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Abstract

If one-dimensional (1D), p –period and arbitrarily structured grating position-related topographical signals
coexist with noise, it is difficult to evaluate the pitch practically using the centre-of-gravity (CG) method. The
Fourier-transform-based (FT) method is the most precise to evaluate pitches; nevertheless it cannot give the
uniformity of pitches. If a cross correlation filter ̶ a half period of sinusoidal waveform sequence (pT period),
cross-correlates with the signals, the noise can be eliminated if pT ≈ p. After cross-correlation filtering, the
distance between any two adjacent waveform peaks along the direction perpendicular to 1D grating lines is
one pitch value. The pitch evaluation based on the cross-correlation filtering together with the detection of
peaks position is described as the peak detection (PD) method in this paper. The pitch average and uniformity
can be calculated by using the PD method. The computer simulation has indicated that the average of pitch
deviations from the true pitch and the pitch variations are less than 0.2% and 0.2% for the sinusoidal and
rectangular waveform signals with up to 50% uniform white noise, less than 0.1% and 1% for the sinusoidal
and rectangular waveform signals and 0.6% and 2.5% for the triangular waveform signal if three waveform
signals are mixed with Gaussian white, binomial and Bernoulli noise up to 50 % in standard deviation, one
probability and trial probability respectively. As the examples, a highly oriented pyrolytic graphite (HOPG)
with 0.246 nm distance between atoms and a 1D grating with 3000 nm nominal pitch are measured by a ultrahigh vacuum scanning tunneling microscope (UHV STM) and a metrological atomic force microscope (AFM)
respectively. After the position-related topographical signals are cross-correlation filtered, the 0.240 nm and
3004.11 nm pitches calculated by using the PD method are very close to the 0.240 nm and 3003.34 nm results
evaluated by the FT method.
Keywords: pitch evaluation, cross-correlation, pitch and uniformity measurement, SPM

1. Introduction
In nanometer metrology and measurement, one-dimensional (1D) nanostructures and gratings are crucial
artifacts. When metrologically certified, they are broadly applied as the reference materials to pair with subnanometer resolution of atomic force microscope (AFM) cantilevers as an encoder[1,2], nanometer resolution
of optical grating encoders[3-5], to calibrate scanning probe microscopes (SPM) [6] and to calibrate stylus
profilers [7] etc. The pitches of a grating can be calibrated if a micro- or nano-probe has been integrated into a
laser interferometer based measuring system as the standard instrument, such as metrological AFMs in world
leading national metrology institutes [8-11]. The pitch evaluations are based on the centre-of-gravity (CG)
[11-13] and Fourier-transform-based (FT) [13] methods. The pitches of the rectangular, isosceles trapezoidal
structure gratings have been evaluated by calculating the CG because the grating structures have two obvious
steep sides between one waveform and the adjacent waveform.
Owing to the surface contamination, surface defects from the fabrication and abrasion of the cantilever tip or a
probe stylus etc., grating position-related topographical signals are always accompanied by noise. The noise
makes the regular waveform of signals irregular, such as a probed topographical signal shown in figure 1. It is
very difficult to practically apply the CG method to determinate the pitch parameter from the measured
topographical signals with the noise and irregularities. The FT method is the most precise to find the
fundamental frequency of a 1D grating position-related signal because the pitch is the reciprocal of the
fundamental frequency. However, the FT method cannot give the information about the pitch uniformity
which is another significant parameter to fabricate and calibrate 1D grating.
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Figure 1. Grating position-related topographical signal with noise and irregular waveform measured by UHV STM.

