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* Power spectral density (PSD) from surface roughness data —
definitions

 Motivation for 2D PSD measurement

« PSD measurements with three different instruments:

1. Micromap interferometric microscope,
2. Atomic force microscope
3. X-ray Reflectivity and Scattering experimental facility

« Improvement of the Micromap measurements

1. Estimation of 2D MTF
2. Correction of the 2D PSD measurement with the Micromap

« Lower spatial frequency measurements with the LTP and ZYGO

« Conclusions
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Two Dimensional Power Spectral Density rr/r}| ‘ﬁ\.
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The 2D PSD function may be viewed as a Fourier decomposition of the 2D surface
height distribution into harmonic basis functions:

1 L,/2 L./2 ?
S,u,v)=lim ( —| [dy [ h(x,y)e >y
e\ A4 ~L,/2 ~L,/2

L_and Ly are the tangential and sagittal dimensions of the measured surface region, A; u and v
are the spatial frequency variables corresponding to the tangential, x, and sagittal, y, coordinates.

Cosine grating Sy(u,v) ~ 8 (ufyv) + & (utf,v)
h(x,y)= Cos(2rf,x) 4

y ' P v :
;]> 17
7o
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Two Dimensional Power Spectral Density ;}1 ‘.’1\.

BERKELEY LAB

The 2D PSD function may be viewed as a Fourier decomposition of the 2D surface
height distribution into harmonic basis functions:

1 L,/2 L./2 ?
S, (u,v)=lim { — j dy jh(x, ) e 2D gy
A A—Ly/2 ~L,/2

L_and Ly are the tangential and sagittal dimensions of the measured surface region, A; u and v
are the spatial frequency variables corresponding to the tangential, x, and sagittal, y, coordinates.

2D Cosine grating S,(u,v) ~ S (u-fy,v-fp) + 0 (u-fo,vtfy)
h(x,y)=h,Cos(2rf,x) Cos(27f,y) +0 (utfy,v-fy) + O (u+f,v+tf,)

KL
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Two Dimensional Power Spectral Density ;}1 ‘I/I\I
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In the case of discreet measurements, 2D PSD distribution can be evaluated from

S,(Lky=M N ax syl |

1 (—27zimlj 1 & (—27rink)
F,.=—) |exp h, exp
, Mm:O M Nn:O ) N

M and N are the number of pixels and Ax and Ay are the pixel dimensions in the tangential
and sagittal directions, respectively; F’ 1. are the elements of the Fourier transform matrix

One-sided (positive frequency only) 1D PSD distribution can be evaluated from 2D PSD:

Tangential: Sl(k)=2g(k)252(l,k) ([ 0<I<M/2, 0<k<N/2,
Z ghH=1/2 at 1=0,M/2,
g(k)=1/2 at k=0,N/2, and
\ g()=1 and g(k)=1 otherwise

N

segital: S,(1)=2g() Y. S, (1, k)
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Motivation for 2D PSD measurement

— PSD provides rigorous information on surface properties

F(reeeer P
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Micromap measurements with a X-ray grating with uniform groove density

test] 3. MMD

MMap test
2004-09-28  14:00:50
Op horzontal
Lot:  Untting
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Q
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Motivation for 2D PSD measurement /J\l
(rerereer ‘

—> PSD provides rigorous information on surface properties

EERKE LEY LAaB

G201_Ni_x085 center y24 10X_ PN:  y=24mm Area:  627.2x 4704 um Smooth Phase
B6012 G201 Ni 520 nm 50.00 A
2004-12-03 11:17:53 10X

50,00 A

Micromap measurements
with a X-ray grating with
variable groove density

(Proceedings of SPIE 5858-10)

Sq

Sa 2499 A Area: 62‘?.2 x 470.4 um

St: 1548 A Points: 307200 250,00 A
QUARTIC 10X : 2807A 640x480

RS 98190mm o '

