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 Motivation:

Power spectral density (PSD) from surface roughness data
Reliable 2D PSD measurements require correction for instrumental MTF
Step-height standard and its disadvantages

e Binary Pseudo-random (BPR) Grating for MTF measurements

Theoretical introduction: What is a BPR sequence?

What are the BPR sequences good for?

BPR grating as a standard test surface

Application of a BPR grating to measure MTF of the Micromap™-570

e Conclusions
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surface metrology
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Roughness (rms): Ravs = |:ﬁ2(hn - h)z}
n=1
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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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Power Spectral Density (PSD) based /\l A
surface metrology Pty ""
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| Y2
Roughness (rms): Rgys ® {Z Sy( fi)Afi:|
i=1

The roughness value is the same. But the PSD spectra are different!
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PSD based metrology permits measurement of instrumental modulation transfer function (MTF)

SMEASURED (u ’ V) — SSURFACE (u , V) -MTF* (u ’ V)
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with the real instruments ’\
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MicroMap-570 measurement with a gold coated stainless steel mirror 2

1073 |
~ AFM area:
100 x100 pm
[an] 2
g- 10-5 = 50 XSO }.I.IT)’ |
= Microm 10 x10 pm®
D 106 20X20 um™
=
S 107E
[¥ 2]
=
QL
£ 10°®
£
2 190
o 10
10_10 = | ! ]
X-ray Scattering at incidence angle: 5° | 1.5°
10_11 1 | | 1 |
10+ 1073 1072 107 10° 10" 102 10°

Tangential Spatial Frequency, pm-!
Reliable PSD measurement requires correction for the instrument MTF.

Standard test surfaces and MTF calibration procedures must be developed.

1V. 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).

2V. 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).



Step-height standard
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Step-height standard for surface-profiler calibration, SPIE Proceedings 1995, 235-44 (1993).
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Fig. 1 Scans across the edge on a commercially
available step height standard. The variability in the
edge height and the surface irregularity are typical of the
quality of this type of standard.

Disadvantages:
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Fig. 2 PSD curves for the profiles in Fig. 1. Intrinsic
surface roughness contributes to the noise in the high
frequency region. A Blackman filter has been used to
pre-process the raw data and the restoration filter
appropriate for this profiler has been applied to spectra.

e ocl/f 2 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 ’\‘ ST

BPR sequence with 1023 elements

for n=10 with recursion coefficient M=45 2

100 [
1,1,11, 8 I 0,0,0,0,1,1,0,1,1,
0,1,1,1, g B 1,1,0,0,1,0,0,0,1,
1,1,0-4 5 1-0-1.0,0,1,0,1,1, sequence correlation function:
11 |, 4k 1,0,0,0,1,0,
1315 1 E 3 . !0!1!0!131! N_l
0,0, — i 1,1,1,1,0,1, —
11, | - b 0,1,1,1,1,0, Aj T Z ai a'i+j
031saj E 0!0!1!03031! |:0
1315 —— 0!0!1!13030! .
0.1, = 0,1,1,0,1,0, ‘deconvolution’ sequence:
0,0, 92107 P *** 1,0,0,0,0,1,
10, (5 8F 1000,1,1,1,0,1 2a -1
v 7 LA B L A g ] H
01 [E 6 0,0,1,1,1,0, bh =—%x —
11,105 5 0,1,0,0,1,0,1,1,0, k on-1
001,0,/2 4 0,0,0,1,0,0,0,1,0,
0,1,1,1,C 3} 0,0,1,1,0,0,0,0,1,
0,0,1,1, 0,0,1,0,1,1,0,1,1,
1,0,1,0, 2 . . . .
O-function-like correlation function:
N-1 1 N
) 11 1 1 L1 1111 1 1 L1 1111 | | L1 1111
10 3 2 34567442 2 3 4567401 2 3 4567 400 A :Za'b' i = Za'a' -1
10 10 10 10 J = i+ 2”-2 - )
1= 1=
Spatial Frequency, um-!