To efficiently employ CG, FT or other pitch evaluation methods, it is very important to apply a digital filtering
technique to filter the measured signal so as to obtain a good signal-to-noise ratio (SNR), and to get accurate
integer period peak or valley positions.
In the previous investigation, real-time filtering of 1D sinusoidal grating position-encoded signal was
performed [14]: a cross-correlation technique has been employed to filter a 1D grating position-encoded signal; a
half sinusoidal waveform template was being proven to be very efficient and accurate to filter 1D sinusoidal
grating-encoded signal by cross-correlating with it in real time. It is predicted that the cross-correlation filter, if
applied for the pitch evaluation of the 1D arbitrarily structured grating, can achieve very similar accuracy to
the FT method. In the following sections, after the mathematical explanation that the 1D sinusoidal grating
position-related topographical signal with noise is filtered by a cross-correlation filter - a half sinusoidal
waveform template, the mathematic equations are derived and the computer simulation is conducted to see to
what extent that the cross-correlation filter can be effectively and precisely applied to filter 1D arbitrarystructured grating position-related topographical signal, and whether or not the evaluated pitches from the
filtered signal can achieve the same pitch values as that the FT method does. Finally it is applied for the
evaluation of two 1D grating position-related topographical signals that are scanned by a UHV STM and
metrological AFM respectively.
2. 1D sinusoidal grating
2.1 1D grating position-related topographical signal
When a 1D grating is probed by a micro- or nano-probe along the direction crossing the grating lines, the
plotted topographical signal yn against the displacement xn consists of many countable integer waveforms,
noise and low frequency tilt signals shown in figure 1.

Figure 2. 1D sinusoidal grating position-related signal F( xn ) probed by tuning-fork cantilever AFM. It consists of
sinusoidal, noise and tilt drafting signals.

F ( xn ) represents 1D sinusoidal grating position-related signal plotted in the solid thin-line in figure 2. It is
resolved into a sinusoidal signal f ( xn ) , a white noise W ( xn ) and a low frequency tilt signal U ( xn ) (dottedline in figure 2), which is

F ( xn ) = f ( xn ) + U ( xn ) + W ( xn )
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(1)

where, F ( xn ) , f ( xn ) , U ( xn ) and W ( xn ) are all finite discrete sequences with number N of data points at a
scanning range, and

f ( xn ) = A sin

2π xn
, 0 ≤ n ≤ N −1
p

(2)

where, p denotes the period of signal sequence F ( xn ) .
The noise is directly presented by its absolute amplitude a:

W ( xn ) = an

0 ≤ n ≤ N −1

(3)

U ( xn ) , caused by the micro-moving stage or a tilted 1D grating, is expressed as a polynomial function:

U ( xn ) = H 0 + H1 ⋅ xn + ⋯ + H K ⋅ xn K ,

0 ≤ n ≤ N −1

(4)

where, H 0 , H1 , ⋯ , H K are the constant item, coefficient of monomial item, coefficient of quadratic item, ···,
and coefficient of Kth order item respectively.
2.2 Signal filtered by a cross-correlation filter
If a half sinusoidal waveform template T ( xn ) has M numbers of data and pT numbers of period in the
sequence, which satisfies the equation of M = pT / 2 ,

T ( xm ) = B sin

2π xm
, 0 ≤ m ≤ M −1
pT

(5)

The cross correlation of F ( xn ) and T ( xm ) is

RT F ( xn ) = RTf ( xn ) + RTU ( xn ) + RT W ( xn )

(6)

where RTF ( xn ), RTf ( xn ), RTU ( xn ) and RTW ( xn ) is the cross-correlation signal, cross-correlation sinusoidal
signal, cross-correlation tilt signal and cross-correlation noise respectively, and 0 ≤ n < N + M − 1 , which
means in cross-correlation sequence total number is ( M + N ) , M is the number of elements in the sequence
of T ( xm ) , N is the number of elements in the sequence of F ( xn ) .
RTU ( xn ) still is a low frequency tilt drift signal, because

RT U ( xn ) =

B
M

M −1

∑ {sin

m =0

2π xm
⋅ [ H 0 + H1 ⋅ ( xm + xn ) + ⋯ + H K ⋅ ( xm + xn ) K ]}
pT

(7)

= J 0 + J1 ⋅ xn + J 2 ⋅ xn 2 + ⋯ + J K ⋅ xn K
where, J 0 , J1 , J 2 ,⋯ , J K are the constant item, coefficient of monomial item, coefficient of quadratic
item, …, and coefficient of Kth order item respectively. According to binominal theorem, the coefficient of
each item J i (i = 0, 1, 2, ⋯ , K ) in equation (7) is expressed as
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=
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 J 1 = B ∑ [sin
⋅ ∑   ⋅ H i ⋅ x mi − 1 ]
p

m=0
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M −1
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p
m
=
0
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T

