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N A novel pitch evaluation method based on

HUDDERSHELD a cross -correlation filter
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1 University of Huddersfield, Queensgate, Huddersfi  eld HD1 3 DH, United Kingdom
2 Physikalisch -Technische Bundesanstalt (PTB), Bundesallee 100, 3 8116 Braunschweig, Germany

Abstract
A cross correlation filter  — a half period of sinusoidal waveform sequence ( p; period), is applied to filter the topographical si gnal (p period )of 1D arbitrary-form grating against
positions. It, as a template, cross-correlate with the signal and the noise that coexists with signal IS eliminated If p;=p. After filtering, the distance between any two adja  cent waveform

peaks along the direction perpendicular to 1D grati ng lines is one pitch value, the peak-detection (  PD) method. In this method, the pitch average and uni  formity can be calculated.

1. If present pitch evaluation methods meet noise? 4. Application of cross -correlation filter to signal of 1D, p-
periodic and arbitrary -structured grating

o
iy

B Figure 1. A grating position related topographical ok
£ 01- signal with noise and irregular waveforms. In such It can be written as a Fourier sine series: ~ : TTX, B
. situation, centre-of-gravity (CG) evaluation method IS 0/2 ' f (Xﬂ) B ; AcLsin D (O=n=N-1) ()
§ - difficult to be applied to calculate the pitches. F | ourier- where A = ﬁ J‘ f (Xn) &n 2K 77X dxn,(k =1, 2,3, B (10)
0 Transform -based (FT) method can be used, but it P %
A o 55 s 1, cannot decide the pitch uniformity. When it cross-correlated with a half sinusoidal wav eform template of p-period,
X-interferometer measurement (nm) 2 2 2
o . . o Ry (X,) = C, N(Em + ) + C, BT + @) + I3 C, [Sn(Zm + ) + (11)
2. 1D sinusoidal grating -probed signal filtering p o P
v where B =Pp/k,(k=23,4--), and C, - proportional to A,
| U(x,)
F(xn) Rre(X,) - C, decreases considerably with  k increasing, 1 st fundamental item in (11) nominates.
/ Figure 2._ 1D sinusoidal grating position- oy ORI
N related signal F(x, ) probed by a AFM. It R(Xn) R(Xn)
consists of sinusoidal f((  x,,), noise W(( x,,) pE— Istitem | ] oo istitem -~
and a tilt drafting U(( x,,) signals: > O
= 1 =
- = 0- =
0 Xn =1 £ .
o7 K 1 e - .. N\ N
F(x)=1(x)+U(x )+W(x )=As n(? n) + nzz(; H [h +M’ O<n<M -1 (1) O 20 A0 O B acement dataoan 00 200 220 240 260 O 20 40 60 80 dils%cl)a 120 140 160 180 200 220 240 260
o (a) (b)
A cross correlation filter: _ _ _ . . . . .
5 Y. Figure 6. Simulations of 1D rectangular and 1D tria  ngular grating position-related signals in legend f(x,)
T(Xn) = Bsin 7%, . 0<sn<N-1 (2) = .‘RTF(X'") Figure 3. and their cross-correlation signals in legend R(x,) are shown in (a) and (b) respectively.
Pr %o ALE SNR
& 10- foanyf -
After cross-correlation filtering, the signal: g o Viiiail R 5. EXperiments and results
: R TWA'm
— 2 6§ i . .
Rre () = Ry (%) + Rey () # R ) (3) g 7 Y 5.1 Agreement between evaluated pitch and true pitch value
where m=—=(N-1),-(N-2),---,-1,0,1,---,M -2,M -1. 2- Table 1 Simulation results of average of pitch devi  ations and variations(arbitrary units)
1 : T e
Simulation experiment results  [1] 1: P.=P P,=2P P,=3P P,=4P Xm Pitch Noise sinusoidal rectangular triangular
evaluation |level Deviation |Variation Deviation Repeat Deviation Variation
1. Cross correlation tilt signal Ry (X4 still a tilt component; method average (STD) average ability average (STD)
2. Cross correlation sinusoidal signal R (X,) is sinusoidal; 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3. Signals are in same period of p, with phase shift . 0.1 0.0 0.11 0.0 0.09 0.01 0.11
PD 0.2 -0.01 0.17 0.02 0.18 -0.01 0.20
lllustrated by figure 3, simulation experiment resu Its [1] 2: 0.3 0.0 0.24 0.03 0.25 0.01 0.30
0.4 -0.02 0.30 0.05 0.29 0.0 0.37
Pr=10 pr<<p P, >>p 0.5 0.0 0.38 0.09 0.39 -0.01 0.42
1.Cross correlation signal Ry (X,,) has max. amplitude; Noise can't R.(x )drops as smallas R, (X )sO 0.0 -0.00 0.0 -0.01 0.0 0.01 0.0
2.Cross correlation noise Ry, (X,,) is nearly to zero; be totally that SNR is too low to distinguish 0.1 0.32 0.11 -0.09 0.10 -0.02 0.15
3.Signal to noise ratio (SNR) has maximum amplitude. suppressed | periodical signal from noise. FT 0.2 -0.56 0.21 -0.07 0.1/ -0.22 0.28
0.3 -0.74 0.32 -0.49 0.23 -0.28 0.39
0.4 -0.13 0.38 -0.11 0.35 -0.60 0.49
3. Pitch evaluation after cross -correlation filtering - 209 2 018 2 2.8 2.3
" Fix,) 5.2 Cross-correlation filtering and pitch evaluation in PD method
" Rre (xn) STM-probed signal
Figure 4. Signals before and after cross- 0.2- cross-correlated signal [~

