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Fourongs

Specularly reflected and scattered radiation was measured at A = 50, 100,

200 A From artificially roughened flat mirrors and from thick vacuum evapora-
ted Au samples. Ihe results of the roughened samples are in reasonable agree-
ment with Beckmann's scalar theory using an exponentisl autorurrelation
function. The angle dependent scattering distributions at different angles

af incidence and different wavelengths are described with a unique mean
roughness and aulocorrelation length. The application of the vector theory

in its simplest analytical form is not successful, however, it provides

a means to qualitatively correct the scalar theory for the influence of

the actual optical constants of the scattering surface in agreement with
experiments. The thick Au films are roughened due to surface crystallization
and yield completely different scattering distributions. These results could
not be fitted with scalar theory neither with an exponential nor with a
gaussian autocorrelation function.
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A proper understanding of surface scattering in the vacuum ullraviviet (VUV)
and soft x-ray regions becomes increasingly important as these spectral

regions are now quite readily accessible due to the availability of intense
synchrotron radiation. Valuable information on surface topology can be obtained
in principle from surface acattering experiments. Thig involves a thenrutical
analysis of the scattering data. The applicability of several commonly used
thearet ical approximations nceds to be tested. Not less important aims are

the study of thu influence of preparation methods on the su: ace structure

of thin films, crystals, optical surfaces etc. and the standard evuluation

of the perfarmance of optical elements for example of mirrora for soft x-ray

telescopes used in space astrunomy.

Investigations of this kind have been widely performed with lasers in the
visible or with hard x-ray line sources {see e.g. /1-8/) since these supply
the neceasary intensity in a well collimated beam. In the VUV- or soft x-ray
wavelength range (A = 20 - 1000 A) only a few investigations have been carried
out an light scattering /9,10/. Our interest in the optical propei!ies of
solids st these wavelengths and the availability of the synchrotron radiation

source DORIS [1 led us to a broader investigation of this subject.

The overlap hetween scattering results applying different wavelengths (and
also those of other surface inspection methods like the use of stylus instru-
ments) is limiled since each method emphasizes a special range of vectical
and horizontal surface structures /11/. The major reason is explai ed from

the simple grating equation, decomposing the raughness into fouricr companents



corresponding to sinusoidal gratings. Then it is easily seen that it is
impossible to resolve grating spacings less than )/2 (Rayleigh limit). Ancther
Vimitation arises fur short wavelengthe mainly far x-ray scattering from
the lower reflectivity in this spectral range which allows only scattering
at very grazing sngles of incidence and only near the direction of specular
reflection. Cambining these two aspects we conclude that scattering of soft
x-rays (typically at A = 100 R and 80° angle of incidence) will mainly be
determined by lateral spacings in the order of 100 A - ) um. This region

15 not accessible by visible light becsuse of the Rayleigh limit and also
not easily accessible by x-rays because of intensity reasons. In addition,
the experumental conditions, such as the detector apertures set further

limits,

[n this paper we restrict our analysis to theories which deal with a single
surface that can be statistically described in terms of the isotropic auto-
correlation function C /12,13/ and which yield results in clased analytic
form. Foliowing Kirchhoff's method Beckmann /13/ has developed a well-known
scalar theory based un several assumptions of which the most important are
1) the roughness curvature radii have to be large compared to the wavelength
("tangent plane approximation") and 2) the neglect of the influence of the
aptical constants (reflectivity R, = 1) on the scattering distribution.
Among the various methods taking into account the vector character of the
electromagnet ic wave and thereby optical constants and polarization, we
congider here the perturbation theory ceveleped among athers by Elson /14/
and Church /11/, uhich has the single limitation that the rms-roughness

0 has to be small: 0 < A,

Both theories are described in section l[. Each of them has advantsges and
disadvantages. The final equations are similarly structured arithmetic expres-
sions containing two separate terms for the specular and diffusely reflected

intensity.

The roughness induced reduction of the specuiar reflectivity which is related
to the so-called Total Integrated Scatter TIS, is at least for lateraly

large structures /15/ mainly influenced by the rms-roughness o while the
diatribution of the intensity scattered into different elements of salid
angle is mostly governed by the autocorrelation length T, a measure for

the mean lateral separation and/or extension of the surface structures.

