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The improved spatial coherence of a synchrotron radiation beam was shown experimentally to
stimulate additional diffuse scattering of x rays diffracted from x-ray multilayer mirrors. Although

the large-scalétens of micronsroughness does not affect Bragg diffraction from multilayers, its
presence causes phase shifts at the wave packet front. This leads to partial decay of the coherent
wave packet and creates additional diffuse scattering. Additional scattering from this mechanism
was observed at angles of incidence corresponding to the Bragg and Kiessig maximum angles. The
properties of this scattering caused by large-scale roughness, observed due to improved x-ray beam
spatial coherence, were shown experimentally to be different from those of diffuse scattering
previously reported when the incoming or outgoing angle is equal to the Bragg angle. Typical breaks
in the diffuse scattering intensity due to the standing-wave effect are absent, and there is obvious
asymmetry of the diffuse scattering cross section around the incoming and outgoing angles. Due to
the small angle of incidence, the coherently irradiated area has very different dimensions parallel
and perpendicular to the beam, which leads to the observed scattering being concentrated in the
specular diffraction plane defined by the incident and reflected wave vector002 American
Institute of Physics.[DOI: 10.1063/1.1518131

I. INTRODUCTION the outgoing angle equal to the Bragg angle were observed
Diffuse scattering, which inevitably accompanies Specujndependently by two groups’ A theoretical e'xplanatiorj of
lar reflection, is an undesirable phenomenon that hampers tig€s€ phenomenona was found by extending the distorted
development of x-ray multilayer optics. On the other handVave Born approximatiof®WBA), previously used to cal-
x-ray diffuse scattering measurements provide a useful todtulate diffuse scattering from single surfaéés, the case of
for surface and interfacial roughness studies that has arous&eltilayers? Finally, it is necessary to cite work¥*‘where
much interest in the last decade. A brief survey of scientifi¢he diffuse scattering was studied as a function of the mo-
progress in x-ray diffuse scattering from multilayers startsmentum transfer normal to the specular diffraction plane.
with Refs. 1 and 2 in which the replication of rough We think, however, that much work is still required on
multilayer interfaces was shown to cause resonant amplificshe diffuse scattering technique both from the point of view
tion of diffuse scattering resulting in the observation of aof theory and of experiment. One of the reasons is that dif-
“quasi-Bragg sheet” of diffuse scattering. The earliest ex-fuse scattering experiments are usually carried out at experi-
perimental observations of quasi-Bragg diffuse scatteringnental facilities that were designed for conventional specular
were seen by several groupg. Special features arise in the measurements. But what is sufficient for usual specular mea-
diffuse scattering intensity when the incoming or outgoingsurements proves to be inadequate for a diffuse scattering
angle is nearly equal to the Bragg angle. When the first casstudy of x-ray multilayer mirror§XMMs). In this work we
(incoming angle nearly equal to the Bragg angi@s studied  focus on an important aspect of the experimental measure-
experimentally, the features observed in the diffuse scatter-ments, namely, the spatial coherence of the incident x-ray
ing intenSity were eXplained by the location of the Standingbeam_ Progress in Synchrotron rad|at(($'R) source devel-
wave that appeared as a result of interference of the incider@,tpmem has led to continual improvement of the x-ray beam
and specularly reflected fields. Diffuse scattering features foépatial coherence which, in turn, has increased the require-
ments on the XMM quality, making this problem highly rel-
3Electronic mail: s.v.mytnichenko@inp.nsk.su evant.
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Roughness in XMMs may vary over a wide range of Incident and reflected
length scales from the atomie-(10" °m) up to the macro- wavepackets
scopic (~10 3m). The reasons for the appearance of the
interfacial roughness are also varied. At the microscopic
scale (10%°-10""m) the roughness mainly appears as a
result of the chemical and physical processes which take
place during the XMM deposition. On shorter length scales
reproduction of the roughness at successive interfaces is im-
perfect. But the contribution of roughness on this length
scale to the diffuse scattering cross section is very small, at
least in the case of XMMs.