RCa: 102900 mm

10 F 257 1.0
1 @ ,/
4 Y - / 0.8
[ Ay
= : k" 10% 4o ' 7 - 06
E10°E TR E -
;: gf /\\4" ittal = "{ E, 0.4 % i .
2 i \— sagitta g /" £ . L
g 2T <1\ B A7 7 Z 02 a—=1 > 2%
£ tangential ay £ / : o e e |.° o e )/f
Z 10° a 5 = 2 40 -2 P O < O
5 g A a / 20 K Lo .u '- i
E I o [ - b
§ 43 _ % 242 / g 0.2 i
5 2 1, | O "’.‘ g 04 -
7 9 -uU.
il — W ol A ¢ 1| B=(0.0550.006) pm-'m2
iHof =107 um ! L~ | -
& ' - ? -0.8
1078 L1 JJJlIJ‘ L1 111;11| L1 _,/| | | | (a) (b)

g i . 232 1.0
10 2 34567492 2 34567491 2 3 4567 490 80 60 40 20 0 20 40 60 80 5 %0 4 55 b & @& B 4

Tangential Position, mm Tangential Position, mm
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Motivation for 2D PSD measurement :}l A
—> PSD is based on essential information on surface properties’\‘

| 1/2
Roughness (rms): Ry ® {WZ(}% —h)z}
n=1

10
SIN- DISTRIBUTION GRATING DISTRIBUTION RANDOM DISTRIBUTION
8 8 8
6 FOR ALL THESE CASES THE ROUGHNESS VALUE IS THE SAME!
4 4| 4
g 2 S 2f g 2
o) at o)
E o ‘ & o E o
= | = |
&b o - B0 5 %” 2
4 | -4 4 | -
2 2 2
1 1 1
A4 F -1 1
-8 -20 10 20 30 40 50 60 70 80 -8 _20 1b 20 30 40 50 B0 70O 80 8 -ZD ‘IIO P_‘ICI 30 4ID SIU SIO ?IO 80
~10 | 1 | _10 | 1 | ~10 | 1 |
0 160 320 480 640 0 160 320 480 640 0 160 320 480 640
Spatial Position (pixel) Spatial Position (pixel) Spatial Position (pixel)

hy,(x,y)=h(x,y)®OTF(x,y) - convolution
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Motivation for 2D PSD measurement /\I A
F(reeeer ‘m

—> PSD contains essential information on surface properties ’\

/ 1/2
Roughness (rms):  Rpyg ® E S, ()N,
i=l1
10° 103 103
6 SIN- DISTRIETUTION 6 GRATING DISTIFIBUTION 6 RANDOM DISTRIBUTION
4 4 4
3 o a
2
- FOR ALL THESE CASES THE ROUGHNESS VALUE IS THE SAME!
= 5 ¢ 5
o 3 e 3 e 3
8 2 8 2 g 2
a 10’ A 10" [ Q10|
A © & B ©
£ 100 £ 10° [ 5 10|
g 6 fLE) 6 E 6
g S g 4
2 2 2 2 5 2
& 101 = 10’1 = 101 =
6 6 6
4
4 5 ;
2 2 2
1 1 I 1 1 |
10-3 2 3456 10-2 2 3456 10-1 2 3 456?100 10-3 2 3456 10-2 2 34586 10-1 2 3456?100 10—3 2 3456 10—2 2 3456 10—1 23 4567100
Spatial Frequency (pixel -1) Spatial Frequency (pixel -) Spatial Frequency (pixel 1)

S, (u,v) = Sc(u,v) - MTF*(u,v) - product
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Motivation for 2D PSD measurement r:rh'l A
—> 2D PSD allows calculation of 3D scattering of X-rays ’\‘

Scattering from a real surface

M . .1 A |..'q| A hA
II\I no |I Ilﬁl h ﬂlﬂ |V-Jn| Wl I| L'| I'.' || |
lll I'"'._.»J | ulllf |'| ||'.'-\I / '.WI |',. |

