning directi@ (parallel tox-axis) which forms a small
anglea relative to the directio® perpendicular to the 1D gratidigjes (perpendicular direction) , as shown in
figure 6 (a), the distance between any two adjasawveform peaks in the noise-free cross-correlatignal
in the perpendicular direction is one pitch valdée individual pitch is calculated by

R= ( P, = p_L) [Cosa

P, =(p;~ p,)[Gosa (13)

(1

R =(p — p.)Cosa

The average of the pitches is
L_

LN

= 1
L—1iZ:1: '
The uniformity of the pitches is calculated by
L-1 a
5= [>(R-Py (15)
L-1V=
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Figure 5. SignaF(x ) andR_(x,) after the low frequency tilt signgi(x ) and R, (x,) are eliminated in figure 2.

(a) (b)
Figure 6. A tilt anglea between perpendicular directid®d and probe-scanning directio@® is shown in (a) and the
diagram on evaluation of tilt angteis shown in (b).

The PD method is also used to decide the tilt aodlE5,16], as shown in figure 6 (b) . If the styksans the 1D
grating firstly by a displacemept from Pe to Py and then returns 8, and secondly by a displacematitrom Pe
to Py and returns t®etoo, X andY can be expressed respectively as

X =(fsx+ Ix+ fexOpsing (1p
Y =(fsy+ Iy+ feyl gcosa
Therefore
o= arctan é IX+ fox+ fex: a7
ly+ fsy+ fey

where,Ix, fsxandfexare the counted integer periods, calculatedifraat parts at the beginning and the end of the
signal inx direction respectivelty, fsy andfey are the counted integer periods, calculated fraatiparts at the
beginning and the end of the signayidirection respectively.

4. 1D arbitrarily structured grating

For a 1D p-periodic and arbitrarily structured grating pasitirelated signal, if in the interv&l-g,—g) it is

mathematically expressed as

-f(-x), P<x <0
f(x)= 2 (18)

o

f(x,), 0< -
(). 0sx<D

It can be expressed by a Fourier sine series
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f(x)= i A Bin 2k”xﬂ (0< n< N-1) (19)

p/2

where, A——j f(x)[3in ’p”*d& (k= 1,2, 3{II] .

If it is cross- correlated with a half waveform dfigsoidal template with the same perfmd.e.,

T(x.) = Bsin 2’?“ (0< m< M- 1) (20)
B N-1
Rn(xn)=—ZT( ) OF( %+ %)
(21)
:5“” 1S,n2m<m [ManH(XTE) 21060+ %) Sm4ﬂ(x?) %) m3 A sin?Z 5 XD,
m=0
Since thekth item in equation (21) can be factorized as
M-1
ZsinzTnX’“Dﬁk sm%
M -1
=AY [sin 2% .kag“]Et 2kmg1+ Akz [sin AR T [J]s..ZkT A
= p p P p P (22)
=C[M, K mosz‘(g’* +G,[M, K|GBin k”’*
=M, K BinZ% 4 g M, K)
M-1 -
where, C[M, k] = AB sin 27, E'BinZkZX” v C,[M, K :EM 1sin 27%, E:oszw;x“ :
m=0 m=0

CIM,K=(CIM B+ CI M B’ N, K =tan [G[N K/ ¢ N K and (k =1,2, 3[I0)

The equation (21) becomes

Re(x)=d Ml]Bin(ZTm(”WH am, Z]E'Bin%x“@ )+ I3 O M, @Esin&p‘m )+ I (23)
Equivalently, it is written as

R (%) =0 'V',l]Bin(ZZX“ +g)+ dM, Z]Ein%w)mﬂ} am, @E@in%w& )+ I (24)
where, p, = p/ k, (k=2,3,4[0.

To examine equation (24), it is found that fod R, p-periodic and arbitrarily structured grating pawiti
related topographical signal, when cross-correlatighl a half sinusoidal waveform templatepperiod, the
cross-correlation signal consists of fundamentaiogeand 2, 3, 4,-k;--- harmonic sinusoidal waveforms.
Since|p | decreases greatly withincreasing according to the training of represengén arbitrary function by

a Fourier series, it is predicated tI[(ap]\A, k]|decreases steeply withincreasing and sinusoidal waveform in
fundamental period (the first item) dominates inamn (24).