In section II1, we concentrate on the T-dependence of the scattering distribu-
tion for various angles of incidence and various VUV-wavelengths. For this
purpa.e, and especially to prove the senasitivity of light in our spectral
region to structures with short spacial frequencies we prepared twa different
kinds of rough samples, a) by polishing glass substrates with polish of
different grain size and evaporating thereafter thin overlayers of gold

and b; by evaporating thick layers of gold, which are known to farm rough
surfaces due to the graowth process. We expected to get samples with the

same mean roughness amplitude  but with different sutocarrelation lengths T.
Also scattering distributions of uncoated polished substrates with nearly
the same surface topology were obtained in order to investigate the influence
of the ﬁplical constants and thereby the suitability of the theories. Because
of this intentional roughening our samples are rougher than state of the

art optical surfaces. On the other hand the altogether weak signal uf scattered
light becomes measurable with good accuracy and therefore a comparison with

Lheory is meaningful. The resulls are summarized in section IV.



[1. Theory

The scattering qgeometry is easily explained (see fig. 1): An electromagnetic
wave with a wavelength X (wavevector |k| = 2%] is incident on e moderately
rough surface at an angle Bl to the surface normal and is scattered at the
polar scattering angle 92 and the azimuthal angle 03. The specular direction
15 then described by Ol = 02 and 0} = {l. Since our measurements have been
always carried out .n the plane ‘of incidence, 0} will be zero throughout

this paper.

As mentioned already in the introduction and also by ather authors, e.g.
/11/, basic properties of the scattered light can be roughly derived from

very simple considerations:

1. The phase difference dp which two neighbouring rays undergo when they
are reflected specularly from different levels on the surface, where h is

the height difference (fig, 2), is given by the following relation:

an
A(p:T h cosel
fhis Ay, if small, should be related to the loss of intensity in the specular
direction. For reasons of energy conservation the loss in specularty reflected
intensity should be related to the total scattered intensity T1S (fotal
Integrated Scatter), although a possible additional surface absorption is

neglected in this consideration. We conclude that the (S is a monatonously

rising function of 6/} cas Gl, where o is the mean roughuiess.

2. The grating equation must hold for each single Fourier cumponent of the
rough surface:
A

sin 02 = 8in 0l +m 3 m=+1, +2,

d = "grating"” canstant

From this we learn, that the spread of the scattered intensity over the
different anglan Gb is dependent on d, such that the scattering distribution
becomes broader if d becomes smaller {(ar if the incident intensity is more
grazing). The angular distribution of the scattered intensity I(Cbl will

be a function of A/d and sin 01.
All this has of course to be cunfirmed by s rigorous Lheoretical treatment.
[n order to arrive at that goal, we first have to specify the nature of

the rough surface /13/. lhe coordinstes of the surface shall be r = (x,y,? =
E(x,y)) where £(x,y) represents the rough surface with the mean surface

level at 2z = 0.

The theories which are outlined bere, consider the surface height to be

a random varlable which ts fully characterized by a two-dimensional probabili-
ty distribution p(zl,zz) giving the probability that the surface heights

£ x,y) at two different lateraly separated points 1 and 2 assume values

ll and 12. This distribution is mostly essumed to be isolropic and gauusian

wilh respect to the surface heights. It can then he represented by its vartance

= -z 2
\{2> and the sutocorrelation function C{T) = <E(F) L(F+T)>/<5"> with the



Separation parameter T = |F2-E1 .

the rms-roughness, so that it gives us an information about the roughness

The varisnce is equal! to the sguare of

depth, while the autocorrelation function characterizes the lateral surface
statistics. For two very cluse points correlation should be perfect, C(D) = 1,
while C(1) usually decreases rapidly for randomly rough surfaces with in-
creasing separation T. The value 1 = T, for which C(7)} = l/e, is called

the gutocorrelation length and provides a measure for the mean lateral size
of the surface structures. /{E?;1= 0 and C(1} (ar T) allow a practical descrip-
tion of the surface, which is needed for ensemble averaging in the scattering
theacies. C(1) can well be constructed from several surface height measure-
ments with a prafilometer /12/. Such measurements are of course bandwidth
limited, e.qg. most optical and mechanical stylus profilometers are restricted
to lateral separations > 1 um. C{7) is often given in an analytiral form,
moatly as exponential nr qaussiang

] e_rZ/IZ

€ = e_'d/I or c
e ]

For real surfaces these are good approximstions at best.

