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ABSTRACT
Measurements of surface scattering from plane mircors with different degrees
of fogghness using sof£ X-rays ére reported. Angle resolved distributions of
s-polarized light, scattered in the plane of incidence, were obtained with a
precise ceflectomete; for various angles of incidence and differént
wavelengths. The influence of the sample preparation and the optical constants

on the scattering properties is shown.
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Recent monochromator development has more and more filled the energy gap
between the VUV and x-ray regions (%10 - 1500.ev). This progress, on the other
.hand, imposes severe requirements on the beamline optics: the use of wigglers‘
and undulators requires mirrors which can withstand high power loads and short
wavelengths impose the need for supersmooth mirrors since the integral

scattering is proportional |:o-x_2 or k_4

[1,2] depending on the average
lateral size of the roughness. To accomplish these requirements, there is an
in;reasing need for mirroc'test facilities to éet more experiences on surface
scattering and optical and thérmal properties 6f state of the art optical
elements. Many surface inspection methods have already been applied to laser
mirrors, space telescope mirrors etc. (3] ﬁut it is a well—kﬁown fact that each
method has its limits of spatial frequency bandwidth [4], so that it is desirable
to have direct information about the scattering propecties of mirrors irradiated
with soft x—céys. This has up to now been done only for a few specific samples
and with low angular resolution (5]. With'our.VUV—ceflectometerAat HASYLAB/DESY
in Hamburg [6], which was built for precision measurements of optical properties
of solids, Qe are able to perform angle resolved stray light meaéurements in the
" energy range 20 - 1000 ev. The reflectometer can in principle be set up in s
and p polarization although up to now it was used oﬁly in the s mode of incident
light while the detector can‘meﬁsube in and out of the :eflection‘plane. ‘The
whole experimental setup used here is shown in figure 1 (side-view) including a
monochromator, which since has been replaéed by new plane grating monochromator
{7] extending the energy range to the above mentioned values.

In this paper we report first measurements of the specularvand diffusely
teflectéd soft x-rays from slightly tdugh plané mirrors (rms-roughness
oxl5-40k). The thébretical analysis using scalar and vector scgttering

theories [8,9] will be-pcesénted elsewhere [10]. Low normal incidence

..)
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reflectivity at short wavelengths and the low level of scattered light inéénsity

forced us to perform the stray light measurements at incidence angles 61 > 65°

whereas hard x-ray scattering has to be done at even more grazing incidence.

This fact, together with the short waveléngths makes soft x-ray scattering
compared to visible and hard x-ray scattering especially sensitive to short
lateral surface structures of aﬁout 306 to 5000X as can be estimated from the
graﬁing'equation. Considering the subface as a grating we also learn that
structures.;ith shortvlatecal periodicity scatﬁer far apart from the specular
dicectionibesulting in a bfdad scattering distribution whereas large, wavy
structures yield stray light near the specular reflected intensity.

To investigate these prqpérties of stray light and to learn about the
influence of different roughnesses we prepared two‘diffecent types of samples:
1) we evaéorated various thicknesses (500/1000/20008) of gold on a glass
substrate - (samples a),b),c) reépectively), and 2) polished the glass substrate
with diamond paste with grain sizes of lﬁm and 15um in Qrder to roughen it
slightly and then coated itvﬁith S00& gold (samples d) and e)). We expected that
thé thicker coatings of the first type of samples yielded roughnesses with a

swall laterai structure size roughly equal to the coating thickness.. The

' substrate roughness may then be negligible. “Assuming that the thin 500R gold

" layer reproduces the substrate roughness of the polished samples, these should

exhibit hicroscopic structure with longer lateral periodicity.

In this first invegtigation all measurements were carcied oht in the plane of
incidence only using s-polarized light from the storage ring DORIS.

Figure 2 shows a typical measurement of a sample polished with the iym -
grains (sample d)) for.vacious angles of incidence and \ = iOO A:. The steep
specular peak (scattering angle 92 = incidence angle 91) can simply be

separated from the diffusely scattered light by comparing with the inténsity

s
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profile of the incident beam Io. At steeper angles of incidence the specular
iﬁtensity is more and more reduced by the roughness itself and by the Fresnel
rveflectivity R, of an ideal smooth surface. The two effects are separated in
figure 2 by the dashed line. Most of -the intensity lost due to the.roughness
adds to the diffuse background. Consequéntly, the scattered light distribution
raises téﬁards steeper angles of incidence relative to the specularly reflected
intensity. 1In all further figures the spectra are divided by the ceflectivity
Ro° Nonetheless, the symmetry and shape of the scattered light distribution
is still influenced by the optical constants of the scattering material.

vFigure 3 shows a complete overview over.aLl our measurements on gold-coated
samples at a wavelength of A = 100&, while figure 4 péesents scattering
distributions of some samples carried out at A = 200A.

