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Trends in the performance of x-ray multilayer interference structures with periods ranging from 9 to 130 A
are reviewed. Analysis of near-normal incidence reflectance data vs. photon energy reveals that the
effective interface width o in a static Debye-Waller model, describing interdiffusion and roughness,
decreases as the multilayer period decreases, and reaches a lower limit of roughly 2 A. Specular
refloctance and diffuse scattering from uncoated and nultilayer-coated substrates having different
roughness suggest that this lower limit results largely from substrate roughness. The increase in interface
width with period thus results from increasing roughness or interdiffusion as the layer thickness increases.
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In the past 15 years, the study of multilayer x-ray interference structures has evolved from first
demonstration experiments, through much study as novel nanoscale structures, to a point where their
structures and limitations to i)erfonnanoe are becoming understood. Applications of x-ray multilayers can
be grouped mto three batcgori&s based on the incident angle range of use; near-normal incidence (20 - 350
eV), polarizing near 45° (35 - 900 eV), and grazing incidence (50 - 50,000 eV). The high energy limit for
these applications is set by the scattering vectors q = 4nsiné/A = 2x/d available from multilayers having
period d as small as 9 A and by the effects of imperfections, which increase with q. This paper summarizes
the status of multilayer x-ray interference structures, with emphasis on understanding the limits to their
optical performance. Normal incidence reflectance performance is reviewed, with analysis that provides
insight into the nature of limiting imperfections. Specular reflectance and diffuse scattering data
demonstrate that substrate roughness becomes a dominant limitation reached by high quality, small period

Multilayer x-ray interference structures compﬁse periodic or quasi-periodic arrangements of - -
alternating layers of two materials whose bi-layer thickness, or period d, is designed to.poﬁﬁon a
constructive interfercnce at the Bragg condition & = 2dsind relating d, wavelength A, and grazing incidence
angle 6. Their optical properties are equivalently described as extensions of longer wavelength (visible,
UV) optical interference in multilayer thin films [1,2], or as short wavelength (x-ray) Bragg diffraction in
crystals [2,3]. Both optical and material properties influence the choice of materials for inclusion in x-ray
multilayers. Usingthecompléxreﬁ'active index n(d) = 1 - 8() - iB(A), material pairs which optimize
reflectance have optical constants 8 and B well-separated in the -8 plane and limited overall absorption (B)
to increase the number of layers contributing to the interference [4,5]. Material pairs typically selected
contain a weak scatterer near the origin in the 5-B plane, and a strong scatterer far from the origin.
Consideration of materials properties typically rules out low melting point and highly reactive materiais,
favoring refractory materials. Commonly used strong scattering materials include W, Mo, Ru, Rh, Pd, Ge,
Ni, Co, Fe, and Cr. Commonly used weak scattering materials include C, Sl, B, Al, Be, Sc, Ti, B4C, BN,
and SiC. The opti@ criteria generally select materials that are well-separated in the periodic table and that

“do not share a common crystal structure, so that heteroepitaxy is generally not desired. Useful structures
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are grown by several techniques, including electron beam evaporation [6], magnetron sputtering [7], ion
beam deposition, laser beam deposition, and electron cyclotron resonance sputtering. Magnetron sputtering
is most frequently used, and produces structures whose reflectance is unsurpassed byvthose grown using
other techniques. Materials interactions at the interfaces influence the interatomic structure of multilayers
and hence their microstructural perfection. The multilayers discussed below are high quality in that
deposition kmeucs and thermodynamics result in well-defined, continuous layers which possess useful x-

-ray interference properties approaching those of the ideal structures after which they were designed.