The best random sequences are mathematically strongly deterministic!

a3 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).
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Time-of-flight Spectrometer
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Fig. 1. Diagram of the cross-correlation TOF spectrometer of molecular beams: (/) source chamber; (2) alignment stage; (3) super-
- 7 sonic nozzle; (4 and 6) skimmers; (5) chopper; (7) calibration effusive source; (§) vacuum seal, (9) ransit chamber; (/0) diaphragm
PSGUdO ran_dom chopplng unitz(71) MX-7304A mass spectrometer; (/2) ionizer; (/3) laser; and (/4) alignment platform.
in order to increase duty cycle

Intensity, arb. units

Start slit

1750 1800 1850 1900

Channel no.
5] : k 2 2 :
Y I\ Fig. 5. Autocorrelation functions of the TOF spectrometer = il o 0 = 5 3 0
! ! Z R Time of flight, ms
Balance : obtained by the convolution of the sequence of light-beam

choppings with an ideal inverse sequence {B;} (curve) and = B . , 3 S
: ; Fig. 6. TOF Spectra of He, N, and SF, beams. Solid lines
Fig. 2. Chopper disk: (/) starting slit and (2) balancing load. with a reconstructed inverse sequence { B}' } (straight line). are the results of the total fitting with paramelters given in the

lable.

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).
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Standard Test Surface for MTF measurement }’\

,0,0,0,1,1,1,1
v A prototype BPR grating test surface was etched into a silicon substrate using a §,1,0,0,1,1,1,
conventional lithographical process. '11111111001100
,1,1,1,0,0,1,0
v' The grating consists of 1,0,1,1,0,0,0,

od w -

o -

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

o -

4095 elements;
2.5 ym groove width; 10'
174 nm effective depth

o -

4095-element BPRG with 1um pitch grid T

v It is good for 2.5% objective 10° - 4095 points
) with pixel size of 3.9 um

::::::::::::::::::::::::::::::

__________ AN L
SZA Akl

9%480-point spectra

,1,0,0,0
1,1,0,0,0
,1,0,0,1
1,1,1,1, 1"
,0,0,0,1. 09

),0,1,1,08
,0,0,1,0
),1,0,1,0
,0,1,0,0
),1,0,1,0
,0,0,0,1
),1,0,0,1
,1,0,1,1

1D PSD [um+3]
H
Ol—‘

|
=
N

first 480 points

10'3 Lo Lo Lo | I
10° 10° 10" 10°

,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 Spatial Freq [pm-1]

The PSD spectrum of the BPRG is mathematically strongly deterministic!
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o
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Micromap-570 measurement with

BPRG test surface (2.5 uym pitch)

50x objective
(0.26 pm pixel size)

Left Edge 50x 001.MMD
Learning Sample

2007-04-26 14:47:12 Lot:  20.17¢
Op: wrm jlk PN:  x=800-1.5
Length: 124.7 um Smooth Phase
Rq: T44.2 A
Ra:  7321A
Rt 1832 A
]
PLANE
640x480
1/2" CCD
1X Body
1X Relay
520 nm
50X

1443 A

-3049 A

PRPRSRSES. ,/,\, nnm,unﬁ?rlau
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Left Edge 50x 002.MMD

Learning Sample

2007-04-26 14:45:25 Lot:  20.17¢
Op: wrm jlk PN:  x=800-1.5
Length: 124.7 um Smooth Phase

1571 A

-2836 A

Rq  687.2A
Ra: 629.9 A
Rt: 2297 A

PLANE
640x480
1/2" CCD
1X Body
1X Relay
520 nm
50X
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Micromap-570 measurement with /\l A
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50x objective
(0.26 pm pixel size)

Left Edge 50x 001.MMD

Learning Sample 'a'
2007-04-26 14:47:12 Lot: 20.17¢ Lot: 20.17¢ b=
Op: wrm jlk PN:  x=800-1.5 PN: x=800-1.5 g
Length: 124.7 um Smooth Phase Smooth Phase o

-

L

e

i -

k=

i o

1 = M ul .9.. Q E H L L l! *000 IH L]
0 50 100 150 200
X [um]
The etch depth was measured to be
Rq: 744.2? ~700 nm with an AFM and
Ra: 7321 . .
Rt:  1832A 174 nm with the MlcromapT’V’-570.
- 2

PLANE - .
40480 The discrepancy (A=520 nm) is due to the
1X Body uncertainty of the phase-retrieval algorithm of
520 " micro-roughness instruments.