- X
: /
Incident /
Beam P
p | 'f,n :
S .
. Based on correlation function parameterized with o, and [,
‘|
\'|,"M uuflﬁwr’ "h' '1|'k|| A ' 'L'.'_'.'-'.r,_ .......... ) - X
f max
| | Incident P,
f - Beam
i (a Sin(z f x+ a) ) T z , P,
WL T TR TR TR T _ P, ' _
f fmm f_fmln P_gi B,
( Fourier )2 oC PSD z
Transformation Based on PSD parameterized with S,(0) and n
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LBNL X-ray optics Metrology ‘;}I ¥
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The metrology instrumentation

v Micromap™-570 interferometric microscope
v" Digital Instruments Dimension 3100 Atomic Force Microscope
v' X-ray Reflectivity and Scattering experimental facility

v’ Zygo™ GPI 6-in interferometer
v LTP Il long trace profiler
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PSD measurements /\I A
_ _ _ reeoeocec| |
with a Gold coated stainless steel mirror ‘
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= Micromap-570 Interferometric Microscope

Sagittal PSD spectra
. 1073
Tangential PSD spectra 3 | pe— D
103 = 10
10 _ S 105 F
= 5
[ g—; 3
£ 10° Zq00f
" _ o T s
=) 1CTOmM S )Q%n B g
L 10" ' 107 |
S 107 1078 : : : ;
. — 10_42 34 10_32 34 10_22 34 10_12 34 100234 .EO‘I
g / Sagittal Spatial Frequency, pum !
g 107
=
g 1G9 The Micromap CCD
« Isotropic mirror surface topography! camera read-out
107°F" « Need Modulation Transfer Function (MTF) correction asymmelry was
corrected
10_11 ‘ | ‘ ! | l |
104 103 102 10" 100 10 102 103 SPIE 5858-10

Tangential Spatial Frequency, pm!
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PSD measurements /\I A
_ _ _ reeoeocec| |
with a Gold coated stainless steel mirror ‘
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0.078 um  pAX

= Micromap-570 Interferometric Microscope
= Digital Instruments Dimension 3100 Atomic Force Microscope

103 |
AFM area:
4 = | i
10 \ 100 X100 pm’ "
N 5 DC
§ 105 N 50 x50 um- |
= Micromap objecti SN 10 X10 pm"
L 108 | 20 %20 pm’
= 5x%5 p~m2
SX
5 1077 W 3 0.078 um
fé 1 O)( 0.078 um DC 0.078 pm
g 10-8 = 20X
= i 2D PSD distribution
g 10 measured over 5 x 5 um?2
« [sotropic mirror surface topography! area with 512 x 5 712
10 b . . elements (0.2 - 50 um
10" « Need cross-check at lower spatial frequencies ( )
- | | | | | |
10 10 102 107" 100 10° 102 103

Tangential Spatial Frequency, pm~!
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PSD measurements /\l A
_ _ : e |
with a Gold coated stainless steel mirror ‘

BERKELEY LAB

= Micromap-570 Interferometric Microscope
= Digital Instruments Dimension 3100 Atomic Force Microscope
» X-ray Reflectivity and Scattering Facility at the LBNL Center for X-ray Optics

1073 |
Tl AFM area:
104 =i 7
\ 1 100 X100 pm’
= - = N 50 X50 um’ PSD spectra are
= M Biaah - LG iR extracted from the
- i _ - X-ray reflectivity and
D 40 5 55 ) 20 X20 um"™— -
= X , scattering
g . 2 5X W il measurements,
'z b 10x ‘ assuming isotropic
2 58 20X mirror surface
'—?) 50x / topography
o -9
) 10 \
X-ray Scattering at incidence angle: 5° |y 1.5°
10-11 | | | [ i
104 1073 1072 107 10° 10' 102 103

Tangential Spatial Frequency, um-!
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Comparison of the PSD measurements

. ] . rrererrr |/|\|
with a Gold coated stainless steel mirror ’\

v  Essentially consistent results
v Inverse-power-law approximation at spatial frequencies from 3x104to 10 gm-!

