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• Conclusions

Outline



“One number” statistical 
surface metrology

For all these cases the roughness value is the same!  

The two-dimensional sketches show the need for at least two parameters. 
One is vertical (roughness) and one is horizontal (wavelength).
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The roughness value is the same. But the PSD spectra are different!

Roughness (rms):
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PSD based metrology permits measurement of instrumental modulation transfer function (MTF)
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Power Spectral Density (PSD) based
surface metrology



MicroMap-570 measurement with a gold coated stainless steel mirror 1,2

1 V. V. Yashchuk, A. D. Franck, S. C. Irick, M. R. Howells, A. A. MacDowell, W. R. McKinney, Two dimensional power spectral density 
measurements of X-ray optics with the Micromap interferometric microscope, SPIE Symposium on Optical Metrology 2005, part of 
LASER2005, World of Photonics , SPIE Proceedings 5858, pp. 58580A-1-12 (Munich, Germany, 12-17 June 2005).

2 V. V. Yashchuk, E. M. Gullikson, M. R. Howells, S. C. Irick, A. A. MacDowell, W. R. McKinney, F. Salmassi, T. Warwick, J. P. Metz, and    
T. W. Tonnessen, Surface Roughness of Stainless Steel Mirrors for Focusing Soft X-rays, Applied Optics 45(20), OT-65462 (2006). 

Reliable PSD  measurement requires correction for the instrument MTF.

Standard test surfaces and MTF calibration procedures must be developed.

PSD measurements 
with the real instruments



P. Z. Takacs, M. X. Li, K. Furenlid, E. L. Church, 
Step-height standard for surface-profiler calibration, SPIE Proceedings 1995, 235-44 (1993).

Step-height standard

Disadvantages:

• intrinsic PSD spectrum and, therefore, low sensitivity to the higher spatial frequency distortion;

• necessity to preprocess data to filter out  PSD variations at higher spatial frequencies;

• strong dependence of calibration on position of the step in the instrumental field of view.
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Introduction to