⋯ ⋯

M −1

2π x m K  i 
⋅ ∑   ⋅ H i ⋅ x mi − K ]
 J K = B ∑ [sin p
m =0
i= K  K 
T




(8)

i!
where,  i  =
and i ≥ j .
 j  j !(i − j )!
The cross-correlation signal is
2π ( xm + xn )
1 M −1
AB M −1 2π xm
RTf ( xn ) =
T ( xm ) ⋅ f ( xm + xn ) =
sin
⋅ sin
∑
∑
M m =0
M m=0
pT
p

2π xn
2π xn
2π xn
= C1[ M , pT ] ⋅ cos
+ C2 [ M , pT ] ⋅ sin
= C[ M , pT ] ⋅ sin(
+ φ[ M , pT ])
p
p
p

(9)

M −1
M −1
where, C1[ M , pT ] = AB ∑ sin 2π xm ⋅ sin 2π xm , C2 [ M , pT ] = AB ∑ sin 2π xm ⋅ cos 2π xm ,

M

m =0

pT

M

p

pT

m =0

p

1

2
2
φ [ M , pT ] = tan −1 (C2 [ M , pT ] / C1[ M , pT ]) and C[ M , pT ] = (C1 [ M , pT ] + C2 [ M , pT ]) 2 .

From equation (9), it is seen that RTf ( xn ) remains sinusoidal signal sequence. It has period p which is the
same as f ( xn ) , although the amplitude changes to C[ N , pT ] and the phase has a shift of φ[ M , pT ] . Since RTU
( xn ) is a low frequency tilt signal, it cannot modulate the period of RTF ( xn ), and it can be easily corrected using

mathematic method. Therefore, equation (6) becomes

RTF ( xn ) = RTf ( xn ) + RTW ( xn ) = C[ M , pT ] ⋅ sin(
The cross-correlation noise in equation (10) is expressed as
1 M −1
B
RTW ( xn ) =
T ( xm ) ⋅ W ( xm + xn ) =
∑
M m=0
M
_
2π xm
B
If Am =
is set, equation (11) is rewritten as
sin
M
pT

2π xn
+ φ [ M , pT ]) + RTW ( xn )
p

M −1

∑a

m=0

m+n

⋅ sin

2π xm
pT

(10)

(11)

M −1 _

RTW ( xn ) = ∑ Am ⋅ am + n

(12)

m=0

_

It is actually the operation of weighted moving average (WMA) of the noise signal by using a set of data Am
(0 ≤ m ≤ M − 1) as the weights. Therefore, after the cross-correlation filtering, the noise signal series an
( 0 ≤ n ≤ N − 1) with highly dense irregularities becomes a slow changing noise series RTW ( xn ) . It is estimated
that the slow changing RTW ( xn ) does not influence the period but can more or less modulate the amplitude of
the cross-correlation sinusoidal signal RTf ( xn ) in equation (10). An example below demonstrates the influence
of the noise on the sinusoidal signal before and after cross-correlation filtering.
a) If a series of 1000 Bernoulli noise data W (n) with amplitude of 1 arbitrary unit in 50% probability ,
plotted in thin line in figure 3(a), is cross-correlated with a half sinusoidal waveform template T (m)
with 25 samples (M = 25 and pT = 50 ) and 1 arbitrary unit amplitude, the normalized crossPage 4 of 13

correlation noise R T W ( x n ) which is plotted in thick-line in figure 3 (a) exhibits the slow changing
random waveforms;
b) if a series of 1000 sinusoidal signal data f (n)with amplitude of 1 arbitrary unit and period of 50 (p =
50 ) data points is cross-correlated with T (m) , the cross-correlation signal R T f ( n ) , plotted in dashline in figure 3 (b), is a series of sinusoidal waveform signal with the same period p; if f (n) is mixed
with the noise W (n), the mixed signal F(n) shown in figure 3 (c) is formed. It is less possible to
evaluate the pitches from F(n) by using other methods than the FT method. However, pitches can be
evaluated from the cross-correlation signal RTF (n) shown in figure 3 (b) by detecting the peak
positions in the horizontal axis, although it is modulated more or less by RTW (n) shown in figure 3(a).
with cross-correlation
without cross-correlation

Amplitude (arbitrary unit)

noise before & after cross-correlation
1
0.8
0.6

(a)

0.4
0.2
0
0

100

200

300

400
500
600
Number of signal data

800

900

1000

noise level 0.5
noise level 0

cross-correlation signals

Amplitudes (arbitrary unit )

700

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3

(b)

0

100

200

300

400
500
600
Number of signal data

700

800

900

1000

Amplitude(arbitrary unit)

signal with noise
2
1.5
1
0.5

(c)

0
-0.5
-1
0

100

200

300

400
500
600
700
Number of signal data

800

900

1000

Figure 3. Influence of Bernoulli noise on sinusoidal signal before and after cross-correlation filtering (a) Bernoulli noise
before and after cross-correlation filtering; (b) cross-correlation signals before and after mixed with Bernoulli noise and
(c) sinusoidal signal influence by Bernoulli noise.