Ihe scalar scattering theory /13/ is similar to Kirchhoff's treatment of

the diffraction of an electromagnetic wave € by a plane screen with a hole
/16/. The vector character of the field is neglected. Starting with llelmhaltz's
integral, which relates the scattered field at the far zone observation

paint to the total field (E) on the rough surface, one has to make

surface

proper assumptions about the boundary conditiona (E) and {S§E/&n)

sur Face surface”

This is done by expressing the field in terms of the fresnel reflection

coefficient Ro = li|2 for a tangent plane at each point of the sucface,

which can be done reasonably only when the rough surface is changing its slope
slowly at distances comparable to the wavelength A {"“tangent plane approximation™).
Even with this approximation the Helmholtz integral cannot simply be evaluated
since one does not know the reflectivity Ro(local angle of incidence) at each
microscopic point on the surface. For this reason Beckmann aasumes infinite
conductivity to make Ro = 1 or takes an average reflectivity RD(OI), neglect ing

the local reflectivity variations at each integration point. Finally, lo

obtain the scattered intensity per solid angle element one has to perform

ensemble averaging of the integrals which involves the above statistical
description of the surface. Gaussian height distribution and a pacticular

autocorrelstion function result in the following final expression:

. -q -q _1
T a0 - Rol8)) e "6(8-6,) + R (0)e 2 £(O

[specular lscatter

with

2
9 = M‘A;’Z (cas (-)l + cos 02)2

g determines the convergence

of the series "‘Iscntter'

and

(1 + cos Olcos 92 - gin elsin chus 03)2

3
cos Ql {cos 9l + cos 92)

F0),2,5 =

wm assumes the following expressions for exponential and gaussian autacorrela-

tion functions C( 1):
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where

nyz |E&—Eé|2 = (sinz Eﬁ - 2 gin @1 sin 02 cos 9) + sin? 92)22;
The first term turns out to be the well-known expression R expl-(4rocos ®x/X)2]
which differs from zero only for 92 = 91 (indicated by the d-funct:un) yielding
a reduced specular reflectivity R(Gl) (it is assumed that the light incident
on the sample is a parellel wave). The scattering distributijon lscatter
mainly contains a geometry factor F ("obliquity factor"), a powsr series
containing the surface statistics in terms of wm and a A-dependent factar.
the further factor Ro(el) is the only one in which the scalar theory includes
the optical constants of the material correcting only the 92 = Gl-direction
af the lscatter-dlstrihutian to the proper reflectivity., For very small
roughnesses g (g << 1) higher order terms of the series can be neglected.
ihen lscalter is proportional to Hl, which is the so-called power spectral
density Function (PSD) and can be regarded as the Fourier transform of the
roughness. lThere is some uncertainty in the literature ahout the exact form
of the geometry factor F (compare /2,3,6,13/)}. We took the one also Aschenbach
et al. used /6/ without applying their grazing incidence approximalions.
As a check we numerically integrated the whole dlA!OdD)-distrjbution for
different angles Bl' over the full solid angle Q and always obtained unity

(for R = 1) as expected, which could not be achieved for the other proposed

F-factors.

The above result of Beckmann’s theory proves our previous conclusions 1

and 2: Ispeculur and co?sequently the T15 is only dependent an /% ¢ cos 0[.

- i0 -

The scattering distribution [ still contains both ¢ (ing and T (in W)

scatter
but for grazing incidence their influence can be separated. 0 determines

only the scattering intensity level and T the diatribution shape. ln order

to show this, we have computed equation (1) For an exponential autocorrelation
function applying realistic parameters ¢ and T which are accessible to our
reflectometer. Figure 3 shows that the distributions behyve as expected.

Only, when g becomes large {i.e. Gl < 15°, o/ > 0.5) ¢ has some influence

also on the shape of the distributions.

We are naw turning to the vector scattering theary. In its form which we

use here for comparative purposes /14/ is based on the First order perturba-
tion solution of the tlelmholtz differential equation which shall not be
dealt with in detail here. Since the vector character af the electromagnetic
field is not neglected the incident, Lransmitted, and reflected light may

be polarized and furtheron reflectivities Ro £ 1 are treated more currectly.
fhere is no restriction on the shape of the roughness as it is the case

with the scelar theory. The only restriction ig 0 << A because of the first
order perturbation treatment. [fhis is of course a severe limitation for

soft x-ray wavelengths.

