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Abstract

X-ray scattering measurements at 10 keV from multilayers having a period of 24.8 ~
and consisting of 100 W/C bilayers are reported. Specular scans revealed fwst-order
reflectivities in the range 73.5% to 78.0% with bandpasses in the range of 1.5% to
1.7%. Total roughness (or interface grading) values deduced from fitting to the specular
data only were in the range 2.5 to 3.0 ~ for the last-to-grow surface of the W layers.
Diffuse scattering measurements were made in a geometry that permitted
investigation of in-plane momentum transfers up to 0.17 ~-1. This is roughly an order
of magnitude larger than is possible in conventional rocking scans. Reasonable fitting
results were obtained for an in-plane correlation function that has a Fourier transform
prupI”LICMYdl lU Gip(-vqy

and jth interfaces and qYis

—..-—- A: ---l ._ -..—/ ..— 2 Iq – ;il), where zi – zj is the average separation between the ith
the in~plane momentum transfer.

Introduction

Multilayer optics are useful as monochromators and anaIyzers for synchrotrons
radiation bean-dines. The angular acceptance and energy bandpass fall into an entirely
different class when compared to those availabIe with crystal optics. Typical bandpass
values for multilayers are one thousand times larger compared to crystals. 1 The
angular acceptance and energy bandpass can also be tailored by growing either fewer
layers for wider bandpasses or more for narrower ones. Largely because of their
roughness, continuously sputtered films are limited to a thickness slightly less than 10 ~
and for this reason, Bragg angles of the first-order reflection for hard x-rays are a few
degrees at most. As part of a project to produce a cooled monochromator optic for the
Cornell High Energy Synchrotrons Source (CHESS) ,2 a detailed study of the scattering
properties of a set of W/C multilayers was made at the CHESS F3 beamline. Multilayer
coatings were DC magnetron sputtered in the deposition facility of the Advanced Photon
Source (APS).3>4



2

Samples and Specular Scattering

Multilayers were grown on two Si substrates. One was 2.5 mm thick with a
surface roughness in the range 4 to 5 ~, and the other was 0.5 mm thick with a surface
roughness of in the range 2 to 3 ~. Roughnesses were measured with a WYKO TOPO
3D/2D instrument (5x objective) at the APS. The basic diffraction properties were quite
similar, as shown in the Table.

Table. Performance of W/C multilayers ( 10 keV)

substrate first-order bandpass
reflectivity

2.5 mm thick Si 74% 1.7%
0.5 mm thick Si ‘7890 1.570

Other results for the two substrates were not substantially different and we will
not distinguish them subsequently, although all data presented below are for the thin
substrate. A specular scan is shown in Fig. 1 together with two fits to the data made
using the IMD software package.5 To obtain the fits, the data were normalized to the
incident flux as measured with an ion chamber without a sample in place and were
convolved with a Gaussian resolution function corresponding to the angular divergence
(vertical) from a bending magnet at CHESS, namely, CT= 0.0024 deg. This value of the
resolution fbnction was corroborated in the fitting because larger values broadened the
first and second-order peaks (especially as seen on plots where the intensity is plotted on
a linear scale). A value of 9.2 ~ was used for the W layer thickness and that of 15.7 ~
for the C layer thickness. The interface profile function used for all interfaces was an
error function (see ref. 5). The fits were quite sensitive to the roughness of the W layers
(i.e., at the top of the W layers or, in other words, at the last-to-grow surface) and were
insensitive to roughness of the amorphous carbon layers. For the fit shown in Fig. 1a, a
value of 3 ~ was assumed for all interfaces. Dramatically poorer fits resuked for W
layer roughnesses less than 2.5 ~ or larger than 3.0 ~. As shown in Fig. lb, almost the
same fit is obtained by assuming that the C layers are rougher (increased from 3 ~ to
4.5$ and compensating the effect of this increased ro~ghness with a slightly decreased
roughness for the W layers (decreased from 3 ~ to 2.5 A) . Consequently, our results are
not as definitive regarding the roughness of the Iast-to-grow surface of the C layers.
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Diffuse Scattering

Interface roughness in multilayers is a topic of not only fundamental interest since it
relates to fundamental growth mechanisms but also of technological interest since it
limits the performance as x-ray reflectors.’ A present technological driving force is for
shorter period multilayers since usefulness is extended to higher x-ray energies, and this
implies a concomitant interest in ever shorter interface length scales.