The previous simulations and experiments [14] have described and proven that if a half sinusoidal waveform
template with sample M = pT / 2 is taken as a filter,
a) if pT is chosen any number in a small mathematic interval including or closer to p, especially pT ≈ p ,
the amplitude C[ M , pT ] will reach its maximum, the noise can be mostly suppressed;
b) if pT << p , the number in the set of weights is relatively not enough to average the noise so that
cannot be totally suppressed;
c) if pT >> p , to a certain extent the amplitude of RTF ( xn )drops as small as RTW ( xn ) so that signal to
noise ratio (SNR) is too low to distinguish periodical signal from noise.
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If the 1D simulated sinusoidal grating-related signal F ( xn ) has the pitch of p and amplitude of one arbitrary
unit and is accompanied with noise of 0.3 arbitrary unit, the calculated RTF( xn ), RTW( xn ) and SNR plotted in
figure 4 can explain the aforementioned conclusions best, when pT is chosen to be the different multiple of a
p.

Figure 4. RTF ( xn ), RTW ( xn ) and SNR change with

pT

Therefore, instead of directly calculating the pitches from the original measured signal F ( xn ) , the crosscorrelation signal RTF ( xn ) is validated to calculate the pitches when pT ≈ p . For 1D sinusoidal grating
position-related signal F ( xn ) probed by an AFM in figure 2, the cross-correlation signal RTF ( xn )
( 0 ≤ n < N − 1 ) is plotted in solid gross-line after the extra M number 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 U ( xn ) and its cross-correlation signal RTW ( xn ) shown in
figure 2 have been eliminated by using the mathematic method as shown in figure 5. If the coordinates of the peaks
are detected as p1, p2, p3,···, pL, along the probe-scanning direction ② (parallel to x-axis) which forms a small
angle α relative to the direction ① perpendicular to the 1D grating lines (perpendicular direction) , as shown in
figure 6 (a), the distance between any two adjacent waveform peaks in the noise-free cross-correlation signal
in the perpendicular direction is one pitch value. The individual pitch is calculated by
 P1 = ( p2 − p1 ) ⋅ cos α
 P = ( p − p ) ⋅ cos α
 2
3
2
(13)

⋅⋅⋅

 PL −1 = ( pL − pL −1 ) ⋅ cos α
The average of the pitches is
_
1 L −1
(14)
P=
∑ Pi
L − 1 i =1
The uniformity of the pitches is calculated by

δ=

1
L −1

L −1

_

∑ ( P − P)
i =1

2

i
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(15)

Figure 5. Signal F ( xn ) and RTF ( xn ) after the low frequency tilt signal U ( xn ) and RTU ( xn ) are eliminated in figure 2.

(a)
(b)
Figure 6. A tilt angle α between perpendicular direction ① and probe-scanning direction ② is shown in (a) and the
diagram on evaluation of tilt angle α is shown in (b).

The PD method is also used to decide the tilt angle α [15,16], as shown in figure 6 (b) . If the stylus scans the 1D
grating firstly by a displacement X from Pe to Px and then returns to Pe, and secondly by a displacement Y from Pe
to Py and returns to Pe too, X and Y can be expressed respectively as

 X = ( fsx + Ix + fex) ⋅ p / sin α

Y = ( fsy + Iy + fey) ⋅ p / cos α
Therefore

α = arctan(

Y Ix + fsx + fex
⋅
)
X Iy + fsy + fey

(16)

(17)

where, Ix, fsx and fex are the counted integer periods, calculated fractional parts at the beginning and the end of the
signal in x direction respectively; Iy, fsy and fey are the counted integer periods, calculated fractional parts at the
beginning and the end of the signal in y direction respectively.