Micromap-570 measurement with

A
BPRG test surface (2.5 uym pitch) rz}' !

2.5x objective
(3.9 um pixel size)

Left Edge 001.MMD

Learning Sample

2007-04-25 17:10:52 Lot:  20.17¢
Op:  wrmjlk PN:  x=800-1.5
Length: 1879 um Smooth Phase

7200 A

-634.6 A

Rqg: 1994 A
Ra: 171.1 A
Rt: 778.1 A

PLANE
480x480
1/2" CCD
1X Body
1X Relay
520 nm
2.5X

nnm,unﬁ?nau

NATIONRAL LABORATORY

Left Edge 001.MMD
Learning Sample

2007-04-25 17:10:52 Lot:  20.17c

Op: wrm jlk PN:  x=800-1.5

Length: 224.4 um Smooth Phase
720.0 A
-6346 A

Rq; 176.7 A I

Ra: 1475 A

Rt: 790.4 A

PLANE

480x480

1/2" CCD

1X Body

IX Relay

520 nm

2.5X
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Micromap™-570 measurement with /\l A
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BPRG test surface (2.5 ”m pitch) ‘ -..-~r|.1_._'_.;--.-i| LARCORATORY
_

50x objective 2.5x objective
(0.26 pm pixel size) (3.9 um pixel size)

Left Edge 50x 001.MMD Lcﬂ_]?dge _001.MMD
Learning Sample Learning Sfimplc )
2007-04-26 14:47:12 Lot:  20.17¢ Lot 20.17¢ 2007-04-25 17:10:52 Lot 20.17¢
Op:  wrmjlk PN:  x=800-1.5 PN:  x=800-15 Op: wrmjlk PN: x)=800 -1.5
Length: 124.7 um Smooth Phase Smooth Phase Length: 224.4 um Smooth Phase
1571 A 720.0 A
r—
/
‘ -634.6 A
Rq 7442 A Iy ' HPTANY
Ra: 732.1 A 4 [
Rt: 1832 A
PLANE
640x480
1/2" CCD
1X Body
1X Relay 1X Relay
520 nm 520 nm

50X 2.5X



Micromap™-570 measurement with

BROOKARUEN
r r r r r r r ‘"I NATI 1“!__;:;-.‘-1 L LABORATORY

BPRG test surface (2.5 uym pitch)
_

Calculated with 3.9 ym sampling | ___| Measured with 2.5 objective

0 -
[ 1B
0.2 X : .
1 3 : R
S 04 - 4
-
©
E 06 — —
< -
0.8 — - —
1 ] B
| \ |
0 50 100 150 200
X [pm]

The difference in PSD presentation is to be described with the MTF
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PSD spectrum of BPRG test surface ;}l EROOKAAVEN
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1l
of 4095 elements with 2.5-um pitch ‘
_

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

101 T T [T l T 1T l T T ‘
model simulation resampled onto a 3.92 um grid
10° < | _
10-1 \v//\ /\N ““k “ hl\““l “ A AN
\/ 1] ’ TR
Qe
£ 10° - |
=
Q  10° - -
10™ \/ , |
10° - i
measured with the MicromapTM-570 microscope with 2.5x objective
10-6 Lo \ \ \ oo | \ \ \ Lo
0.001 0.01 0.1
Freq [um-1]

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.



