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Speckle in coherent x-ray reflectivity from S(111) wafers
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We report the observation of x-ray speckle in the reflected beam fr¢hi Biwafers illuminated at grazing
incidence. An intense coherent 8-keV x-ray beam was prepared using a wiggler source and multilayer mono-
chromator optics. We demonstrate that the speckle patterns are specific to the region of the sample that is
illuminated. From the trade-off between surface sensitivity and signal as a function of perpendicular momen-
tum transfer, we infer that the speckle is due to the surface morphology on a micrometer length scale. We
document and explain the evolution of the speckle patterns from nearly speculargt towwighly structured
at largerqg,. [S0163-182607)08536-9

When a beam of coherent electromagnetic radiatiorters. Wavelengths in the x-ray range must be used to be
traverses a region that introduces random phase differenceensitive to these imperfections, in any case, and very high
across the wavefront, whether by transmission through aresolution is also required to reach the necessary lateral dis-
inhomogeneous medium or by reflection from a rough surtances.
face, the resulting intensity distribution, observed far from X-ray reflectivity is a well-known method of measuring
this region, will have a granular nature commonly referred tosurface roughneds’ An ideal surface follows the Fresnel
as “speckle.” The detailed speckle pattern in the far fieldlaw with a specular reflectivity that falls off with momentum
can be constructed using Huygen’s principle and gives rise ttransfer,q, as 16*. The reflectivity of a rough surface drops
a Fraunhofer diffraction pattern. This pattern contains desmore quickly and displays a diffuse component in addition to
tailed information about the structure of the region. In thethe specular parf This nonspecular component is related in
case of reflection from a rough surface, the random phasan average way to the roughness on the surface. If the sample
changes are caused by differing heights across the surfageere illuminated instead by @herentx-ray source, then the
and thus its speckle pattern contains information about iteonspecular diffuse component would exhibit fine structure
morphology. Prior to the development of insertion devicesinstead. This fine structure is a speckle pattern that we will
such as wigglers and undulators at second- and thirdshow to be related to the specific morphology of the illumi-
generation synchrotron radiation sources, experimental technated portion of the surface. At grazing incidence the foot-
nigues that make use of speckle were limited to opticaprint on the sample is highly elongated along the beam di-
wavelengths using lasers. The large brilliance of these newection, so the CXD experiment will yield specific
sources translates directly into coherent flux and has led tmformation about the surface on a micrometer length scale,
the recent success of coherent x-ray diffractig@XD) but with a field of view extending several hundred microme-
experiments~’ These have shown the utility of x-ray ters.

speckle to study both static structbife®and dynamics®’ of In this paper we report the observation of fine structure in
condensed matter systems on length scales inaccessible the reflectivity from several §111) wafers illuminated by an
visible light. intense coherent x-ray beam. We demonstrate that these fea-

Highly polished surfaces are widely used as ideal dielectures are a specific function of the illuminated region by
tric boundaries in optics, not only in the visible part of the observing them change as the beam is scanned across the
spectrum, but also for x rays. For example, to reflect ideallywafer surface. We attribute this “speckle” to the surface
the surface of a mirror must be “optically flat,” meaning it morphology from its uniqgue dependence on momentum
must deviate from planar by significantly less than one wavetransfer.
length of the light used. If this were not true, then its imper- A CXD experiment requires a spatially and temporally
fections could be “seen.” For different reasons, for Si wa- coherent beam of sufficient flux to gather data in a reason-
fers to be useful for fabricating electronic devices, theirable time. As is well known, the transvergspatia) and
surfaces should be microscopically flat within angstromdongitudinal (temporal coherence lengths from an incoher-
over the length scale of a typical device, namely microme-€nt source are related to the source size and frequency band-
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FIG. 1. Sketch of the experimental setup used for the coherent 0 ——T——r—7—T1T 7

x-ray reflectivity experiments described in the text. 800 [ q =01 Al
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width, respectively. A transversely coherent beam at the 400 |
sample position can thus be obtained by placing an aperture, 200 L
with a size smaller than the transverse coherence length, in ol
the beam just before the sample. The parameters for the X25 — _15'00'_1600' _5'00 ' 5 ' 550 ' 10'00 ' 15'00
beam line at the National Synchrotron Light Sou(BESLS) = 20 [urad]
yield a transverse coherence length of @® at the sample § 300
in the vertical direction and roughly am in the horizontal a L d) qz=0,1,&'1
direction? In order to insure a spatially coherent incident Z 200[
beam, a pinhole of nominal diameters®n was used. § -