Binary Pseudo-random (BPR) sequences

1,1,1,1,1,1,1,1,1,1,0,0,0,0,0,1,1,0,1,1,1,1,1,1,0,1,0,1,0,1,0,0,1,0,0,0,1,1,0,0,1,1,0,1,0,0,0,0,1,1,0,0,0,0,1,1,0,1,1,
0,1,1,1,0,0,0,0,1,1,0,0,1,0,1,1,0,0,1,1,0,1,1,0,0,0,1,0,0,1,1,0,1,1,0,1,0,1,0,0,0,1,1,0,1,0,1,0,1,1,1,1,0,0,1,0,0,0,1,
1,1,0,1,1,0,0,0,1,1,0,1,1,0,0,1,1,0,0,1,0,0,0,0,0,1,0,1,0,1,1,0,0,1,0,1,1,1,0,1,1,0,0,1,1,1,0,1,0,0,1,0,1,0,0,1,0,1,1,
1,1,0,1,0,0,0,0,0,0,0,0,0,1,0,0,0,0,1,0,1,1,0,0,0,0,0,1,1,1,1,1,1,1,0,1,1,0,0,1,0,1,0,1,0,1,1,1,0,0,0,1,0,1,0,0,0,1,0,
1,1,0,1,1,0,0,1,0,0,0,1,0,1,0,1,1,1,0,1,0,1,0,1,1,0,1,0,0,1,1,0,1,0,1,1,0,1,1,1,1,1,0,0,1,0,1,1,1,1,1,1,0,0,0,1,0,1,1,
0,0,1,0,0,1,1,0,1,0,0,1,0,1,1,0,1,0,1,0,1,0,1,1,0,0,0,0,1,1,1,1,1,0,1,0,1,1,1,0,0,1,1,0,1,0,1,0,0,1,1,1,0,1,1,1,1,0,1,
1,1,0,0,0,1,1,1,0,0,0,0,0,0,0,0,1,1,0,0,0,1,1,1,0,1,0,0,0,0,1,0,0,0,0,0,0,1,1,0,1,0,1,1,1,1,1,1,1,0,0,1,0,0,1,1,1,1,0,
0,1,1,1,0,1,1,0,1,0,1,1,0,0,1,1,1,1,1,0,0,1,1,1,1,1,1,0,1,1,1,0,1,0,1,1,1,1,0,1,1,0,0,0,0,1,0,1,1,1,0,0,0,0,0,1,0,0,1,
1,1,0,1,0,1,1,0,1,0,1,1,1,0,1,1,1,0,1,1,1,1,1,1,1,1,0,1,0,0,0,1,0,0,0,0,1,1,1,1,0,0,1,0,1,0,1,1,1,1,1,0,1,0,0,1,1,0,0,
0,1,1,0,0,1,0,0,1,0,0,1,0,0,0,0,0,0,0,1,0,1,0,0,1,0,0,1,1,1,0,0,0,1,1,0,0,0,0,0,1,0,1,1,1,1,0,0,0,0,0,0,1,0,1,1,0,1,0,
0,0,1,0,1,0,0,1,1,0,1,1,1,1,0,1,0,1,0,0,0,0,1,0,1,0,0,0,0,0,1,1,0,0,1,1,1,1,0,0,0,1,1,0,1,0,0,0,1,1,1,0,0,1,0,0,0,0,1,
1,0,1,0,0,1,1,1,1,0,1,1,1,1,0,0,1,1,0,0,1,1,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,0,0,1,0,0,0,1,0,1,1,1,1,1,0,0,0,0,1,1,1,0,1,
0,1,0,0,1,0,1,0,1,1,0,1,1,0,1,1,0,0,0,0,0,0,1,1,1,1,0,1,1,0,1,0,0,1,0,0,1,0,1,0,0,0,0,1,1,1,0,0,0,1,0,0,0,0,0,1,1,1,0,
1,1,1,0,0,1,1,1,1,0,1,0,1,1,0,0,0,1,1,1,1,1,0,0,0,1,1,1,1,0,0,0,0,1,0,1,0,1,0,0,0,1,0,0,1,0,1,1,1,0,0,1,0,0,1,0,1,1,0,
0,0,1,0,1,1,1,0,1,0,0,0,1,1,0,0,0,1,0,1,0,1,0,1,0,1,0,0,0,0,0,0,1,0,0,1,0,1,0,1,0,0,1,1,0,0,1,1,1,0,0,0,0,1,0,0,0,1,0,
0,1,1,1,1,1,0,1,1,1,1,1,0,1,1,0,1,1,0,1,0,0,0,0,0,1,0,0,0,1,1,0,1,1,1,0,1,1,0,1,1,1,1,0,0,0,1,0,0,1,0,0,1,1,0,0,0,0,1,
0,0,1,1,0,0,1,0,1,0,0,0,1,1,1,1,0,1,0,0,1,0,0,0,0,1,0,0,1,0,0,0,1,0,0,0,1,1,1,1,1,1,0,0,1,1,0,1,1,1,0,0,1,0,1,1,0,1,1,
1,0,1,0,0,1,1,1,0,0,1,1,1,0,0,1,0,1,0,0

BPR sequence with 1023 elements
for n=10 with recursion coefficient M=45 a)
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sequence correlation function:

‘deconvolution’ sequence:

δ-function-like correlation function: 

a) D. D. Koleske, and S. J. Sibener, Generation of pseudorandom sequence for use  in cross-correlation modulation, 
Rev. Sci. Instrum. 63(8), 3852-3855 (1992).

First 100 elements of the BPR sequence of total 1023 elements

The best random sequences are mathematically strongly deterministic!



V. V. Yashchuk, B. N. Ashkinadzi, M. N. Groshev, V. F. Ezhov, T. A. Isaev, V. A. Knyazkov, G. B. Krygin, V. L. Ryabov, Cross-Correlation Time-of-Flight 
Spectrometer of Gas-Dynamic Molecular Beams, Instruments and Experimental Techniques, 40(4), 501 (1997).