4. 1D arbitrarily structured grating
For a 1D, p-periodic and arbitrarily structured grating position-related signal, if in the interval [ −

p p
, ) it is
2 2

mathematically expressed as

 − f (− xn ),
f ( xn ) = 
 f ( x ),
n


p
≤ xn < 0
2
p
0 ≤ xn <
2

It can be expressed by a Fourier sine series
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(18)

∞

f ( xn ) = ∑ Ak ⋅ sin
k =1

where,

4
Ak =
p

p /2

∫
0

f ( xn ) ⋅ sin

2kπ xn
p

(0 ≤ n ≤ N − 1)

(19)

2kπ xn
dxn , (k = 1, 2,3, ⋅⋅⋅) .
p

If it is cross-correlated with a half waveform of sinusoidal template with the same period p, i.e.,
2π xm
(0 ≤ m < M − 1)
T ( xm ) = B sin
p
B N −1
RTf ( xm ) =
∑ T ( xm ) ⋅ f ( xm + xn )
M m=0
2π ( xm + xn )
4π ( xm + xn )
2kπ ( xm + xn )
B M −1 2π xm
=
sin
⋅ [ A1 sin
+ A2 sin
+ ⋅⋅⋅ + Ak sin
+ ⋅⋅⋅]
∑
M m =0
p
p
p
p

(20)

(21)

Since the kth item in equation (21) can be factorized as
M −1

∑ sin

m=0

2π xm
2π ( xm + xn )
⋅ Ak sin
p
pk

M −1
2π xm
2kπ xm
2kπ xn
2π xm
2kπ xm
2kπ xn
⋅ sin
] ⋅ cos
+ Ak ∑ [sin
⋅ cos
] ⋅ sin
p
p
p
p
p
p
m=0
m =0
2kπ xn
2kπ xn
= C1[ M , k ] ⋅ cos
+ C2 [ M , k ] ⋅ sin
p
p
2kπ xn
= C[ M , k ] ⋅ sin(
+ φ [ M , k ])
p
A B M −1 2π xm
2kπ xm
A B M −1 2π xm
2kπ xm
where, C1[ M , k ] = k ∑ sin
, C2 [ M , k ] = k ∑ sin
,
⋅ sin
⋅ cos
M m =0
p
p
M m=0
p
p
M −1

= Ak ∑ [sin

C[ M , k ] = (C12 [ M , k ] + C22 [ M , k ])

1

2

(22)

, φ[ N , k ] = tan −1[C2 [ N , k ] / C1[ N , k ]] and (k = 1, 2,3, ⋅⋅⋅) .

The equation (21) becomes
2π xn
4π xn
2kπ xn
RTf ( xn ) = C[ M ,1] ⋅ sin(
+ φ1 ) + C[ M , 2] ⋅ sin(
+ φ2 ) + ⋅⋅⋅ + C[ M , k ] ⋅ sin(
+ φk ) + ⋅⋅⋅
p
p
p
Equivalently, it is written as
2π xn
2π xn
2π xn
RTf ( xn ) = C[ M ,1] ⋅ sin(
+ φ1 ) + C[ M , 2] ⋅ sin(
+ φ2 ) + ⋅⋅⋅ + C[ M , k ] ⋅ sin(
+ φk ) + ⋅⋅⋅
p
p2
pk

(23)

(24)

where, pk = p / k , (k = 2,3, 4, ⋅⋅⋅) .
To examine equation (24), it is found that for a 1D, p-periodic and arbitrarily structured grating positionrelated topographical signal, when cross-correlated with a half sinusoidal waveform template of p-period, the
cross-correlation signal consists of fundamental period and 2, 3, 4,···k,··· harmonic sinusoidal waveforms.
Since Ak decreases greatly with k increasing according to the training of representing an arbitrary function by
a Fourier series, it is predicated that C[M , k ] decreases steeply with k increasing and sinusoidal waveform in
fundamental period (the first item) dominates in equation (24).
Taking 1D rectangular grating and 1D triangular grating as two examples, their mathematic expressions are
respectively

− h,
f r ( xn ) = 
h,

− p / 2 ≤ xn < 0
0 ≤ xn < p / 2
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(h ≠ 0)

(25)

and

p
 sxn
0 ≤ xn <
 2 ,
4
ft ( xn ) = 
−
s
(0.5
p
x
)
p
p
n

, ≤ xn ≤

2
4
2
They can be represented as I-harmonic Fourier sine series which are respectively

f r ( xn ) =

4h

π

I

1

∑ 2k − 1 sin
k =1

(26)

2(2k − 1)π xn
p

(27)

and

4
3
2
1
0
-1
-2
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-4

2(2k − 1)π xn
(−1)k −1
sin
2 ∑
2
π k =1 (2k − 1)
p
sp

I
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Figure 7. Simulations of 1D rectangular grating and 1D triangular grating position- related signals in legend f ( Xn) and
their cross-correlation signals in legend R( Xn) are shown in (a) and (b) respectively.