It happens that the result of this theory is quite similar to (1):

4
dl 16n F(0

2.,4q-
1d0 © lspecular * A“ 1,2) 0 Q ul : (2

. _ . 2 .
with F(GI.Z) z €Os Gl cos 02

and the factor Q for s-polarized incident radiation and OS = 0
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2

. 1

Q- |s—1|2 | = 7 !
cos O + /2-sin 01)(cas 62 + /e-ain 92)

Again, the scattered intensity distribution is dominated by the power spectral
density (PSD)-function, a geometry factor (FOBI ;)) and a Factor Q replacing

’
Ro(ﬂ) and contaiming the optical constants (£) and pelarization properties.

Indeed, it turns aut, that in the limit of @ << A, © 91, Q equals Ry and both

2:
theories provide an identical expression. For the specularly reflected inten-
sity |

specular we take the same form as in eq. (1).

In Figure 4 scattering distributions I calculated with eqs. (1) and

gcatter
(2) using the exponentinl autocorrelation function are compared for Gl =

809, » = 100 & and o = 30 A. Vector theory (Q = 1) and scalar theory differ
only for large values of 02 - 91 (away from the specular direction). This

is due to the contribution of the higher order terms in ey. (1} and to the
diffe-ent geometry factors. The other curves show the influence of the reflecti-
vity Ro £ | for glass, the sbstrate we used, and gold. Basically Ru £ 1

results in a decrease of the scattered intensity far 02 < 01 and in an

increase for 02 > Gl compared to the Ro = 1 case.

For materials which have a steep reflectivity decrease at the cut-off angle

this decrease should also be faund in the scattering distribution since

0 is structured similarly to the Fresnel equations.

in summarizing we may state that the vector theary shoutd be preferred for
small roughnesses because of its mare general approach including especially
the "opticai factor" Q. The advantage of the scalar theory is that it is

able to take intu account larger roughnesses as long as 7 is not larger

12 -

than the wavelength. But this may be of crucial importance for soft x-rays

if the investigated surface is not extremely smooth.

Ii[. Experimental results and discussion

The experiments discussed here were carried out with the VUV-reflectometer

/11/ aof the Hemburg Synchrotron Radiation Facility (HASYLAB) at Of£SY. This
instrument is capable of the high precision rotations and kranslations required
for accurate scattering and reflectivity measurements. All measurements

were made with s-polarized light and the scattering distributions were de-
termined only in the plane of incidence. The ingtrument is capable in grinciple
also to measure off-plane straylight and in situ prepared samples under
ultrahigh vacuum conditions. With some modifications also measurements with
light incident in p-polarization are feassible but this option wus‘nnt used

in this investigation.

Two different types of detectors were used for these measurements. For accurate
absolute measurements a photodiode coated with Alzﬂ} cannected to a DC
amplifier was used. An open photomultiplier equipped with a KC1 coated cathode
was used to obtain sngular distributions with good angular resolution and

whenever it was necessary to follaw the tails of the scattering distribution

to very low intensity levels.

The samples were prepared by evaporation of gold Films with different thick-
nesses onto a smooth ar roughened glass substrate. The currently available
dynamical range of our signal electronics forced us to do most of the investi-

gation with artificially roughened samples. This ensbled us to produce different
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types and degrees of roughnesses. Unfortunately at the time when the experiments
were performed, the evaporation in the reflectometer was not possible yst,

s0 that the samples had contact with air before being measured.

Une series of samples was prepared by coating glasa substrates which were
polished with 1 um or 15 um diamond grains (in order to roughen them) with
500 A gold. As our minimum caating thickness 500 R was chosen in order to
avolrd interference effects within the thin films. The thin 500 A gold caating
should repraduce the substrate roughness but not introduce any apﬁreciable
raughness of its own, so that the stray light mainly arises from polishing.
To vonfirm the reproduction of the surface structure by the coating and

to investiyate the influence of the optical constants of the two materials
on the scattered light we also measured in several cases (see below) the

unconted but roughened substrate.

fhe second type of samples was then produced by evaporation of 500 R, 1000 R,
and 2000 A qold onto smooth glass substrates (o = 5 A). With increasing
coating Lhickness the roughnesa of Au incresses and Lhe scattering properties
finally are dominated by the stiuctures of the gold film. Consequenily (e
SN0 A Film on a not re~polished aubstrate is the smoothest sample presented
here. Since the lateral irregularities of evaporated thin films are 'ypically
of the size of the film thickness, we expect the lateral dimensions of the
roughness of the thick Au Films to be smaller than those of the polished

samples.