v Possibility to determine 2D MTF of the Micromap and to correct 2D PSD

103 [
“uﬁ_\h\\ AFM area:
10 = 100 X100 pm’
X pm _ -y
- : S, (f)=8)(f,)
g 10_5 50 x50 pm .
~ Micromap objective: | 10 x10 pm’ 5,(1)=6.5-10
Lot 2 5x W SR %, 20 X20 pm* y=0.75
S o e 5X5 pum’
S 107 —
Z 10x
£ 109 2K
’g 50x
S 109}
1010 | '
X-ray Scattering at incidence angle: 5° | 1.5°
10_11 | JI | I
104 103 102 107" 100 10" 102 103

Tangential Spatial Frequency, pm-!
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Estimation of the Micromap 2D MTF

from PSDs of a Gold coated stainless steel mirror

S, (fis 1)

2DMTF(f ., =— 2
o mrF(,, £)F ST
1. Surface isotropic topography:
S(f ) 4 df

S,(f)=-
2ﬂj,/f f
fr=f +fy2

2. Inverse-power-law approximation:

[y +1)/2]s ()
s

S(f)=8M ()7
S (1)=6.5-107'
y=0.75

(y+1)/2]=2.37
y/2]=1.09

[J.C. Stover, Optical Scattering, SPIE Press, 1995]

Squared 1D MTF

5

/‘\l /\
Frreeeeer W
Problem:

The found 2D MTF contains the
noise of the measured PSD

tangential

100 -

8 ,"“-u

7 O

6 -

5

4 3

sagittal

3

2
107

10—3 2 3 456710~2 2 3456710—1 2 3 4567 100

Spatial Frequency, um -!
Solution:

To smooth the 2D MTF
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Estimation of the Micromap 2D MTF /\l A
F(reeeer W

from PSDs of a Gold coated stainless steel mirror ’\

Y (fir f) To smooth the 2D MTF

[2D MTF (fx»fy)]z = SS(Ff) 3. Assume isotropic topography of the MTF
v and fit the 1D MTFs

1. Surface isotropic topography:

S (f ) 4 [
S,(f)=- df . I} tangential
27[I /f f 100 . ...._...-‘”
~ 3 oG "“\ : .
= +fy2 S e
A s
2. Inverse-power-law approximation: '«g : sagittal
=
sS(f. 1)k (7+1)/2] (1) 4
OS2 20 VAR L
Sl(fx):Sl(])(fx)_Y 10‘110-3 2 34567402 2 34567491 2 3 4567 400
F[(}/ —I—l)/ 2]5 237 Spatial Frequency, pm -!

S,(1)=6.5-107
V20,75 y/2]=1.09

[J.C. Stover, Optical Scattering, SPIE Press, 1995]
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Estimation of the Micromap 2D MTF /\l A
F(reeeer W

from PSDs of a Gold coated stainless steel mirror ’\

SY(f 1) 3. Assume isotropic topography of the MTF
LD mTF(f, £,)f =22l and fit the 1D MTFs
S2 (f;cﬂ‘fy)
1. Surface isotropic topography: LM . tangential
100 == E e °-.‘
S (f ) 4 =B Ty
S,(f)=- df, S 7 PR X
272-[ / f — 17 = g T
fi= fx + fy2 ?g ) sagittal
= 3
2. Inverse-power-law approximation: " \
(7 To=12s0) _1
v 2«/71“[;//2](]‘ +f )”1 1010-3 2 34567492 2 3 4567401 2 3 4567 400
Spatial Frequency, pm -!

S,(f)=S (1) (f.)” with an analytical function:

) v (y+1)/2]=237 i |

S(1)=6.5-10 1D MTF(f.)F o .