With pitch p=100 arbitrary units, 256 displacement data, 1 arbitrary unit in amplitude which means h=1 in
equation (25) and s=8/p in equation (26), and noise of 0.5 arbitrary unit in amplitude, 5-harmonic (I=5)
Fourier series approximation of 1D rectangular grating and 1D triangular grating topographical signals are
plotted in thick solid-line with the legend- f ( Xn) in figure 7 (a) and (b) respectively. The cross-correlation
signals of the sum of 5 items with the legend- R( Xn) and the fundamental period item with the legend-1st item
are also plotted in thin solid-line and thin dash-line in 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 method is in agreement with that evaluated by the FT method
and how pitch evaluated by both PD and FT are in agreement with true pitch value, the simulation is
conducted by using LabVIEW. When the noise presents in different distribution patterns, first 1D sinusoidal,
1D rectangular and 1D triangular gratings with 100 (p=100) and 1 arbitrary unit in pitch and amplitude and
1000 simulated data, are evaluated in pitch by using the FT method, then they are cross-correlated by a half
sinusoidal waveform with 100 ( pT = 100 ) and 1 arbitrary units in period and amplitude. After that, the pitches
are evaluated by using PD method. The simulation is repeated 100 times at each noise level, the average of
pitch deviations (APD) from the true pitch value, i.e. 100 arbitrary units, is calculated each time. Since the
randomly generated noise signal varies a little from one time to the others, so does the pitch deviation.
Therefore, the APD and the corresponding variations – represented by standard deviation (STD) are calculated.
The noise signals in uniform white, Gaussian white, binomial and Bernoulli distributions which possibly exist
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in 1D grating topographical signals probed by scanning probe microscopes (SPMs) are tested. When the
amplitude of uniform white noise, standard deviation of Gaussian white noise, trail probability of binomial
noise and ones probability of Bernoulli increases from 0.1 to 0.5, the simulation results are listed in table 1,
where the APD and STD data that are larger than 0.5 data point are highlighted in bold font. For each noise
distribution pattern, both APD and STD are zero if the noise level is zero, and the pitch deviation and variation
increase more or less with the noise level increasing by using both FT and PD method. It is concluded from
table 1,
(1) for the uniform white noise, both APD and STD are within 0.20 % in PD and FT, which means the
measured pitches in PD and FT method are both 99.8% in agreement to the true pitch value;
(2) for the Gaussian white, binomial and Bernoulli noise that coexists with sinusoidal and rectangular
waveform signals, it is seen that in maximum the 0.07% APD in PD method is smaller than 0.23% in FT
method. However, 0.92% STD in PD method is larger than 0.25% in FT method. For the Gaussian white,
binomial and Bernoulli noise that coexists with triangular waveform signal respectively, the maximum
0.60% APD in PD method is close to 0.48% in FT method. However, 2.54% STD in PD method is much
larger than 0.28% in FT method.
Table 1 Simulation results of average pitch deviations (APD) and corresponding variations (STD) (unit: %)
Pitch evaluation method
PD
FT
Noise (arbitrary units)
0.1
0.2
0.3
0.4
0.5
0.1
0.2
0.3
0.4
0.5
APD -0.01 -0.01 0.00 -0.01 -0.01 0.00 -0.01 0.20 -0.14 -0.14
sinusoidal
STD
0.11 0.10 0.10 0.10 0.11 0.12 0.10 0.10 0.11 0.11
APD
0.01
0.01 0.01 0.02 0.02 -0.01 0.06 0.05 -0.02 -0.03
Uniform
rectangular
white
STD
0.03 0.04 0.06 0.08 0.09 0.02
004 0.05 0.07 0.09
APD -001 0.00 0.00 0.00 0.00 0.03 -0.09 -0.05 0.18 0.05
triangular
STD
0.03 0.06 0.08 0.09 0.11 0.04 0.07 0.09 0.11 0.13
APD 0.00 0.00 0.00 0.00 -0.03 -0.04 0.11 0.04 0.01 0.18
sinusoidal
STD
0.05 0.08 0.10 0.13 0.49 0.05 0.09 0.13 0.16 0.19
APD
0.01
0.00 0.02 0.03 0.05 -0.02 0.15 0.08 -0.14 -0.02
Gaussian
rectangular
white
STD
0.05 0.08 0.10 0.13 0.24 0.05 0.07 0.09 0.11 0.20
APD -0.45 -0.43 -0.33 -0.22 -0.32 0.00 0.06 -0.15 -0.48 -0.02
triangular
STD
2.32 2.38 2.34 2.32 2.37 0.28 0.28 0.28 0.28 0.28
APD 0.01 -0.07 -0.07 -0.07 -0.06 0.15 -0.13 -0.12 -0.16 -0.02
sinusoidal
STD
0.14 0.92 0.86 0.81 0.77 0.19 0.21 0.22 0.24 0.25
APD 0.03 0.03 0.03 0.03 0.02 0.06 0.21 0.06 -0.07 -0.04
binomial rectangular
STD
0.14 0.16 0.17 0.18 0.18 0.13 0.15 0.16 0.18 0.18
APD -0.40 -0.53 -0.54 -0.51 -0.50 -0.12 0.08 -0.18 -0.20 0.09
triangular
STD
023 0.22 0.23 0.25 0.28
1.99 2.26 2.28 2.22 2.14
APD 0.02 -0.06 -0.06 -0.04 -0.03 -0.21 -0.03 -0.23 -0.04 -0.17
sinusoidal
STD
0.16 0.84 0.85 0.74 0.67 0.18 0.21 0.22 0.23 0.24
APD 0.03 0.03 0.01 0.01 0.01 -0.22
008 -0.05 -0.08 0.13
Bernoulli rectangular
STD
0.16 0.17 0.18 0.19 0.19 0.12 0.14 0.17 0.19 0.19
APD -0.28 -0.47 -0.60 -0.53 -0.56 0.12 -0.47 0.36 0.02 0.05
triangular
STD
026 0.26
028
1.70 2.27 2.54 2.40 2.41 0.21 0.22