On a macroscopic scale (10-10 3m) roughness at
.the mFerfaces IS V_Ve” replicated from one layer to another an(filG. 1. Origin of the additional diffuse scattering arising as a result of
is mainly determined by the roughness of the substrate Susistortion of the coherent wave packet front caused by macroroughness. The
face. At the micron and shorter Iength scales, modern sulpature of such diffraction is quite usual. The term “distortion of the coherent
strate preparation technology for XMMs is able to produce grave packet front" was used to emphasi;e t_hat the transverse coherence

. . . . . _component considerably exceeds the longitudinal component. Clearly dem-
surface qua“ty that is practlcally ideal. But unfortunately thISonstrated is the anisotropy of the coherently irradiated XMM area. Due to
is not the case at longer length scales. Moreover, at thesge small value of the incident angle the size of this area in the direction
scales conventional methods of XMM quality control usinglying in the specular diffraction plane increaseslas 6, and can consid-
x-ray tubes are simply unable to detect imperfections. erably exceed its size in the perpendicular direction.

When crystals are used as monochromators the degree of
monochromatizatiofAN\) is usually about-10~4. For the
wavelengthih=0.154 nm (CWK « line) this corresponds to a It is usual to use the following form of roughness corre-
longitudinal coherence length df,~\%AN~1um. An- lation function to model the x-ray diffuse scattering dta:
other important diffraction parameter is. the average track C(r)=o2exd — (r/&)2",
length of the x-ray photon on Bragg diffraction from the
XMM, L_~27/6g, whereris the extinction depth. For typi- Whereo is the rms roughnessy is a coefficient connected
cal XMMs the value oL . is of about 1um. Roughness on a With the fractal dimensiorD=3—h and ¢ is an effective
scale longer than this will not affect Bragg diffraction from cut-off length for the self-affine roughness induced for many
the XMM. physical reasons, including beam coherence. There is some

No specular reflection is possible unless there is an idedliscrepancy in the literature concerning the interpretation of
surface at the micron and shorter length scales. For this range Some authors considéras the characteristic roughness
literature values of the root mean squéms) roughness are length. At the same time other authors point out the impor-
of the order of a few tenths of a nm for typical XMMs. The tance of incident beam coherence.
requirements on XMM quality at longer length scales are not  In the XMM case this discrepancy may be overcome in

Long-range distortion of multilayer J

SO0 stringent. the following manner. It is reasonable to introduce a critical
Nevertheless, because the transverse coherence lengthv@jue L. so that at length scales shorter thip/6, the
given by XMM interfaces are practically ideal ar@(r) can describe
their roughness. Thus, if, is smaller tharlL ., the value of
L, ~AD/2s, L, is not so important and reflects a real property of the

roughness. Otherwisd ( >L.) ¢ instead reflects the value

. . . of L, . In this case radical modifications to the diffuse scat-
whereD is the source-sample distance amis the source : )
tering will be caused by roughness at the longest length

size, the fact that the roughness is on a length scale longer .
than L, and L, does not mean that diffraction from this Scales &L /6p). Moreover, the true specular reflection suf

roughness will be absent. Indeed, the diffraction pattern frorr];ers mosaic like spr.eadmg.- . .
. . . . Numerical modeling of diffuse scattering due to distor-
this roughness will be observable due to distortion of the. .
: . . tion of the coherent wave packet front is beyond the scope of
coherent wave packet frofFig. 1). This phenomenon is | . . .
this work. Nevertheless, proceeding from the general physi-

similar to the well-known observation of a diffuse halo o : "
cal criteria it is possible to make a few remarks concerning
(speckle structupewhen a coherent laser beam penetrate .
ehe character of the scattering from long-range roughness.

through a nonuniform medium.The importance of transvers
coherence increases for the component which lies in thé€l) The cross section of this scattering is directly propor-
specular diffraction plane. This is due to the fact that in this  tional to the specular reflectivity coefficient of the XMM

case the small value of the incident angég)(will cause the at the corresponding angle of incidence. Thus, the scat-
coherently irradiated sample area to increase!)g';\%in the tering discussed is closely associated with the diffuse
corresponding directiofFig. 1). Note that in contrast to the scattering features afy=6g (g is the Bragg angle

values ofL, andL,, transverse coherence can vary over a  previously observed by Kortright and co-workérand
very wide range depending on the experimental setup. Its by Savageet al?

value can amount to tens of microns when a modern SR2) The long length scale of the roughness does not mean
source is used. that the diffraction angles will be small since it is not the
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size of the region of roughness itself but the size of its nm
projection onto the wave packet front that is important:

AG]_"‘)\/LH(), |
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where A6, is the deviation of the outgoing angle, N
from the specular value andis the length of a typical
roughness feature. Since, as discussed above, in the spa- I L
tial range<~1 um the XMM surface and interfaces are : :
ideal, the diffuse scattering discussed must be in a re- 6 200 400 600 0 100 200 300 400 nm
stricted range of angles. So &~3° andA=0.154 nm
the angles of scattering ;< =*0.2°.