- 14 -

fhe dotted curves in figs. 5-9, 11 show the experimentally determined scattering
distribut ions log (EZF%ITT; %é) for & samples including the spec:lar reflected
peaks and the incident intensity profile Iy{not shown in all figures). Because

of serjous difficulties not all samples have been measured over the same

variety of parametecs (BI,A). The curves were normalized with respect to

Io' the incident intensily, and each distribution was divided by its corresponding
Fresnel reflectivity RD at Bl 718,19/ ao that the lowering of Lhe peaks with
increasing grazing angle is a direct massure for ¢ and represents the factor

exp (-(4ng cos@l/k)zjof eq. {1). I can be separated very well from

scatter
. . . . . N f1. 5
'specular by comparing the angular distributions with Lhat o 10 ALl curves
exhibit a pronounced dependence on the wavelength and angle of inridence
reasulting in changes of the scattering distributions and their intensity level

with respect to lu and l{GZ:Gl) (the peak intensities of each curve). Further

scattering distributions are given in refs. /20,21/.

Already a first inspection of the experimental curves confirms sume yeneral
trends predicted by the considerations l. and 2. in section Il as well as
trends given by eqs. (i) and {2) of the previous chapter: e.g., fig. & shows
very well that the srattered intensity level increases with ou.reasing wave-
length and with decreasing angle of incidence @1 {see especially the ratio
lspecular/lscatter (0, = 0,} of the experimental curves). Additinnally,
the distribution becomes brnader with increassing wavelength and increasing
91 Just as predicted by the grating analogy. But there are as well some

features of the scattering branches which are not so obvious to understand

e.g. the changes in relative intensity at Ot > 01 to that at El < O].

Comparing aur results ta the scattering theories of section 11 we obtain

best results with the scalar thenry of Beckmann. [n makiny these fits we
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used the fact that the shapes of the distributions are almost independent

of the rms-roughness ¢ as we stated in section II. O was determined from
continous measurements of the specular reflectivity versus 0[ (not shown
here) using the first term of eq, (1). With these 0-values for the different
samples the fits were performed by varying mainly the autocarrelation length
F and the ratio lspecular to lscatter' The letter is determined by the finite
detector aperture ﬂd which was small compared Lo the broad scattering distri-
bution. Since Q4 the solid angle subtended by the effective area on the
photocathode, is difficullt to measure accuralely it was used as the fit
parameter. Fits were made using Beckmann's scalar theory (sg. (1)) with

an exponent ial autoncorrelation function CB(I). The fits are shown as solid
curves in figs. 5-8. The best fits were obtained for the polished samples
(Figs. 6 and 7), especially for the one polished with | pm-diamond paste.

In the latter case it was possible to perform a very good fit with one para-

meter-set o, 1, @, for all curves in fig. 6, and with Q4 70 % smaller than

d
the solid angle determined From the geometrical detector aperturi . Also
Lhe increase of the scattering intensity with decreasing Ol is explained

accurately by eq. (1) for this sample.

For the other suamples nd had to be adjusted differently far each particular
distribution within a Factor 3. for the smooth "500 A-sampie" and the "15 pm-
palished” sample the scalar theory still gives consistent information about

the autocorrelation length T,

The results of all fits with eq, (1) are summarized in table L. The thick
gold films yielded only a reasonable fit for the 1008 R thick films (nat

shown here, see refs. /20,21/) for @, = BO®; in the case of the 2000 A film
1
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(Fig. 8) no really satisfactory fit could be achieved. These samples give
totally different scattering patterns than the other samples. The deduced
T-values can therefare only be understood ss rough estimates. Nonetheless,
they are confirming our expectation thet the gold film roughness yield lateral

structures with smaller sizes than the palishing praocess.