It is certain that both APD and STD in the FT method change less with the noise increasing or decreasing, no
matter how the noise distributes. It is estimated, besides signal noise and time clock accuracy to generate the
signal, the main factor that influences the accuracy of pitch evaluation in the FT method is the pitch
calculation algorithm, as the pitch is the reciprocal of the fundamental frequency measured by using the
Fourier transformation. Taking sinusoidal signal with nominal fundamental frequency of 0.01Hz as an
example, although the measured frequency at the noise level of 0.5 arbitrary units is as accurate as 0.0100345
(0.345×10-4 Hz absolute deviation) , the calculated pitch of 99.659 data points (absolute deviation of 0.341data
points) seems larger. Actually, the 0.345% and 0.341% relative deviations of the frequency and pitch are
nearly equal.
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It has been analyzed in section 2.1 that the main factor that influences the accuracy of pitch evaluation in the
PD method is the noise level and noise distribution pattern, because the cross-correlation signal is the sum of
the cross-correlation signal, although the latter is much smaller than the former. Since the average pitch
deviation (APD) and pitch variation (STD) evaluated from triangular waveform with 0.5 arbitrary unit noise
levels are generally less accurate than those from the other signals with noise. The cross-correlation signals
with the noise in uniform white, Gaussian white, binomial and Bernoulli distributions of 0.5 arbitrary units in
amplitude or 50% in ones probability are plotted together in figure 8. The differences of the horizontal peak
positions between the four cross-correlation signals can be apparently distinguished.
cross-correlation signals
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50
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20
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0

Bernoulli 0.5
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100

200
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400
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600
Number of signal data

700

800

900
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Figure 8. Cross-correlation triangular signals with noise of 0.5 arbitrary units in amplitude or 50% in ones probability.