(3) Because of the small value of the incident angle the size
of the coherently irradiated XMM area in the direction of
the specular diffraction plane increases las/ 6, and 14
significantly exceeds its size in the perpendicular direc- 12 '
tion even if the transverse coherence components in both 108 B /JL ------ - "J-
directions are comparable. This leads to the diffuse scat- !
tering discussed being concentrated in the specular dif- 0 0 10 20 30 pm 010 20 30 wn
fraction plane.

(4) Since the length scale of long range roughness exceeqs. 2. AFM surface pictures of the fused silica substrate at the submicron
the value ofL . this type of scattering excludes the typi- (uppej and tens of microrilower) spatial scales. The upper picture above
cal intensity dependence on the standing wave phase ugemonstrates a high substrate quality with a roughness dispersiof.af

. . . . nm at the submicron scale. This is not the case at the tens of microns spatial
der the dynamlcal diffraction conditions. The role of scale. Roughness waves with amplitude~af nm and period of~30 um

Bragg diffraction is V?W_Simple: thiS_WDE_OT scattering is gre easily observedThe spikes in the lower picture are an artifact caused
presented when the incident beam is efficiently reflectedy dust particles on the sample surface.

and otherwise it is absent.

2008
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This article presents experimental data for x-ray diffuselll- RESULTS AND DISCUSSIONS
scattering from a W/Si XMM that depends on the spatial  The diffraction maps of the first Bragg reflection from
coherence of the incident beam. the W/Si XMM are shown in Fig. 3. The measurements were
performed in the vertical plane so that the crystal monochro-
mator, XMM and the secondary crystal collimator (GEL)
were placed in+,+,+) geometry. The vertical angular reso-
The WI/Si XMM was deposited by magnetron sputteringlution was determined by a crystal collimater15—18 in.).
onto a flat fused silica substrate. The substrate was preparddhe vertical component of the transverse coherence was es-
by nanodiamond polishirtg followed by ion bearlt polish-  timated to have a value of about/n. The maps represent
ing. It should be emphasized that the surface of the substrasgets of transverse scafe scan$. 6,— 0;~0q,/k6fg, where
used here is of the highest quality. The rms roughness was, is the in-plane projection of the momentum transfer knd
0.3-0.4 nm according to x-ray reflectivity data and the flat-is the wave vector, is plotted parallel to thkeaxis and the
ness was 250 nm/2 cifi.e., ~ 10~ °) according to interfer- total angle of diffraction §,+ 68,~q,/k) is parallel to the
ometry data. However, we studied the surface of a typicalertical axis. Theq ranges of the upper map are3.7
substrate using atomic force microsco(dFM). The data x10 3nm 1<q,<+3.7x10 3nm ! and 4.13nm<q,
obtained are shown in Fig. 2 and one can clearly see thec4.42 nm ®. Specular scans correspond to the vertical lines
presence of “roughness waves” with amplitude efL nm  at §,— 6,=0.
and period ofd~30um. For the upper map in Fig. 3 angular resolution-aJ.05°
The number of bilayers forming the XMM was 200. A in the azimuthal direction was provided by a set of slits and
least-squares fitting of the x-ray reflectivity date=0.154 the diffuse scattering signal was integrated owggrin the
nm) was performed to calculate the XMM optical parametersrange of —2x 10 2nm™ 1< gy<+2X 107 2nm 1. In the
using Parrat’s recursive dynamical metH8dhe XMM pe-  case of the lower map in Fig. 3 a knife was inserted to block
riod was 1.47 nm ¢z~ 3°), 8~0.5 ando~0.6 nm. This last  scattering in the specular diffraction plang,&0) and the
value reflects both the roughness and the presence of mixedrresponding integration range was reduced -dl
layers. X 10" 2nm~t<gy<+2x10 ?nm"*. The dynamical ranges
X-ray diffuse scattering measurements were performedf the measurements were different for these maps:
using SR from the VEPP-3 storage ring at a wavelength~10°— 1 for the upper map ane- 10>~ 10" for the lower.
A=0.154 nm. A channel-cut &ill) crystal was used as the The horizontal streaks in Fig. 3 are the quasi-Bragg scat-
monochromator A\/A~2Xx10"%) in all cases. A scintilla- tering due to the coherent replication of roughness from one
tion detector based on an FEU-130 photomultiplier with alayer to anothef.Note that because of the experimental ge-
Nal(Tl) scintillator was used. Other experimental details will ometry, the vertical streak in the lower map is not the true
be described as appropriate below. specular scattering. This “quasispecular” diffuse scattering

Il. EXPERIMENT
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FIG. 4. Intensity distribution of the diffuse scattering along the inclined
streak corresponding t@,= 6g in the upper map of Fig. 3.