Conventionally, diffuse scattering experiments are performed by rocking the
sample in the diffraction plane8’9(i.e., about an axis that is normal to the diffraction plane,
as shown in Fig. 2a), and this method has been applied to the study of W/C
multilayers. ‘0’11However, because either the incident beam or the scattered beam
becomes grazing, this method is limited to lateral momentum transfers of -0.02 ~-’ ( a
value that applies to our samples for the second order). Analyses near the total external
reflection angle are complicated because it becomes necessary to use the distorted wave
Born approximation (DWBA) instead of the simpler Born approximation (BA).8 Also,
the occurrence of multiple scattering in such rocking curves makes the use of the
DWBA necessary. 12These complications can be avoided and momentum transfers
roughly an order of magnitude larger can be investigated if one uses a scattering
geometry whereby the sample is rocked out of the diffraction plane by an angle ~ about
an axis that lies in the diffraction plane and in the surface plane of the sample , as shown
in Fig. 2b. We note that for the case of diffuse scattering studies done by taking
rocking curves (see Fig. 2a) in a vertical scattering plane, slits for the horizontal
direction are typically kept wide open so that one must integrate over qY before making
comparisons to theory. However, for the presently used geometry the reciprocal space
directions are reversed. Because the resolution in q, in our case is very good
( 0.00006 ~-1 ), we have a point-like resolution in qX.

Scanning in reciprocal space was done with SPEC software13 using the relations
listed in the Appendix. We note that the angle of incidence, CGnC,and the angle of

scattering, ct~C~tt,( both defined with respect to the plane of the surface) were kept
constant during qY scans. This geometry is different than that used by Salditt et al. “14
for W/Si multilayers to measure scattering at large in-plane momentum transfers. These
workers used a specialized goniometer to rotate a vertical position-sensitive detector
azimuthally with the multilayer kept stationary. q. scanning in that case was
accomplished by reading out the position dependent detector readings. qZscanning in

our case was accomplished by a conventional 6-2e scanning procedure where (3and 20
are defined within the diffraction plane. These scans were always done for a symmetrical
arrangement, i.e., the scattering angle, (20), was always equal to twice the 0 angle. Our
geometry was implemented using a conventional Eulerian cradle. The resolution volume
was calculated and also measured. At low z (i.e., at low qY), q~ resolution was
determined by the vertical divergence from the bending magnet, which was characterized
by a Gaussian with a value of 0.0024 deg for o as discussed above. At low ~, qY
resolution was determined by the horizontal divergence and by the slit settings, and we
calculate a value of 0.009 ~-’. This value is consistent with a measured value of
0.01 ~-[ obtained from qYscans. A clear change from a specular scattering regime to a
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diffuse scattering regime was visible in qYscans atqY=0.01 ~-1 . At large ~‘s , q, and qY

resolutions become interchanged from those at low ~.
q. scans at various qY’swere performed. Data obtained at qYvalues of 0.10,0.11,

0.12,0.13,0.14,0.15, 0.16, and 0.17 ~-’ are shown in Fig. 3. These best fit results to the
diffuse scattering data were obtained with 0=2.4 ~, v=2.2 & W layer thickness= 10.0
& and C layer thickness= 15.0 ~.