Taking 1D rectangular grating and 1D triangulartiggaas two examples, their mathematic expressasas
respectively
-h, -p/2<x<0

fr(xq)={h, oex <prz (70 @5)
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and

sx] 0<x, <%
fi (X)) = (26)
t
S(O 5 5 %) P Pox sl
They can be representedlasarmonic Fourier sine series which are respegtivel
4h 1 . 2(2k-1yrx,
f =— sin 27
%) T kZ:;‘ 2k-1 P &)
and
_spw ((D G2(2K-1
= (2k - 1) p
f(Xn) f(Xn)
R(Xn) RO [7]
. Lstitem Lst |tem -

Amplitude

Amplitude

-4 U T U U T T T T T T T T '2 ] U T U ‘\‘/nl T T T 1 \Jn/ T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 0 20 40 60 80 100 120 140 160 180 200 220 240 260
displacement data Xn displacement data Xn

(a) (b)

Figure 7. Simulations of 1D rectangular grating dmitriangular grating position- related signaldegendf (Xn) and
their cross-correlation signals in legemdkr) are shown in (a) and (b) respectively.

With pitch p=100 arbitrary units, 256 displacement data, 1ty unit in amplitude which mears1 in
equation (25) and=8/p in equation (26), and noise of 0.5 arbitrary unitamplitude, 5-harmonicl£5)
Fourier series approximation of 1D rectangulariggaand 1D triangular grating topographical sigrale
plotted in thick solid-line with the legendexn)in figure 7 (a) and (b) respectively. The crosselation
signals of the sum of 5 items with the legeRrd«n and the fundamental period item with the legesditem

are also plotted in thin solid-line and thin dastelin figure 7 (a) and (b) respectively.

5. Experiments and results

5.1 Comparison of PD with FT

In order to see how pitch evaluated by the PD nebthon agreement with that evaluated by the FThoebt
and how pitch evaluated by both PD and FT are ireeagent with true pitch value, the simulation is
conducted by using LabVIEW. When the noise presents in different distribupatterns, first 1D sinusoidal,
1D rectangular and 1D triangular gratings with 188100) and 1 arbitrary unit in pitch and amplitudel a
1000 simulated data, are evaluated in pitch bygudie FT method, then they are cross-correlated bglf
sinusoidal waveform with 100, =100) and 1 arbitrary units in period and amplitudeteAthat, the pitches

are evaluated by using PD method. The simulasamepeated 100 times at each noise level, the gaverfa
pitch deviations (APD) from the true pitch values.i100 arbitrary units, is calculated each timacé& the
randomly generated noise signal varies a littlanfrone time to the others, so does the pitch dewiati
Therefore, the APD and the corresponding variatiorspresented by standard deviation (STD) areutztkd.

The noise signals in uniform white, Gaussian whitapmial and Bernoulli distributions which possilaxist
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in 1D grating topographical signals probed by saampmprobe microscopes (SPMs) are tested. When the
amplitude of uniform white noise, standard deviat@d Gaussian white noise, trail probability of dmial
noise and ones probability of Bernoulli increagesnf0.1 to 0.5, the simulation results are listedable 1,
where the APD and STD data that are larger thard@t& point are highlighted in bold font. For eaclise
distribution pattern, both APD and STD are zertéf noise level is zero, and the pitch deviatioth zariation
increase more or less with the noise level incrgaby using both FT and PD method. It is conclufiteth
table 1,

(1) for the uniform white noise, both APD and S&@ within 0.20 % in PD and FT, which means the
measured pitches in PD and FT method are both 9 &Freement to the true pitch value;

(2) for the Gaussian white, binomial and Bernoabiise that coexists with sinusoidal and rectangular
waveform signals, it is seen that in maximum th&% APD in PD method is smaller than 0.23% in FT
method. However, 0.92% STD in PD method is largant0.25% in FT method. For the Gaussian white,
binomial and Bernoulli noise that coexists withatigular waveform signal respectively, the maximum
0.60% APD in PD method is close to 0.48% in FT radttHowever, 2.54% STD in PD method is much
larger than 0.28% in FT method.