5.2 Cross-correlation filtering and pitch evaluation in PD method
Two specimens, a highly oriented pyrolytic graphite (HOPG) with layer distance of 0.335 nm and a 1D pitch
standard with nominal pitch of 3000 nm and standard deviation 20 nm, are measured by an ultra-high vacuum
scanning tunneling microscope (UHV STM) and a metrological atomic force microscope (AFM) with 45°
and 0° tilt angle angle, respectively. The data interval is 0.005 nm for STM and 2 nm for AFM; the acquired
position and topographical data are 2 000 for STM and 20 000 for AFM. Two position-related topographical
signals probed by UHV STM and metrological AFM respectively, with different noise levels and possible
different noise distributions, are plotted in figure 9 (a) and (b). Since a half sinusoidal waveform template
period pT can be chosen equal to either the pitch value evaluated by the FT method or the data points roughly
calculated from any period of topographical signal, the periods pT of a half sinusoidal waveform template are
approximately 80 data points for STM and 3000 data points for AFM, or the samples M ( M = 1/ 2 pT ) of a
half sinusoidal waveform template are 40 for STM and 1500 for AFM respectively. The cross-correlation
signals are plotted together with their topographical signals. The measured average pitch P in PD and FT
method, the pitch uniformity δ in PD method are listed in table 2.

STM-probed signal
cross-correlated signal

Amplitude (nm)

0.2
0.1
0

(a)

-0.1
-0.2
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3
4
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6
7
x-Piezo stage displacement (nm)

Page 11 of 13

8

9

10

AFM-probed signal
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Figure 9. STM- and AFM-probed 1D grating position-related signals and their cross-correlation signals are plotted in (a)
and (b) respectively.
Table 2 Average pitch
Nominal
(nm)
specimen
HOPG
grating

P

and uniformity δ
PD
(nm)

FT
(nm)

P

P

δ

P

δ

0.246
3000

0.240
3004.11

0.0142
19.45

0.240
3003.34

-

5.3 Tilt angle measurement
Three different in-plane tilt angles of 1D sinusoidal grating of 300 nm in pitch are imaged in figure 10 (a), (b) and
(c) respectively, which are denoted as in-plane angle I, II and III. If the X and Y displacements of the x-y
piezoelectric micro-moving stages are preset 3000, 2000 and 3000 moving steps for I, II and III respectively in
closed-loop control by the built-in capacitance sensors with non-linearity less than 0.1%, the 10 times of angle
measurements results, average and standard deviation (STD) are listed in table 3.

(a)
(b)
(c)
Figure 10. (a), (b) and (c) are the images of 1D sinusoidal grating with in-plane orientation angle I, II and III respectively.
Table 3. In-plane angle measurement results of 10 times corresponding to figure 10.
angle
Angle measurement results (°)
Average (°) STD (°)
21.5601 21.5733 21.5690 21.5441 21.5467
I
21,5688
0,0267
21.5434 21.5483 21.5741 21.6145 21.6140
35.1994 35.1158 35.0793 35.0842 35.1194
II
35,1152
0,0387
35.1321 35.0903 35.0649 35.1325 35.1343
12.0863 12.0726 12.0552 12.0106 12.0054
III
12,0320
0,0565
12.0529 12.0751 12.0842 11.9395 11.9380

6. Conclusion
A half sinusoidal waveform template can be used as a cross-correlation filter in combination with crosscorrelation technique. When a 1D arbitrarily structured grating position-related topographical signal, probed
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by a micro- and nano-probe, is cross-correlated with it, and if its period pT is approximately equal to that of
1D grating position-related signal, the noise can be very effectively filtered. After cross-correlation filtering,
the peak positions can be detected from the cross-correlated topographical signal – denoted as the peak
detection (PD) method, as the distance between any two adjacent waveform peaks along the direction
perpendicular to 1D grating lines is one pitch value. It has been verified that the cross-correlation filter, if
applied for the pitch evaluation of the 1D arbitrarily structured grating, can achieve the similar accuracy as the
Fourier transformation based (FT) method. Cross-correlation filtering allows convenient, accurate and reliable
evaluation of the local individual pitch, average and uniformity. Based on the cross-correlation filtering and
the PD method, instead of intensity image scanning, the tilt angle between the perpendicular direction of 1D
grating lines and the stylus-scanning direction can also be easily and quickly measured by the procedure
introduced and described in this paper. It is an additional benefit to the precise pitch calculation and evaluation.
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