N y/2]=1.09 (1+a f.)
Y= 0.75 X
a=2.73um
[J.C. Stover, Optical Scattering, SPIE Press, 1995]
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Estimation of the Micromap 2D MTF

from PSDs of a Gold coated stainless steel mirror

S, (fes /)
S, (fir )

1. Surface isotropic topography:

S(f)
S,(f)=- df .
Zﬂj,/f f

=1 +fy2

D MTE(f, £)] =

2. Inverse-power-law approximation:

[(r+1)/2]5,(1)
sVethn r[y/yzkf +f,)”

S(f)=SM ()
1(f)) i )(fx)_7 F[(}/+1)/2]52-37
S (1)=6.5-10

V20,75 y/2]=1.09

[J.C. Stover, Optical Scattering, SPIE Press, 1995]

5

| A
Frreeeeer ‘m

3. Assume isotropic topography of the MTF
and fit the 1D MTFs with an analytical
function:

[1LD MTF(f.)]

1
(I+a f.)

a=2.73 um
4. Integrate 1D MTF to get smooth 2D MTFs
2D MTF(f)]’=

! !
2 T

1D MTF(f )]
df,

=01
5. Apply the 2D MTF to correct the 2D PSDs

Sy (for /)
MTF*(f.. f,)

df

Sg(fxafy):
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MTF Correction of the Micromap PSDs ";}1 A
measured with the Gold coated stainless steel mirror ’\‘
M 3. Assume isotropic topography of the MTF
o mrE(f £ 107 an analytical
5
2 : . 1
1. Surface isotropfe 3 10x objective ' >
1 o = 2 (1+a fx)
S (N==5-]-H3 10
o 7
ER: et smooth 2D MTFs
g 3
& 2
2. Inverse-power-§.£ TF(f)F .
P 106 i If
7 X
SS fx’f o S
2( y):2«/;F g :fx2+ yz
2
5,(/) =81 (f,) orrect the 2D PSDs
S (1)=6.5-10 . _ Y (fon /)
=0.75 2
! ATF (/. 1,)

[J.C. Stover, Optical Scattering, SPIE Press, 1995]
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PSD measurements SUMMARY /\l
rererrrr

r

. . . I
with a Gold coated stainless steel mirror ‘

= Micromap-570 Interferometric Microscope
» Digital Instruments Dimension 3100 Atomic Force Microscope

» X-ray Reflectivity and Scattering Facility at the LBNL Center for X-ray Optics

2
» ZYGO GPI interferometer 10 - \
\

10’
= [ ong Trace Profiler LTP-II 40

107 |
1072
102
104 |
107°
10°° !
1077
10k

-9
18 X-ray Scatteri11g-—=L\

ZYGO GPI

/

Micromap (10X objective; corrected)

L

One-dimensional PSD, pm3

LTP

107 %k
-11
107

0® 10° 10* 10° 10?% 10" 10° 10' 102 10°
Tangential Spatial Frequency, um"!
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PSD measurements /\l A
: : : reeoceeoc| |
with a Gold coated stainless steel mirror ‘

BERKELEY LAB

Data detrended with piston and ftilt

= ZYGO GPI interferometer Calculated PSD of a tilted ideal flat surface

Same data detrended with a second
power polynomial function

102

—_
o
—

Fitted inverse-power-law approximation
with power index of -2.15

—
o
[=]

-
S
-

Problem:

—_
<
M

Lower frequency PSD spectra, with high
log-log steepness approximated with an
inverse-power-law with large (y =2)
index, strongly depend on detrending.

One-dimensional PSD, pm3
3
w2

1074 |

10% 5 s " i-a 3
10 10 10 10 10
Tangential Spatial Frequency, pm-!
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Conclusions "m ‘.’.‘.

v Consistence and mutual supplementation of PSD measurements performed
with different instruments was demonstrated.

v' A cross-check measurement was used for finding the MTF of the Micromap.

v' The MTF correction procedure takes advantage of the isotropic topography of
the test surface, the isotropy of the 2D MTF, and the inverse-power-law
approximation of the PSD distribution observed for the spatial frequency range,
corresponding to the Micromap.

v' Lower frequency PSD measurements with the LTP and ZYGO GPI require
additional cross-checks with a higher resolution instrument to resolve
discrepancies and validate the results

v Next: - Application of the PSD data to X-ray scattering calculations

- Investigation of the reliability of lower frequency PSD measurements

- Development of a test surface standard for 2D PSD measurement
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