The restriction on the temporal coherence in a CXD ex- £ 100[
periment is that the maximum optical path length difference %’ i
(PLD) among the scattered rays does not exceed the longi- 8 T T 71 7 7
tudinal coherence lengtf,n,=\E/AE, determined by the g 1500 -1000 -500 O 500 1000 1500

energy bandwidthA E/E, of the source and optics. The PLD o[urad]
between two scattering regions in the specular configuration
depends on their surface height difference and on their lateral FIG. 2. Scans of the analyzer aperture in th2¢ direction
separation. We estimate a maximum PLD-~080 A.1° Sig-  (a,b,c) showing “speckle.” The beam was moved along the beam
nificantly, the PLD does not depend on the penetration of théirection by 20% of its footprint size between scaasand (b). (c)
X rays into the bulk as it does for “bulk” CXD experiments. Result of a large movement of the beam toa dlfferen_t area of the
This has allowed us to use multilayer optics WitVE/E sample(d) Scan of the aperture perpendicular to &9 direction.
~1.5% giving §jong~100 A. Although longeréong Values
are possible with crystal optics, the use of multilayers has the(c)]. This demonstrates that the speckle patterns are indeed
advantage of 100 times more fl(&x 10° photons/s through sensitive to thespecific arrangement of scattering regions
our 5 um pinhole while providing adequate longitudinal within the illuminated area of the sample. If this same scan
coherence to observe speckle. had been performed with an incoherent incident beam, it
Figure 1 illustrates the experimental setup. The beam inwould have resulted in only a smoothly varying diffuse scat-
cident on the sample was defined by auBn aperture tering profile. This profile could in principle be constructed
mounted on ax-y translation stage capable of submicrome-by averaging the independent speckle intensity distributions
ter resolution. The distance from aperture to the sample waffom many scattering domains.
100 mm. An analyzer aperture, used to scan the reflected While the scans in the@direction revealed a rich speckle
beam, was mounted on the two-theta arm of a four-circlestructure, scans of the analyzer aperture in the horizontal
diffractometer(main axis horizontalat a distance of 1.25 m direction showed little structure beyond a single peak whose
from the sample via a secondy translation stage. Vertical width corresponded to the Fraunhofer diffraction from the 5
and horizontal analyzer scans of the.t direct beam with-  um incident beam pinhole alone. Figuré&d? shows a scan
out a sample yielded the expected Fraunhofer-like diffractioracross the most intense peak in Figc)2in the direction
patterns, verifying the lateral coherence. perpendicular to & The explanation for this apparently one-
Figure 2 shows typical speckle patterns seen in the redimensional behavior lies in the extreme asymmetry of the
flected beam from a §i11) wafer with a perpendicular mo- incident beam footprint on the sample due to its small angle
mentum transferg,, of 0.1 A~* using a 20um analyzer of incidence® If the spatial extent of the features that give
aperture. Repeated scans made without moving the sampliise to the speckle pattern is greater than the width, yet
reproduced this result, but moving the beam to illuminate amaller than the length, of the beam footprint on the sample,
different region of the sample resulted in dramatic changes ithen the resulting speckle pattern will be the mutual interfer-
the number and positions of the peaks, as illustrated. Movingnce function of a linear array, as observed.
the illuminated region byessthan the beam footpriftom- Speckle patterns arise when there is interference between
pare Fig. Zb) with 2(a)] resulted in small changes, mainly of scattered beams that have been somehow phase shifted in
relative intensity, while translating the beam to a completelytheir reflection from different regions of the sample. If we
different area changed the speckle pattern compldfély.  consider that the surface will have a spatially varying height
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FIG. 3. Scans in th&24 direction of the same silicon wafer at 0 J e R APt
(@ q,=0.05A"! and (b) q,=0.09 A~! demonstrating the in- _1500 -1000 -500 O 500 1000 1500
creased sensitivity to roughness at larger perpendicular momentum A28[urad]

transfers. Fourier transforms of the intensity distributigimse)
have been fit with exponential functions of decay length8in

. : FIG. 4. A26 scans of three different $111) wafers. Each shows
(a) and with 0.035um and 1.24um in (b).

a different thresholdy, value for the onset of speckle, indicating

. . . that each has a different roughness.
function,h(x), we find that the relative phase of the reflected

wave at a giver, is just equal tag,h(x). Assuming that all  pehavior with only a few speckles present, while cgt
parts of the surface reflect with the same amplitude, the scat= 09 A-1 it shows strong fine structurgig. 3(b)]. This
tered amplitude in the one-dimensional case will be proporsypports our prediction of increased sensitivity to surface
tional to roughness at large, .
42 The above argument predicts that a sample_ of roughness
A(QH)ZJ explig,h(x))exp(ig,x)dx, Oms (ON the_ length scale of the beam foot_p}lmtlll have a
—dr2 characteristic threshold,= 7/ o beyond which pronounced
speckle will appear. We therefore examinedl$l) wafers
from different sources with very different roughness values,
s measured by stylus profilometry. The surface in Fig) 4
as a well-developed speckle pattern already gt
=0.04 A1 indicating its vertical roughness is on the order
of 80 A. The sample in Fig. @) that exhibits speckle at,