.According to BECKMANN (8] the amount of specularly reflected intensity ISp
relative to the'incidént intensity Io is dependent only on the rms-roughness
o, the wavelength \ and on 91,

2 . .
Isp = IOROexp[—(Awocosellk) ] (valid only if the radius of

curvature of the ‘toughness is large compared to \). Considering first this

the dependence is given by

intensity fall-off with steeper angles 8, of the specular peaks we see from

i
figure 3 and 4 that sample a) is, as might be expected, the smoothest sample

(v

184), while samples b), d) and e) exhibit a medium range roughness

(o

27-29R). sSample c), which has the thickest gold coating (2000A), shows
the highest rms-roughness (o = 43K). The o-values are calculated from the
above equation for Isp' which, however, may not be completely correct when o

approaches A\ as in the case of sample c¢).

- Looking at the non specularly scattered light distribution, i.e. the diffuse.

background, we can distihguish two basic types of curves: narrow, concave-shaped

ones ( a), d), e)) and broad, convex-shaped ones ( b), ¢) ). Regarding again
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the surface as a grating, this experimental result confirms that the.scattering
from the thick films arises from spatial structures, which are shorter than
thosevof the polished samples. An interesting feature assogiated with this is.
that the contrast,'i;e. the. ratio specular/diffusé intensity near‘92=el,
is much better forvsample b) (1000& Au on smooth glass) than for d) and e), in
spite of having nearly the same o-value. This again indicates that the
roughness resulting from the Au films themselves has more short wave components
than ﬁhat of the pplished surfaces, in other words, it has a smaller
*autocorrelation 1ength". |

_‘Moreover, there are some characteristiec changes in the symmetrj of the
scattering distribution for &iffereﬁt angles of incidence 81 and wavelengths
k_yhich havg to be explained by detailed theory [e.g. 8,9]. For example at
A= iOOR, 91 = 70° there is always a more or less prondunced shoulder on
the right branch. This may be attributed to the influence of the reflectivity
of the sample material near the critical énglé, but we don't undepsﬁand the
differences concerning this shoulder ip the curves of the different samples in
detail.

To elucidatg this influence of_the optical properties of the sample material

we compare in figure 5 scattering distributions of the gold-coated, polished

~samples d) and e) with the corresponding distributions of the uncoated and also

polished glass substrates (at A = 100R). PFirst, considering the overall shape
of the curves, it can be concluded that the 500R Au coating seems to reproduce
the substrate roughness quite well. Additionally, fhece occur characteristic
distortions of the Qymmetry of ‘the branches on covering with Au: the left branch
is raised while the right branch is lowered. Indeed, according Eo vector -
scattering theory {9], the scattering curves for a sample with R=1 have to be

multiplied by an "optical factoc* Q=Q(82) which behaves as a function of
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82 quite similar to the behavior of the Fresnel refléctivity as a function
of 91. This factor has to be'applied in order to get the scattering-
~ distribution for a sample with R#l. |
In summarizing, we state that soft x-ray surface scattering proves to be a

valuable method for surface characterization. The rms-roughness can be deduced

within the bandwidth limits characteristic of this wavelength range. With some

more experience quantitative information will be gained about the lateral
structure of the surfaces.

We are indebted to Werner Jark for providing computer software and for
experimental support. This work was‘fundéd by the Bundesministerium fuer
Forschung und Technologie.

One of us (H.H.) acknowledges the support of the U.S. Department of Energy

(Contract No. DE-AC03-76SF00098).
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Figure Captions

Figure 1

The experimental setup

Figure 2

Figure 3

Figure 4

Figure S5

Stray light distribution as measured of a polished sample coated with
SOOR gold (sample d)) (8, in plane of incidence, s-polarized
light) for different angles of incidence ©) and compared to the
profile of the incident light I,. The specularly reflected
intensity (the steep peak) is .reduced by the surface roughness and
the Fresnel reflectivity R,. The dashed curve indicates the
reduction due to the roughness. '

Stray light distribution of all gold-coated samples for A = 100&.
The spectra are divided by the reflectivity R, corresponding to the
angle of incidence 87 of each distribution. The intensity

fall-off of the steep specular peaks relative to I, is then a
measure for the rms-roughness of the different samples.

“(a) SOOR Au on smooth glass substrate
(b) 1000& Au on smooth glass substrate
(¢) 2000&k Au on smooth glass substrate
(d) 500& Au on polished glass substrate (1lu)
(e) SOO0R Au on polished glass substrate (15u)

Same as figure 3) for samples c), d), and e), A = 2004

Comparison of the stray light from uncoated glass substrates and
corresponding gold-coated polished samples. Assuming that the thin
gold coating does not change the topology of the roughness, the
effect of different optical constants of the surface is showing up.
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