Fits to the Diffuse Scattering Data

The roughness of an isotropic surface is conveniently characterized by the height-height
correlation function, C(x,y)=<z(x,y)z( O,O)> , an ensemble average over all pairs of points
separated by (x,y) . For multilayers one has as well cross correlation fimctions, Ci,j, where i,j

refer to two interfaces. The buried interfaces in a multilayer can be probed and their correlation
functions can be investigated by means of diffuse x-ray scatterin .5-10’13’14The scattering
function for a multilayer in the Born approximation is given by, F

where

Eq. 1

Eq. 2

Here x and y are coordinates in the average surface plane and z is normal to this plane, i

and j are multiIayer interface indices, and Ap is the eIectron density contrast at an
interface. Here R2 =x2+f. We note that if the exponent is expanded, i.e. if one makes
the small roughness approximation, Eq.3 reduces to the Fourier Transform of the

correlation function. In applying Eq. 1 we ignored absorption, and only the sign of Ap is
carried forward in the sum in Eq. 1. ( The absorption length at 10 keV in W is 5.5
microns, whereas the total effective thickness of tungsten in all 100 bilayers at the
grazing angles involved is 4 microns at the fwst order and less for the higher orders.) The
fits were all normalized to the data at the peaks of the first orders.

We have obtained the fits shown in Fig.3 with the following
expression:

Eq. 3
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Here q?= q~~~+qY2. This function is consistent with results of Salditt et al. for W/Si
mukilayers ‘ and is consistent with the Edwards-Wilkinson differential equation
describing the thin-film growth in 2+1 dimensions. 16

Summary

Tungsten/ carbon multilayers with high reflectivities of 73.5% and 78% and
with bandpasses of 1. 59Z0 and 1.7!?t0have been grown in the deposition facility
located at the Advanced Photon Source. Total roughnesses in the range 2.5-3.0A for the
amorphous W layers (i.e., at the top or, in other words, the last-to-grow surface of the W
layers) were obtained from fits to specular diffraction data. Because of the insensitivity
to the roughness of the C layers, a similarly definitive value for the roughness for the C
layers was not inferred. Diffuse scattering data were obtained in a novel geometry
implemented using a conventional Eulerian cradle out to in-plane momentum transfers of
0.17 ~-i. Reasonable fitting results were obtained for an in-plane correlation function that
has a Fourier transform proportional to exp(-vqY2 IZ – zjl), where zi – zj is the average
separation between the ith and jth interfaces and qYis the in-plane momentum transfer.
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Appendix

Summary of formulas used by SPEC:

SiIIC(inc = sine cos~

sincx~Catt= sin((20)-6)cos~

L=qz= ~(sin @+ sin((2(l) -O))COSx

a

2Z (Cose - cos((2e) -e))K=qx=—
a
2X

H=qy= —(sin 6 + sin((26) -$)) sin ~
A
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Figure Captions

Fig. 1. Specular (q,) scan at 10 keV for the 100-period W/C multilayer showing the total
external reflect ion region as well as both frst- and second-order peaks. The same data are shown
as filled symbols in both (a) and (b). Fits are shown as lines. The fit in (a) was made for the
following parameters: bilayer period=24.85 ~, W layer thickness= 9. 19A, C layer
thickness= 15.66 & Si substrate roughness= 3.0 ~ , roughness of the W layers (the last-to-grow
surface) = 3.0& roughness of the C layers (last-to-grow surface) = 3.0 ~. The fit in (~) was
made with the same parameters as in (a) but with the roughness of the W layers = 2.5 A , and the
roughness of the C layers = 4.5 &

Fig.2. Scattering geometries used to measure diffuse scattering. (a) Conventional rocking
method. The view shown is a side view of the diffraction plane in which the sample is rocked. qX
is the component of the in-plane momentum transfer that is measured. The range that is
accessible is limited because either the incident beam ki~C,or the scattered beam, kSC~&,quickly
reaches a grazing condition. (b) The geometry used currently. The diffraction plane is viewed

end-on, and the multilayer is rotated by an angle ~ using a Eulerian cradle. We note that we used
a vertical scattering plane and that specular diffraction data was obtained with ~ set to zero.

Fig.3 q. scan data for qY values of 0.10,0.11,0.12,0.13, 0.14,0.15,0.16,0.17 ~-l. For clarity
the data points are not shown but the lines connecting them are. The scans are offset by one
decade for clarity. A background count rate of 16 cps was subtracted from the data. Fits to the
data are also shown and were separately normalized to the data at the peaks of the frost order

Bragg reflections. Values of G = 2.4 ~ and v= 2.2 ~ were used for all interfaces.
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