. o (dr , =0.09 A~ would have vertical roughness of about 35 A
A(qu)w3|n(qud/2)/q”+|qu7d/2h(x)exp(lq“x)dx. and the sample in Fig.(d) that remains specular tq,
=0.2 A~1 has roughness less than 10 A. The rms roughness
In this approximation the scattering amplitude splits intovalues determined from the profilometer data for the three
“specular” and “diffuse” components just as in the situa- samples of Figs. &) and 4c) were 65, 26, and 11 A, re-
tion of classical x-ray reflectivity’ Here the distinction be- spectively, in good agreement. Roughness on finer vertical
tween the two components is less clear because they botbngth scales can be probed by observing speckle further out
have peaks of the same width @j. If Ah represents the in q,, but at a cost of total intensity. The present arrange-
maximum height excursion across the illuminated regiorment allows us to follow the reflectivity curve out to about
theng,Ah< is the condition for the specular term to domi- 0.2 A~ before we run out of signal. Third generation undu-
nate, since the phase differences will be too small to causkator radiation sources with their large increase in brilliance
destructive interference. The intensity is then just a modifieghould greatly increase the rangecgfthat can be explored
version of the direct beam’s Fraunhofer pattern. On the othensing this technique.
hand wherg,Ah= 7, destructive interference starts to occur  The speckle pattern also contains information about the
between scattering regions leading to richly structuredateral correlations on the surface. The widths of the indi-
speckle patterns. vidual speckles in a pattern each correspond to the width of
To test this model, the evolution of the speckle patternthe central maximum of the Fraunhofer diffraction pattern of
was therefore studied experimentally as a functiompoby  the source aperture. They therefore do not reveal any addi-
changing the angle of incidence, as shown in Fig. 3. Theional information about the surface. However toeerall
reflected beam withy,=0.05 A~! displays nearly specular width of the speckle distribution is inversely related to the

whereq, andq, are the components of momentum transfer
perpendicular and parallel to the surface ahid the length

of the illuminated area of the sample. In the case whe
g,h(x)<<m, the first exponential can be expanded to first
order:



56 BRIEF REPORTS 6457

average lateral size of the features causing the speckle patterference occurs when the phase between different scatter-
tern. This can be seen most easily by Fourier transformatioing regions approaches.

of the intensity distribution to obtain a real-space correlation At the present stage of development, we are limited to a
function, as shown in the inset in Fig. 3. The Fourier transfield of view of a few hundred micrometers, but this will
form of the data of Fig. @) displays a broad component becomg much 'smaller with the Iess—grqzing angl_es at larger
whose decay length approaches the size of the beam. Tlfe- This technique therefore can provide specific morpho-
Fourier transform in Fig. @) shows an additional narrow logical information about surfacgs on technologlcally rel-
component due to the correlations between the scattering révant length scales nondestructively. Progress is currently
gions across the surface. The width of this latter componerR€ing made on the reconstruction of the surface morphology
is 0.035um measured across the beam, corresponding to irectly from the speckle patteffi,which could render this

g o technique a valuable imaging toBl,complimenting other

fﬁ;'ﬁ;g:'suc domain size of aboutn along the surface of techniques such as LEEM.The biggest future potential is

In surﬁmary we have observed coherent diffraction ef—the possibility of studying surface fluctzu%ions using x-ray
fects, in the form of “speckle,” in reflection from &ill) photon correlation spectroscopxPCS. ™" Fluctuations

X . n length scales already accessible by this method are known
wafers illuminated by a transversely coherent beam at smaﬁ) g y Y

: be important during crystal growthand these could be
angles. The favorable requirements for temporal coherencgr

N = probed directly in the time domain. With the increase in
in this geometry have allowed the use of broadband rad|at|p oherent flux expected from undulator radiation at third-

provided by multilayer optics for a considerable advantage "beneration sources, this technique will be able to probe

flux. We demonstrated that the intensity in the speckle paty,,ghness on atomic length scales, and allow XPCS of sur-
terns is sensitive to the specific morphology within the illu- t;~aq in thermal equilibriurf15

minated region. The speckle patterns were observed to

change from being nearly specular at sniglivalues to ex- The authors thank L. E. Berman and Z. Yin for their
hibiting profound structure at largey, due to a progressive valuable support at the X25 beamline and acknowledge sup-
increase in surface sensitivity. An estimation of the roughport under NSF Grant No. DMR 93-15691. NSLS is oper-
ness of the surface was obtained by realizing that strongted by the DOE under Contract No. DEAC012-76CH00016.
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