-

MTF correction with BPRG test surface /\l _.
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of 4095 elements with 2.5-um pitch
_

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

101 [ [ T l [ [ T l [ [ [T ‘
. model simulation resampled onto a 3.92 um grid - effective pixel size
10" = SinzD,f, \ SinzD,f
A MTFP(fX,fy):( ﬂg fx x}[ — fy yJ
10'1 | t‘ .l “ll‘ [N i r
V4 | \' I
DX - Dy - 135 d pixel
10-2 — ~5.3um

l l | « diffraction limited objective
| il

2

10°° _—
$ MTFO(f)z—[—Q 1-0? +ArcCosQ}
T

10™ H

\/ l Q=211/2NA
10° | RN
measured with the MicromapTM-570 microscope with 2.5x objective VX y

10-6 N ! ! R ‘ ‘ S NA =0.075
0.001 0.01 0.1 A =520nm

PSD [um+3]

Freq [um-1]

* E. L. Church, P. Z. Takacs, Effects of optical transfer function in surface-profile measurements,
Proceedings of SPIE, 1164 (1989), 46-59.
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Developed in collaboration with Thomas Zeschke (BESSY, Germany)

‘81 PSD application - Yersion 0.1 - 04/13/2007 (=1
Miscellaneous
: : Histo
et AR S o
Select working directary | | | %D MTE 2
inishe
Open files | | B |
| Surface statistics | | ?tartﬁdd
lnlisne
Detrend | Skip detrending | - |
| Frint detrended data | | itirted
ata sig
Clip heights | de term
tf =i
100 e g
1 |;| - do term
_I_ 1D MTF n
[micron] [0.05613599 Finished
20 PSD | Started
> Finished
IC parameterl'l 35
Started
| Moize sublraction | B | data sig
| 0 PSD > sigma | | dcftem
mt s19g
10 PSDs | B e
20 PSD Fractsl | %?nﬁgeg
NumeraturIZBSE-DDd 3
Started
Exponent IB.21E-|:|E|1 data sig
do fterm
MTF comection | r:;t Et Sl
c Lerm
Rall0ffCanst. |2.?34?3 = 1D MTF n
Finished
Amplitude I5.EIE-3 -
4| i =B
MTF to 1D PSD >
= | | | Idata gtate ;2 file(z) / detrended / 20_PSD /A 10_PSD / MTF corection ¢ MTF to 10 PSD
|wnrking directary : C:ADocuments and Settingsh0MLuserity DocumentshD ata-mmaphBPRG_110nmh2 5 Apr_ 25 20074
Results @ -» Postacript | -» EXCEL
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ALS OML PSD Software A __
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Height distribution measured with Macromap-570

% PSD application - Yersion 0.1 - 04/13/2007 - ||:||i|
Miscellaneous
: . Histo
Essential Optional Show LA A i 1D PSD MTE corrected . _(O] x| -
Select working directar | | %D MTE 2 j
inishe
Open files | B |
Surface statistics | | ?tartﬁdd
lnlisne
Detrend | Skip detrending | - |
| Frint detrended data | | itirted
ata sig
Clip heights | de term
tf =i
100 e g
1 | » | - do term
_I_ 1D MTF n
[micron] [0.05613599 Finished
20 PSD | Started
> Finished
IC parameterl'l 35
Started
| Moize sublraction | B | data sig
| 0 PSD > sigma | | dcftem
mt s19g
10 PSDs | B e
20 PSD Fractsl | %?nﬁgeg
NumeraturIZBSE-DDd 3
Started
Exponent IB.21E-|:|E|1 data sig
do fterm
MTF comection | r:;t Et Sl ‘
c Lerm
Rall0ffCanst. |2.?34?3 = 1D MTF n | l
Finished
Amplitude I5.EIE-3 -
| | b |
MTF to 1D PSD >
= | | | Idata gtate ;2 file(z) / detrended / 20_PSD /A 10_PSD / MTF corection ¢ MTF to 10 PSD
|wnrking directary : C:ADocuments and Settingsh0MLuserity DocumentshD ata-mmaphBPRG_110nmh2 5 Apr_ 25 20074
Results @ -» Postacript | -» EXCEL
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ALS OML PSD Software | A
for Micromap™-570 “~~<~*| | Reua
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Correction of CCD read-out asymmetry

n - Version

[¥lis

1EQUS

History

re—— 3 1D PSD MTF corrected L :
1D MIF n ‘!