+0.1

short-range(<1 um) roughness dominates in this case as

6.2 opposed to in our case. As a result the diffuse scattering
features observed in Ref. 5 show evidence of standing-wave
effects as breaks in the diffuse scattering intensity. In our

6.1

data this effect only becomes apparent as an inclined light

streak in the case of the lower map in Fig. 3 where the

diffuse scattering discussed provided by the long-raige

xm) roughness was suppressed. In the upper map the contri-

bution of macroscopic-scale roughness dominates and this

iEaia b effect is not visible.

5.9 It is necessary to point out the evident asymmetry of our
data in the intensity of the “incoming” §,= 6g) and “out-
going” (6,= 0g) streaks. In our case the incoming streak is

5.8 absolutely dominant, in contrast to in Ref. 5, where these
-0.05 0.0 +0.05 features have approximately equal intensities. This difference
& - 6, degrees is not accidental and can be qualitatively explained using
basic physical principles. The symmetry of the diffuse scat-

FIG. 3. Diffraction maps of scattering from a W/Si XMM near the first taring cross section relative to exchanging the incoming and

Bragg reflection obtained using a three-crystal diffractometer. The intensity . . . :

is shown on a logarithmic scale. The main distinction in the experimentalomgomg angles QO‘_) 01) is known as the reciprocity

setup of these maps was that in the case of the lower map the diffustheoren and is an indispensable exclusive attribute of the

scattering signal close to the specular diffraction plane was excluded by thBorn (including DWBA) approximation. The forced conser-

use of an additional shield. vation of the incident wave energy and violation of the opti-
cal theorem by the Born approximation provide this symme-
try. Thus, when energy dissipation through the incoherent

is another dynamical effect in the diffraction from the roughdiffuse scattering channel can be neglected, the diffuse scat-

XMM. Mention of this effect can be found in Ref. 15. The tering data should reveal the symmetry discusggtbtoab-

diffuse scattering under discussion is seen as inclinedorption as another important channel is omitted in this dis-

streaks. This scattering is most strongly pronounced at incieussion. This situation was realized in Ref. 5. The long-
dent angles near the Bragg angle. The rest of the inclinedange roughness essentially increases the diffuse scattering
streaks are due to Kiessig modulations. The absence of ireross section(the incoherent diffuse scattering channel is
clined streaks in the lower map demonstrates well that thelominant in our cageand, consequently, causes breakdown
diffuse scattering discussed is concentrated in the speculaf the Born approximatiof® Finally, the weak presence of

diffraction plane. the outgoing streak in Fig. 3 can be explained by the higher
It is very interesting to compare our data with those ob-dynamic range of the measurements of Ref. 5.
tained from a W/C XMM by Kortrighf As mentioned Figure 4 shows the intensity distribution along the main

above, the diffuse scattering discussed here and that olnclined streak of the discussed diffuse scattering in the up-
served in Ref. 5 are closely associated. They are described Iper map of Fig. 3. The angular range of the diffuse scattering
the same term-R,T; in the DWBA® and have an entirely is in rather good agreement with the above estimate. At
dynamical nature. Nevertheless, within the context of thigoresent we are unable to give a complete explanation of the
article the situation realized in Ref. 5 is opposite to our situ-origin of the distinct asymmetry of the intensity distribution.

ation. The reported high value of the incident beam angulaNevertheless, it is interesting to note that in the case of the
spread~0.1259 leads to a low value of beam spatial coher- Kiessig streaks the diffuse intensity is symmetric with re-

ence. Thus, it is reasonable to expect that the contribution adpect to the specular reflection. This fact allows one to con-
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FIG. 6. Experimental setu@) in the normal vertical geometrigource size
about 250um, transverse coherence value abouu®) and (b) in the
. . . _horizontal geometnfsource size about 3 mm, transverse coherence value
FIG. 5. Map of the scattering near the first Bragg reflection from a W/Si4,q ¢ 5.m). In (b) the diffuse scattering due to coherent wave packet front