correlation filtering, where low frequency tilt
signals are eliminated in figure 2.
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Individual pitch is calculated by: X, -0.1-
(P (¢ —0.2—0
=(p, - osa _
1 (pz pl) Pitch Average: P = 1 X 1P (5) xX-Piezo stage displacement (nm)
4 P, =(p,— p,)cosa (4) ge. M-15 AFM-probed signal
60— ) M cross-correlated signal
. _— 1 [ur = \ A \ . A w : ; , 5
Pitch Uniformity: &= —\/Z (P -P)? (6) = 40| A /N A A N AN * A 4 ‘ ' i
— — — as N | | " p’ \ ) ! \ o b ﬁ‘ | ; | [ n oy
N PM -1 (pM Pw _1) [cosa M-1Vi= = 20— /v, ,:”M \\ N | y \'\ b /‘/ \‘ / N'\ x"f M\‘ *J %“ /J \ " / \ / | (b)
. . . . . r— b | . * \ | Nl b P | \ fo ' : |
where, P1: P2y P3y " Pm — d_ete c_ted peaks; a — angle between x-axis and direction which is = o-fm e oy WWWW‘/ “,M,WMW Mw e o) WW‘W \ i WMWW e TR
perpendicular to the 1D grating lines. 0o
O 5000 10000 15000 20000 25000 30000 35000 40000

X-interferometer measurement (Nnm)

To decide the tiltangle & [2] : Figure 7. (a) STM - and (b) AFM -probed 1D grating position-related signal and its cross-correlation signal

{X = (fsctIx+ fex) Lp/sina (7) ble 2 foh and Probe |PD (nm) FT (nm) STD in PD (nm)
Y =(fsy+1ly+ fey)[p/cosa Table 2 Average pitch an
uniformity (STD) by PD method [ 2TM 0.3592 0.3396 0.0142
Y +fox+ f | AFM 3004.11 3003.34 19.45
a = arctan( E'X X ex) (8) Figure 5. Atilt angle a between perpendicular line (1) _
X ly+ fsy+ fey and displacement direct  (2) is shown in (a) and the 5.3 In-plane tilt angles measurement

Nl

diagram on evaluation of tilt angle  a is shown in (b).
Figure 9. (a), (b) and (c) are the images of 1D
sinusoidal grating with in-plane tilt angle I, Ila  nd Il
respectively. Angles are measured and calculated

i\ as 21.57°, 35.12° and 12.03° while measurement
. 3
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where, X, fsX and fex are integer periods, fractional parts at beginning and end in x-axis;
ly, fsy and fey are integer periods, fractional parts at beginning and end Iin y-axis.
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