Binary Pseudo-random Chopping in a 

Time-of-flight Spectrometer
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pseudo-random chopping
in order to increase duty cycle

detectoratomic 
beam 
source



,1,1,1,1,1,1,1,1,1,0,0,0,0,0,1,1,0,1,1,1,1,1,1,0,1,0,1,0,1,0,0,1,0,0,0,1,1,0,0,1,1,0,1,0,0,0,0,1,1,0,0,0,0,1,1,0,1,1,0,1,1,1,0,0,0,0,1,1,0,0,1,0,1,1,0,0,1,1,0,1,1,0,0,0,1,0,0
1,1,0,1,1,0,1,0,1,0,0,0,1,1,0,1,0,1,0,1,1,1,1,0,0,1,0,0,0,1,1,1,0,1,1,0,0,0,1,1,0,1,1,0,0,1,1,0,0,1,0,0,0,0,0,1,0,1,0,1,1,0,0,1,0,1,1,1,0,1,1,0,0,1,1,1,0,1,0,0,1,0,1,0,0,1,0,
,1,1,1,0,1,0,0,0,0,0,0,0,0,0,1,0,0,0,0,1,0,1,1,0,0,0,0,0,1,1,1,1,1,1,1,0,1,1,0,0,1,0,1,0,1,0,1,1,1,0,0,0,1,0,1,0,0,0,1,0,1,1,0,1,1,0,0,1,0,0,0,1,0,1,0,1,1,1,0,1,0,1,0,1,1,0,1

0,0,1,1,0,1,0,1,1,0,1,1,1,1,1,0,0,1,0,1,1,1,1,1,1,0,0,0,1,0,1,1,0,0,1,0,0,1,1,0,1,0,0,1,0,1,1,0,1,0,1,0,1,0,1,1,0,0,0,0,1,1,1,1,1,0,1,0,1,1,1,0,0,1,1,0,1,0,1,0,0,1,1,1,0,1,1,
,1,0,1,1,1,0,0,0,1,1,1,0,0,0,0,0,0,0,0,1,1,0,0,0,1,1,1,0,1,0,0,0,0,1,0,0,0,0,0,0,1,1,0,1,0,1,1,1,1,1,1,1,0,0,1,0,0,1,1,1,1,0,0,1,1,1,0,1,1,0,1,0,1,1,0,0,1,1,1,1,1,0,0,1,1,1,1