Table 1 Simulation results of average pitch dewiai(APD) and corresponding variations (STD) (urti):
Pitch evaluation method PD FT
Noise (arbitrary units) 0.1 0.2 0.3 0.4 0.5 0.1 0.20.3 0.4 0.5
APD | -0.01 -0.01 0.00 -0.01 -0.0 0.00 -0.01 0.20.140 -0.14
STD| 0.11 0.10 0.10 0.10 0.1 0.12 0.10 0.10 0.11110.

Uniform rectangular APD| 001 0.01 001 0.02 002 -0.01 0.06 0.05 -0.62.03

sinusoidal

white STD| 0.03 0.04 0.06 0.08 0.0 0.02 004 0.05 0.07 90.0
: APD| -001 0.00 0.00 0.00 0.0 0.03 -0.09 -0.05 0.18.05
triangular
. . APD| 0.00 000 0.00 0.00 -0.03 -0.04 0.11 0.04 0.00.18
sinusoidal

STD| 0.05 0.08 010 0.13 0.4

Gaussian rectangular APD | 0.01 0.00 0.02 0.03 0.0

0.05 0.09 0.13 0.16190.
-0.02 0.15 0.08 -0.14.02

1
1
2
9
0
STD| 0.03 0.06 008 0.09 0411 0.04 0.07 0.09 0.11130.
3
9
5
4
2

white STD| 0.05 0.08 0.10 0.13 0.7 0.05 0.07 0.09 0.11200.
triangular APD | -0.45 -043 -0.33 -0.22 -0.3 0.00 0.06 -0.19.48 -0.02

STD | 232 238 234 232 237| 028 028 0.28 0.28 0.28
sinusoidal APD | 0.01 -0.07r -0.07 -0.07 -0.06 0.5 -0.13 -0.1R.16 -0.02

STD| 014 092 08 08L 077 019 021 022 024 0.25
APD| 003 0.03 003 003 002 0.06 021 0.06 -0.00.04

STb| 014 016 0.7y 018 0.8 0.13 0.5 0.16 0.18180.
APD | -0.40 -053 -054 -051 -050]|-0.12 0.08 -0.18 -0.20 0.09
STD | 199 226 228 222 214| 023 022 023 025 0.28
APD | 0.02 -0.06 -0.06 -0.04 -0.03 -0.21 -0.03 -0.2B.04 -0.17

STD| 0.16 084 08 074 067 018 021 0.22 0.23 0.24
APD| 003 0.03 001 001 001 -022 008 -0.05 -0.08.13

STb| 016 0.17 018 019 0.9 012 014 0.17 0.19190.
APD | -0.28 -0.47 -060 -053 -056| 0.12 -047 036 0.02 0.05
STD | 170 227 254 240 241]| 021 022 026 0.26 028

binomial | rectangular

triangular

sinusoidal

Bernoulli | rectangular

triangular

It is certain that both APD and STD in the FT metltbange less with the noise increasing or decrgasd
matter how the noise distributes. It is estimategsides signal noise and time clock accuracy terges the
signal, the main factor that influences the acaouprat pitch evaluation in the FT method is the pitch
calculation algorithm, as the pitch is the recipoof the fundamental frequency measured by udieg t
Fourier transformation. Taking sinusoidal signathwhominal fundamental frequency of 0.01Hz as an
example, although the measured frequency at tleenevel of 0.5 arbitrary units is as accurate.83@345
(0.345¢10*Hz absolute deviation) , the calculated pitch aB99 data points (absolute deviation of 0.341data
points) seems larger. Actually, the 0.345% and I¥@4elative deviations of the frequency and pitch a
nearly equal.
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It has been analyzed in section 2.1 that the nagtof that influences the accuracy of pitch evabmain the
PD method is the noise level and noise distribugiatiern, because the cross-correlation sign&leistim of
the cross-correlation signal, although the lateemiuch smaller than the former. Since the avepitph
deviation (APD) and pitch variation (STD) evaluafeam triangular waveform with 0.5 arbitrary univise
levels are generally less accurate than those thenother signals with noise. The cross-correlasigmals
with the noise in uniform white, Gaussian whit@drial and Bernoulli distributions of 0.5 arbitragits in

amplitude or 50% in ones probability are plottedetter in figure 8. The differences of the horizabmteak
positions between the four cross-correlation sgyoah be apparently distinguished.

cross-correlation signals
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= 30- A ., ) s = E ‘-:
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s If\2 \% Gaussian 0.5
% 1047 2 \t || binomial0.5
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Figure 8. Cross-correlation triangular signals witlise of 0.5 arbitrary units in amplitude or 508®@nes probability.