We slso tried to make the fits with a geussian mutocorrelation function
Cg(‘} but the upper part of fig. 9 demonstrates for one sample that the
general shape of the curves evaluated from eq. (1) with Eg(T) is not able
to explain any of the experimental scattering distributions. [his is in
agreement with the experience of other authors, who preferred exponential
autocorrelation functions to explain visible light- or x-ray measurements

/1,22/.

Some features of the measurements, however, remain unuxplaine from eq. (1)
using Ce(t). Ilhe main discrepancy is the high scattering intensity (shoulder)

in the right branch uf all distributions measured for G 70° and h = 10O &.

l=

fhis effect appears to be even somewhat increased for larger rourhnesses o.

In section [I 1t was mentioned thet Beckmann's theory does not include the
effect of the finite reflectivily Ru £ 1 on the scattering distribution

s0 that the theoretical curves of figs. 5-8 have to be modulatecd by an optical
factor. for Elsun's vecler theory such an opticsl Factor (Q) is available.
Since Loth theories have similar structure of the Final snalylical results

we consider here only the possible improvement by applying the veclur theory
{using Ce(T)) for the "l pm-palished" sample which was so well exolained

by the scalar theury {see fig. 6).
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The lower part of fig. ? shown the vector theory calculated for the parameters
a, T, I% already deduced from scalar theory. From this fit it is obvious

that the |. order vector theary is not able to give a better Fit to the
experimental curves than the scalar theory. An attempt to improve the Fit

by varying | gave the result that we had to reduce T from 2500 A (see table 1)
to roughly T = 800 R to get a better fit for A = 100 A. At X = 200 &, however,
the agreement which was better there before disappeared. be suggest that

our samples are too rough to FulFil the necessary condition g << ) for using
the vector theary in the form of eq. (2). This equation is just lacking

the additional terms U (m > 1) which are included in eq. (1).

Nonetheless the optical factot @ of eq. (2) can give us a hint in which

directinn the theoretical curves based on the scalar theory may have to

be correcled. 0(02) has a similar shape as R0 as a function af 01 (see fig. 10).

Consequently the scalar curves should be lowered at the left branch end
raised at the right branch to take inte account the effect of the optical
constants fn; the non-specular directions as required by the . order vector
theory. This can be seen in the thearetical curves of fig. 4 for gold and
glass. to prove this, we have measured alsa uncoated glass substrates which
viere prepared in the same way as our gald coated polisheu samples of figs. 6
and 7 so that the main difference in the scattering process should be the
different Q-factors determined by the optical constants. Comparing both
scattering distributions of fig. 11 clearly shows that the predicted lowering
and raising of the branches really occurs. The amount of this effect is
different for different samples (roughnesses), an abservation which is not

predicted by the L. order Q-factor.
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The drap in reflectivity near the critical angle, which occurs for gold

at 9 =720 (A =100 A), is also contained in Q as a function of 02. i.e.
there is also a similar drop in Q belaw GZ = 72° (see fig. 10)}. We observe
this as an especially pronounced change in slope between the left and right
wings of our 70°-scattering distributions leading even to a shoulder in

the scattering distribution of the thick Au Film in Fig. 8. At X = 200 A

the Q-Factar for gold does not show such a steep decrease but rather a slight
continuous decrease from @, = 90° to O, = 50°. And indeed the experimental

z 2
curves at 200 R do not exhibit that shoulderc,

Thus, the Q-factur gives s qualitative understanding of some af the discre-
pancies between the scalar theory and the experimental curves. The fact
that no consistent (-factor corrected fit for all measurements of one sample
could be found is probably due to the fact that the impurtant condition

a << X, for which the given Q is derived, is not valid.

Our experimental results are in agreement with x-ray srattering measurements
of Yoneda /23/ and athers /24,25/. These authors alse measured a shoulder

or even a pesk at a fixed angle 02 near the critical angle Oc ("Yoneda effect”},
This effect only occurs when 91 is smaller than Oc and i3 roughness dependent
as in our case., Warren and Clarkes /24/ assumed a kind of "dirt layer" to
explain the Yoneda-effect. This appears not to be the complete truth since

the effect occurs also at reasonably clean surfaces as Guentert /25/ and

we have shoun. But to all these authors the Yoneda-effect appears to be

related to the critical angle of total reflection. If the interpretation

of the scattering measurements in terms of Q is correct, there should be

chanyus in the wings aof the distributions for all angles of incidence Ol
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and not only for Gl < Gk. Using an appropriate G-factor, or better a higher
order vectar theory, which is not available yet, the whole scaltering pattern

should become explainable in terms of Nﬂ, f and Q.