1,1,0,1,1,1,0,1,0,1,1,1,1,0,1,1,0,0,0,0,1,0,1,1,1,0,0,0,0,0,1,0,0,1,1,1,0,1,0,1,1,0,1,0,1,1,1,0,1,1,1,0,1,1,1,1,1,1,1,1,0,1,0,0,0,1,0,0,0,0,1,1,1,1,0,0,1,0,1,0,1,1,1,1,1,0,1,
0,0,1,1,0,0,0,1,1,0,0,1,0,0,1,0,0,1,0,0,0,0,0,0,0,1,0,1,0,0,1,0,0,1,1,1,0,0,0,1,1,0,0,0,0,0,1,0,1,1,1,1,0,0,0,0,0,0,1,0,1,1,0,1,0,0,0,1,0,1,0,0,1,1,0,1,1,1,1,0,1,0,1,0,0,0,0,1
0,1,0,0,0,0,0,1,1,0,0,1,1,1,1,0,0,0,1,1,0,1,0,0,0,1,1,1,0,0,1,0,0,0,0,1,1,0,1,0,0,1,1,1,1,0,1,1,1,1,0,0,1,1,0,0,1,1,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,0,0,1,0,0,0,1,0,1,1,1,1,1,0,
0,0,0,1,1,1,0,1,0,1,0,0,1,0,1,0,1,1,0,1,1,0,1,1,0,0,0,0,0,0,1,1,1,1,0,1,1,0,1,0,0,1,0,0,1,0,1,0,0,0,0,1,1,1,0,0,0,1,0,0,0,0,0,1,1,1,0,1,1,1,0,0,1,1,1,1,0,1,0,1,1,0,0,0,1,1,1,1
1,0,0,0,1,1,1,1,0,0,0,0,1,0,1,0,1,0,0,0,1,0,0,1,0,1,1,1,0,0,1,0,0,1,0,1,1,0,0,0,1,0,1,1,1,0,1,0,0,0,1,1,0,0,0,1,0,1,0,1,0,1,0,1,0,0,0,0,0,0,1,0,0,1,0,1,0,1,0,0,1,1,0,0,1,1,1,
0,0,0,0,1,0,0,0,1,0,0,1,1,1,1,1,0,1,1,1,1,1,0,1,1,0,1,1,0,1,0,0,0,0,0,1,0,0,0,1,1,0,1,1,1,0,1,1,0,1,1,1,1,0,0,0,1,0,0,1,0,0,1,1,0,0,0,0,1,0,0,1,1,0,0,1,0,1,0,0,0,1,1,1,1,0,1,0
0,1,0,0,0,0,1,0,0,1,0,0,0,1,0,0,0,1,1,1,1,1,1,0,0,1,1,0,1,1,1,0,0,1,0,1,1,0,1,1,1,0,1,0,0,1,1,1,0,0,1,1,1,0,0,1,0,1,0,0,1,1,1,1,1,1,1,1,1,1,0,0,0,0,0,1,1,0,1,1,1,1,1,1,0,1,0,
,0,1,0,0,1,0,0,0,1,1,0,0,1,1,0,1,0,0,0,0,1,1,0,0,0,0,1,1,0,1,1,0,1,1,1,0,0,0,0,1,1,0,0,1,0,1,1,0,0,1,1,0,1,1,0,0,0,1,0,0,1,1,0,1,1,0,1,0,1,0,0,0,1,1,0,1,0,1,0,1,1,1,1,0,0,1,0

0,0,1,1,1,0,1,1,0,0,0,1,1,0,1,1,0,0,1,1,0,0,1,0,0,0,0,0,1,0,1,0,1,1,0,0,1,0,1,1,1,0,1,1,0,0,1,1,1,0,1,0,0,1,0,1,0,0,1,0,1,1,1,1,0,1,0,0,0,0,0,0,0,0,0,1,0,0,0,0,1,0,1,1,0,0,0,
0,0,1,1,1,1,1,1,1,0,1,1,0,0,1,0,1,0,1,0,1,1,1,0,0,0,1,0,1,0,0,0,1,0,1,1,0,1,1,0,0,1,0,0,0,1,0,1,0,1,1,1,0,1,0,1,0,1,1,0,1,0,0,1,1,0,1,0,1,1,0,1,1,1,1,1,0,0,1,0,1,1,1,1,1,1,0,0
0,1,0,1,1,0,0,1,0,0,1,1,0,1,0,0,1,0,1,1,0,1,0,1,0,1,0,1,1,0,0,0,0,1,1,1,1,1,0,1,0,1,1,1,0,0,1,1,0,1,0,1,0,0,1,1,1,0,1,1,1,1,0,1,1,1,0,0,0,1,1,1,0,0,0,0,0,0,0,0,1,1,0,0,0,1,1,
,0,1,0,0,0,0,1,0,0,0,0,0,0,1,1,0,1,0,1,1,1,1,1,1,1,0,0,1,0,0,1,1,1,1,0,0,1,1,1,0,1,1,0,1,0,1,1,0,0,1,1,1,1,1,0,0,1,1,1,1,1,1,0,1,1,1,0,1,0,1,1,1,1,0,1,1,0,0,0,0,1,0,1,1,1,0,0