Finished

Essential Optional Show

Select working directary

Open files

Started
Finished

Detrend Skip detrending

Started
data sig
Clp heights | de term

R gtf Sig

4 S ¢ term
A [ 10 MIF n
[micron] |0.0561333 Finished

| |
| |
| Surface statistics l
| |
| |

Frint detrended data

Started
- Finished

IC parameteri'l 35

Started
| Moize subtraction | ¥ I data sig

| 0 PSD > sigma | | |de term

mtf =sig
I 10 PSDs I | Sl e e

20 PSD Fractsl | %?nﬁgeg
NumeraturiZBSE-DDd 3
Started

Exponent IB.2'|E-EIEI1 data sig

do term
mtf =sig
do term

RollfiCarst. |2. 73473 3 100 MTF n
Finished

Amplitude iE.UE-3 L

MTFto1DPSD | =

T \HHH[ T VHH'V‘ T HHHW T T T T
\“‘\“ | \I\“\‘

MTF comection |

data gtate ;2 file(z)

|wnrking directary : C

Results @ -» Postacript | -» EXCEL
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Correction of finite pixel size

(o x|
: : Histo
Rase il Citinna| Eliow S — =10l X1
Select working directory ‘ ] 1 %D MTE 2
inishe .
Open files ‘ ] B 1
‘ Surface statistics ] 1 ?tartﬁdd
lnlisne
Detrend ‘ Skip detrending ] - 1
‘ Frint detrended data ] 1 itirted
ata sig
Clip heights | de term
tf =i
100 o g
1 |+ - do term
_J_ 1D MTF n
[micron] [0.05613599 Finished
2
2 2
2D P5D Asz(l K) | 1 7° Ap“l k |
1 - - -
IE parameter[1.35 IN'M Sin(z Apl/M)Sin(z Apk/N)|
_Ap — 135 piXGlS MHuaize subtraction ] * 1 data sig
] 2D PSD 5 sigma | 1 dcftem
mt s19g
1D PSDs | | > | lae term
2D PSD Fractal | %?nﬁgeg
NumeraturiZBSE-DDd 3
Started
Exponent |6.21E-001 data Sig
do fterm
MTF comection ] r:;t Et L
c Lerm
HullfoEonst_]E.?Sd?B = 1D MTF n
Finished
Amplitude iE.DE-B -~
1] i E
AR l ] i 1 ldata gtate ;2 file(z) / detrended / 20_PSD /A 10_PSD / MTF corection ¢ MTF to 10 PSD
lwnrking directary : C:ADocuments and Settingsh0MLuserity DocumentshD ata-mmaphBPRG_110nmh2 5 Apr_ 25 20074
Results @ -» Postacript ‘ -» EXCEL ‘
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ALS OML PSD Software | A
for Micromap™-570 “~~<~*| | Reua

BERKELEY LAB |

o ]
: : Histo —
Eetend Optlonal - Show - R —ipid
Select working directary I l I %D MTE 2
inishe
Open files I l B I
I Surface statistics l I ?tartﬁdd
inishe
Detrend I Skip detrending l - l
I Print detrended data I I gtirted
ata sig
Clip heights | de term
100 mtf =sig
1 I;I - do term
‘J 1D MIF n
[micron] [0.05613599 Finizshed
2
2 2
20 PO I Asz(l K) | 1 7° Ap“l k |
1 - - -
IC paramete[1.35 IN'M Sin(z Apl/M)Sin(z Apk/N)|
_Ap — 135 piXElS MHuaize subtraction | * I data sig
0 PSD > sigma | | dcftem
mt s19g
| 10 PSDs | Sl e e
20 PSD Fractsl | e i
Finished 1D PSD interlace corrected (ic)
NumeraturiZBSE-DDd 3 10° T o ——— .
Started N S~ ic PSDXA1 J
Exponent [6.21E-001 data sig - A ic PSDY1 = = - =
do fterm
MTF comection | mtf sig 1
de term 104 - -
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v Efficiency of Binary Pseudorandom Grating (BPRG) based method for MTF
measurements has been demonstrated.

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

v'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.

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

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

Binary pseudorandom test surface based standard
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