Conclusion

We have demnnstrated experimentally, that soft x-ray surface scattering

is a valuable method facr the characterization of surface roughness 1n a

region of leteral Fourier components in the order of 100 & to 1 pm. We were
able to obtain the results by using a new high-accuracy reflectometer using
different photon energies and different angles of incidence. The measurements
covered an intensity range of up to six orders of magnitude. Two kinds of
surfaces with completely different angular distributions of the scattered
vadiation were investigated, cumely artifically roughened samples by polishing
with intermediate grain polish and thick evaporated gold films which are

rough due to the re-crystallization during film growth.

We have analyzed our results with Beckmann's scalar scattering theory which
on the one hand ignores the optical constants of the surface material but
an the otfier hand is not limited to roughnesses with o << i. This theory
yielded a good description of the results on the roughened samples with

an exponential correlation function. The dependencies an anyle of incidence
and on wavelength were correctly reproduced. All spectra could be fitted
reasonably well with one set of values for the mean roughness Gand the

autocorrelation tength T.

- 20 -

fhe vector theory after Elson did not allow to fit the data properly. This

is understandable since it requires 0 << A which probably is not Fulfilled

for our samples. From o comparison of the two theories and their similar
structure a factor Q containing the dependencies on the optical constants

is separable. This factor at least qualitatively explained the large asymmetry
of the scattered radiation relative to the specularly reflected beam which

was not reproduced by the scalar theory.

The roughness structure of thick Au films appears to be quite different.

The scattering curves could not be reproduced with the scalar theoty neither
with an exponential correletion Function nor with a gaussian corvelatiuvn
function. While the different character of the surface structures an polished
samples and on thick vapnur deposited Au films is immediately obwious from the
shape of the angular distributions of scattered light, a better theory should

enable us to extract further information on such surfaces from scattering data.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fag. 5

Fig. &

Frg. 7

fig. 8

Ihe scattering geometry.

fFig. 9
[1lustration of the phase difference A¢ of neighbouring rays
in the specular direction (GE = G&), when they are reflected
at different surface levels due to a roughness step h.

Fig. 10
The influence of the rms-roughness 0 and the autocorrelation
length T on the scattering distribution for grazing incidence.

)

Thearetical curves calculated From scalar theory (eq. (1), [
. scatter

using an exponential autocorrelation funtion (A = 100 R, 9} =0,

Ru = 1).

Comparison of the scalar theory /13/ with the vector theory fi 11
ig.
714/ for different optical materials (0 = 30 R, T = 1000 A,

A = too A, 9} = 0).

Measured scuttering intemsity distributians (divided by R, (91)
and normalized to the incident intensity 10] in the plane of
incldence (9) = D} with a8 Fit by scalar theory {solid curve).

A summary of all fit parameters is given in table 1.

Same as figure 5 for the "1 pm-polished” sample, which was the most

thoroughly characterized sample. [o is the wncident intensity profile.

Same as figure 5 but 15 um-palished” sample.
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Same as figure S but 2000 A thick "rough gold coating”.

Upper part: "Fit" with gaussian autocorrelation functiun (same
sample as in figure 6).
Lower part: fit with the vector theory {eq. (2}) with the same

roughnesa parameters as used in figure 6.

The optical factor of the vector theory Q} (Gl, 02) as a function

of 02 far different optical constunts and different ©, and A values.

1

Since ﬂ(@l, G, = 61) z “0(91) we normalized the curves at 02 =

2
Gl to 1. The influence of the (-factar as shown hece for 0, =

B0® and A = 100 R on the theoretical scattering distribution

{eq. (2)) is shown in Fig. 4.

Combarisan betreen measurements of coated and uncoated polished
samples, which were prepared as similar as possible. The different
optical constants of glass and gold cause characteristic changes
of the scattering intensity. Despite these changes the overall
shape of Lhe distributions from the coated samples closely follow
those of the substrate, which confirms that a thin coating

(500 R Au) does not change the substrate roughness.
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