0,0,0,1,0,0,1,1,1,0,1,0,1,1,0,1,0,1,1,1,0,1,1,1,0,1,1,1,1,1,1,1,1,0,1,0,0,0,1,0,0,0,0,1,1,1,1,0,0,1,0,1,0,1,1,1,1,1,0,1,0,0,1,1,0,0,0,1,1,0,0,1,0,0,1,0,0,1,0,0,0,0,0,0,0,1,0,
,0,0,1,0,0,1,1,1,0,0,0,1,1,0,0,0,0,0,1,0,1,1,1,1,0,0,0,0,0,0,1,0,1,1,0,1,0,0,0,1,0,1,0,0,1,1,0,1,1,1,1,0,1,0,1,0,0,0,0,1,0,1,0,0,0,0,0,1,1,0,0,1,1,1,1,0,0,0,1,1,0,1,0,0,0,1,1

1,0,0,1,0,0,0,0,1,1,0,1,0,0,1,1,1,1,0,1,1,1,1,0,0,1,1,0,0,1,1,0,0,0,0,0,0,0,1,1,1,0,0,1,1,0,0,0,1,0,0,0,1,0,1,1,1,1,1,0,0,0,0,1,1,1,0,1,0,1,0,0,1,0,1,0,1,1,0,1,1,0,1,1,0,0,0,
0,0,0,1,1,1,1,0,1,1,0,1,0,0,1,0,0,1,0,1,0,0,0,0,1,1,1,0,0,0,1,0,0,0,0,0,1,1,1,0,1,1,1,0,0,1,1,1,1,0,1,0,1,1,0,0,0,1,1,1,1,1,0,0,0,1,1,1,1,0,0,0,0,1,0,1,0,1,0,0,0,1,0,0,1,0,1,1
1,0,0,1,0,0,1,0,1,1,0,0,0,1,0,1,1,1,0,1,0,0,0,1,1,0,0,0,1,0,1,0,1,0,1,0,1,0,0,0,0,0,0,1,0,0,1,0,1,0,1,0,0,1,1,0,0,1,1,1,0,0,0,0,1,0,0,0,1,0,0,1,1,1,1,1,0,1,1,1,1,1,0,1,1,0,1,
,0,1,0,0,0,0,0,1,0,0,0,1,1,0,1,1,1,0,1,1,0,1,1,1,1,0,0,0,1,0,0,1,0,0,1,1,0,0,0,0,1,0,0,1,1,0,0,1,0,1,0,0,0,1,1,1,1,0,1,0,0,1,0,0,0,0,1,0,0,1,0,0,0,1,0,0,0,1,1,1,1,1,1,0,0,1,1

0,1,1,1,0,0,1,0,1,1,0,1,1,1,0,1,0,0,1,1,1,0,0,1,1,1,0,0,1,0,1,0,0,1,1,1,1,1,1,1,1,1,1,0,0,0,0,0,1,1,0,1,1,1,1,1,1,0,1,0,1,0,1,0,0,1,0,0,0,1,1,0,0,1,1,0,1,0,0,0,0,1,1,0,0,0,0,
,1,0,1,1,0,1,1,1,0,0,0,0,1,1,0,0,1,0,1,1,0,0,1,1,0,1,1,0,0,0,1,0,0,1,1,0,1,1,0,1,0,1,0,0,0,1,1,0,1,0,1,0,1,1,1,1,0,0,1,0,0,0,1,1,1,0,1,1,0,0,0,1,1,0,1,1,0,0,1,1,0,0,1,0,0,0,0
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Binary Pseudo-random Grating as a 

Standard Test Surface for MTF measurement

First 200 elements of the BPR sequence of total 4095 elements 

A prototype BPR grating test surface was etched into a silicon substrate using a 
conventional lithographical process.

The grating consists of 
4095 elements; 
2.5 µm groove width; 
174 nm effective depth

It is good for 2.5× objective 
with pixel size of 3.9 µm
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4095-element BPRG with 1µm pitch grid

4095 points

first 480 points

9×480-point spectra

The PSD spectrum of the BPRG is mathematically strongly deterministic!