XMM for incident angle exceeding the Bragg angle by a value of 0.1°. Theistqrtion must be either absent or substantially suppressed, and this is what
map was obtained using an image plate. The horizontal axis is the azimuthl pserved in Fig. 7.

angle,p~q, /K, and the vertical axis is the deviation of the total scattering

angle @p+ 0,~d,/k) from 26z . The intensity is shown on a logarithmic

scale. The dynamical range of the measurements was of abbufThe

extended horizontal streak in the center is quasi-Bragg scattering. The upp&ragg angles were observed. These features were explained

spot is the specular reflection located at the intersection of two streaks: thgs an experimental artifact connected with the use of a
hprizontal stre_ak is_the quasispecular scattering and the vertical streak is ”Eosition-sensitive detector. We also observed similar inclined
diffuse scattering discussed. . . .
diffuse streaks in the study of a Ni/C XMNM. The unex-
pected features in the diffuse scattering disappeared during
low-temperature annealing that was accompanied by a
clude that the asymmetry discussed is caused by wave exaosaic-like widening of the specular reflection.
tinction under dynamical Bragg diffraction from the XMM. Although the above experimental data are in good agree-
Another type of map obtained using an image plate isment with the suggestions made, more direct proof of the
shown in Fig. 5. The secondary crystal collimator was notsuggested nature of the observed diffuse scattering would be
used in this case. The angular resolution in the azimuthahe dependence of the scattering intensity on the magnitude
direction of about 0.02° was provided by a set of primaryof transverse coherence. Assuming the undulating character
collimators (100x100 um?) placed in front of the XMM. of the long-range roughness, an estimation of the critical
The vertical component of the transverse coherence was egalue of transverse coherence can be obtained by
timated to be the same as in the previous case. The horizontal L ~dowa
axis in Fig. 5 is the azimuthal anglep=q,/k), and the ¢ o
vertical axis is the deviation of the total scattering angleand at6y,~3°, A=0.154 nm andd~30um, the value of
(6o+0,~0,/k) from 26g. The g, range in Fig. 5 is L.~0.5um.
—0.43 nm‘1<qy<0.43 nm!. The diffuse scattering dis- The spatial characteristics of the VEPP-3 SR source al-
cussed is presented in Fig. 5 as the Kiessig modulated vertiowed us to perform such experiments. The vertical §ies-
cal streak. Note that Kiessig modulations of the scatteringrendicular to the orbit planef the electron bunch is about
were not observed in the case @)= 6g (Fig. 4). Obviously, 250 um and the horizontal size is about 3 mm. Thus by
their absence in Fig. 4 is caused by wave extinction due toneasuring the diffuse scattering in the horizontal pléFig.
dynamical diffraction. Finally, the data in Fig. 5 allow one to 6) it is possible to considerably worsen the transverse coher-
conclude that the inclined streaks of diffuse scatteringence of the incident beam. In the experiment the source—
present in Fig. 3 are not an experimental artifact caused bgample distance was about 16 m and the entrance($06
the use of the secondary crystal collimator. mm) were placed in immediate proximity to the sample. The
It is possible that the scattering discussed was observeansverse coherence values were about 5 andufndin
more than once in the literature. In Refs. 10 and 11 the aziFigs. §a) and(b), respectively. The secondary sl{te00 xm)
muthal dependence of the diffuse scattering from a W/Sivere placed 0.4 m from the sample. The total angular reso-
multilayer was studied and a “hump” near the specular dif-lution of the measurements was about 0.0EiYy. 6(a)] and
fraction plane was observed. This feature was explained as@015°[Fig. 6(b)]. The main goal of the experiment was to
cross-correlation effect. At the same time the authors cargperform comparative measurements of the specular and dif-
fully stated that this explanation has a preliminary characterfuse scattering intensities.
Another example is the small-angle diffuse scattering study The experimental datéFig. 7) demonstrate the differ-
of an AlAs/GaAs superlatti¢® where intense diagonal ence in diffuse scattering behavior between the vertical and
steaks in theg,—q, diagram corresponding to the incident horizontal measurement geometri€sg. 6). As can be seen
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10° T | (3) SR studies of XMM microroughness necessitate the use
of unusual experimental diffuse scattering geometries
that allow one to avoid measurements of diffuse scatter-
10 - - ing in the specular diffraction plane.
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