5.2 Cross-correlation filtering and pitch evaluatiin PD method

Two specimens, a highly oriented pyrolytic grapiiPG) with layer distance of 0.335 nm and a 1@tpi
standard with nominal pitch of 3000 nm and standkendation 20 nm, are measured by an ultra-higlhuwac

scanning tunneling microscope (UHV STM) and a megigal atomic force microscope (AFM) with 45
and O tilt angle angle, respectively. The data inteliged.005 nm for STM and 2 nm for AFM; the acquired
position and topographical data are 2 000 for ST 20 000 for AFM. Two position-related topogragathi
signals probed by UHV STM and metrological AFM restively, with different noise levels and possible
different noise distributions, are plotted in figu® (a) and (b). Since a half sinusoidal wavefoemplate
period , can be chosen equal to either the pitch valueuated by the FT method or the data points roughly
calculated from any period of topographical sigtta, periodsp, of a half sinusoidal waveform template are
approximately 80 data points for STM and 3000 gatimts for AFM, or the sampled ( M =1/2p, ) of a

half sinusoidal waveform template are 40 for STMI d%00 for AFM respectively. The cross-correlation

signals are plotted together with their topographiignals. The measured average gtéh PD and FT
method, the pitch uniformity in PD method are listed in table 2.
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AFM-probed signal
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Figure 9. STM- and AFM-probed 1D grating positi@ated signals and their cross-correlation sigasdsplotted in (a)
and (b) respectively.

Table 2 Average pitclr and uniformity s

Nominal PD FT
specimen|  (nm) (nm) (nm)
=) P o P o

P
HOPG 0.246 0.240| 0.0142  0.24( -

grating 3000 3004.11 19.45 3003.34 -

5.3 Tilt angle measurement

Three different in-plane tilt angles of 1D sinusdidrating of 300 nm in pitch are imaged in figa@ (a), (b) and
(c) respectively, which are denoted as in-planeleamgll and Ill. If the X and Y displacements of they
piezoelectric micro-moving stages are preset 32000 and 3000 moving steps for 1, Il and Il respety in
closed-loop control by the built-in capacitancessea with non-linearity less than 0.1%, the 10 sinoé angle
measurements results, average and standard da\i&fi®) are listed in table 3.

Figure 10. (a), (b) and (c) are the images of itlDsoidal grating with in-plane orientation anglél land Il respectively.

Table 3. In-plane angle measurement results oifid@stcorresponding to figure 10.
angle Angle measurement results (°) Average (°) D &)

21.5601 21.5733 21.5690 21.5441 21.5467
! 21.5434 21.5483 21.5741 21.6145 21.614021’5688 0.0267

35.1994 35.1158 35.0793 35.0842 35.1194
. 35.1321 35.0903 35.0649 35.1325 35.134335’1152 0.0387

12.0863 12.0726 12.0552 12.0106 12.0054
i 12.0529 12.0751 12.0842 11.9395 11.938012’0320 0,0565

6. Conclusion

A half sinusoidal waveform template can be used asoss-correlation filter in combination with cses
correlation technique. When a 1D arbitrarily stawet grating position-related topographical sigpatbed
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by a micro- and nano-probe, is cross-correlatet witand if its periodp, is approximately equal to that of

1D grating position-related signal, the noise carvery effectively filtered. After cross-correlatidiltering,

the peak positions can be detected from the cragslated topographical signal — denoted as thé pea
detection (PD) method, as the distance betweentanyadjacent waveform peaks along the direction
perpendicular to 1D grating lines is one pitch ealti has been verified that the cross-correlatiotefilif
applied for the pitch evaluation of the 1D arbilyastructured grating, can achieve the similaraacy as the
Fourier transformation based (FT) method. Crossetation filtering allows convenient, accurate aaliable
evaluation of the local individual pitch, averagedainiformity. Based on the cross-correlation fittg and
the PD method, instead of intensity image scanrtmg tilt angle between the perpendicular direcobdD
grating lines and the stylus-scanning direction atso be easily and quickly measured by the praeedu
introduced and described in this paper. It is alitihal benefit to the precise pitch calculationdaevaluation.
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