Micromap-570 measurement with

BPRG test surface (2.5 µm pitch) 

50x objective  
(0.26 µm pixel size)



50x objective  
(0.26 µm pixel size)

The etch depth was measured to be
~700 nm with an AFM  and
174 nm with the MicromapTM-570. 

The discrepancy (λ=520 nm) is due to the 
uncertainty of  the phase-retrieval algorithm of 
micro-roughness instruments. 

Micromap-570 measurement with

BPRG test surface (2.5 µm pitch) 



2.5x objective   
(3.9 µm pixel size)

Micromap-570 measurement with

BPRG test surface (2.5 µm pitch) 



50x objective     
(0.26 µm pixel size) 

2.5x objective    
(3.9 µm pixel size)

MicromapTM-570 measurement with

BPRG test surface (2.5 µm pitch)



MicromapTM-570 measurement with

BPRG test surface (2.5 µm pitch)

The difference in PSD presentation is to be described with the MTF

Calculated with 3.9 µm sampling Measured with 2.5× objective



PSD spectrum of BPRG test surface
of 4095 elements with 2.5-µm pitch
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The simulation and measurement fields of view correspond to the 480 pixel row length in the Micromap.
Vertical offset of the lower spectrum is made for clarity.

measured with the MicromapTM-570 microscope with 2.5x objective

The difference of the PSD spectra is due to the instrumental MTF

model simulation resampled onto a 3.92 µm grid



MTF correction with BPRG test surface
of 4095 elements with 2.5-µm pitch
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*) E. L. Church, P. Z. Takacs, Effects of optical transfer function in surface-profile measurements, 
Proceedings of SPIE, 1164 (1989), 46-59.

measured with the MicromapTM-570 microscope with 2.5x objective

The theoretical PSD spectrum is corrected to account for the instrumental MTF due to:*)

• effective pixel size
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ALS OML PSD Software 
for MicromapTM-570

Developed in collaboration with Thomas Zeschke (BESSY, Germany)



ALS OML PSD Software 
for MicromapTM-570

Height distribution measured with Macromap-570



Correction of CCD read-out asymmetry
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ALS OML PSD Software 
for MicromapTM-570



ALS OML PSD Software
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Correction of finite pixel size
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Correction of finite pixel size: Nyquist frequency is changed

ALS OML PSD Software 
for MicromapTM-570



Correction of incoherent transfer function of a diffraction-limited objective
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J. W. Goodman, Introduction to Fourier Optics, third edition 
(Roberts & Company Publishers, Englewood, 2005).

E. L. Church, P. Z. Takacs, Effects of optical transfer function in 
surface-profile measurements, Proceedings of SPIE, 1164 
(1989), 46-59.

ALS OML PSD Software 
for MicromapTM-570



Correction of incoherent transfer function of a diffraction-limited objective
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ALS OML PSD Software 
for MicromapTM-570



Correction of incoherent transfer function of a diffraction-limited objective 
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J. W. Goodman, Introduction to Fourier Optics, third edition 
(Roberts & Company Publishers, Englewood, 2005).

E. L. Church, P. Z. Takacs, Effects of optical transfer function in 
surface-profile measurements, Proceedings of SPIE, 1164 
(1989), 46-59.

ALS OML PSD Software 
for MicromapTM-570



Conclusions

Efficiency of Binary Pseudorandom Grating (BPRG) based method for MTF 
measurements has been demonstrated. 

Consistence of the BPRG calibration and semi-empirical calibration based
on extrapolation of measurements with different objectives has be shown.

The developed PSD algorithm allows for correction of the CCD read-out asymmetry 
and accounting for the MTF due to finite pixel size and diffraction-limited objective.

PSD analysis was successfully applied to the MicroMap-570 interferometric 
microscope measurements of surface roughness.

Next: MTF correction based on PSD measurements  
with 2D binary pseudorandom test surface;

Binary pseudorandom test surface based standard
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