Several structural imperfections can degrade the optical properties of real x-ray multilayers. An
ideal multilayer would have atonﬁmﬂy abrupt chemical gradients across the interfaces (along z) and
perfectly flat, smooth interfaces (in i:-y plane) over all spatial frequencies. Unwanted overlayers only
nanometésﬂ:ickmndegradereﬂectance, especially below several hundred €V where § and B can be large
enough to be a significant optical perturbation. Interdiffusion across interfaces reduces reflectance by
reducing the composition modulation. Interface roughness reduces specular reflectance by scattering into
non-specular directions [8,9]. Reduced performance can also imultﬁomsystentaﬁc or random errors in
multilayer deposition, including unwanted layer thickness variation, chemical contamination of layers, and o
substrate temperature variation. 4 |

Distinguishing between interfacial roughness and interdiffusion is possible in principle through
careful study of specular reflectance and non-specular scattering. Both roughness and interdiffusion reduce
specalar reflectivity, and a static Debye-Waller factor, exp[0q)2], is often used to model reduced
reflectance at each interface to simulate these effects. Here o represents 'aninter&oewidﬂlﬂ)atmay
contain contributions from each effct and may be different for different interfaces. This static Debye-

Waller factor reduces the peak intensity of multilayer Bragg peaks but has little effect on peak width.
Diffuse (non-specular) scattering results only from roughness, an so can help establish the specific
contribution of roughness. Several theoretical models describe the effects of roughness on scattering in
multilayers [10-13]. Interdiffusion, if limited to small intermixing at the interfaces, can be described by
this static Debye-Waller term [14], and thus can reduce peak intensity without significantly affecting peak
width. However, interdiffusion and reaction can proceed much more extensively, forming distinct interface
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layers of specific composition (as in Mo/Si multilayers [15-16]), or even completely transforming the
composition of one layer (typically the strong scatterer) to one similar to an intermetallic compound of the
constituents. This strong interdiffusion can, but does not necessarily, significantly alter the optical contrast
of the two layers. Reduced optical contrast due to interdiffusion or chemically mixed layers not only
reduces peak reflectance, but also results in observable peak narrowing [17,18].

Recently a survey was conducted within the x-ray multilayer community in which numerous
groups reported on the measured reflectance of multilayers they had grown specifically as x-ray reflectors
[19]. The survey results concerning near normal incidence reflectance are shown in Fig. 1a, which piots
peak reflectance measured near 85° incidence angle as a function of hv. Maximum peak reflectance occurs
near 110 eV. For some time Mo/Si multilayers had the highest reflectance (about 0.64) just below the Si
L 3 edge at 99.5 €V, and recently Mo/Be has yielded 0.68 just below the Be K edge at. 111.5 eV [20].
Below 95 eV reflectance decreases. Here § and B are increasing, so that even thin contamination layers can
significantly degrade reflectance [21]. Below roughly 20 eV all materials are so strongly absorbing that
multilayers have periods thicker than an absorption length, so that significant multilayer interference can
not occur. Above 110 eV peak reflectance decreases rapidly from 0.68 to roughly 0.06 at 280 eV,
resulting in part from the changing optical properties of materials and in part from the increasingly
important effects of structural imperfections as q increases.

Comparing measured peak reflectance with calculated values provides some insight into the
interface imperfections which limit performance. Figure 1b shows the ratio of measured peak reflectance
to that calculated for ideal structures corresponding to those samples in Fig. 1a exhibiting the best
reflectance with hv. Calculations are based on published values of optical constants [22] and assume
chemically pure layers with bulk densities. The decrease in this ratio above 100 €V is easily understood
from the Debye-Waller ﬁétor exp[(cq)2], since q hv. Assuming ¢ is constant for all of the multilayers
in Fig. 1a, the ratio of the measured to ideal peak reflectance is expected to decrease with increasing hv, as
observed. However, further analysis of these data reveal that o is not constant for these multilayers, but
varies in a specific manner. Assuming that the Debye-Waller factor alone describes roughness and
interdiffusion effects, calculations were made in which & was varied to match calculated and measured
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peak reflectance. Resulting o values are plotted vs. d in Fig. 2. Data in Fig. 2 have been extended to

lower d than allowed by the normal incidence survey results by including o values from W/B4C multilayers

with 9 A <d <40 A as obtained from an identical analysis of grazing incidence Cu K, reﬂectance
mmsurements (sohd triangles). A trend of decreasing o with d is apparent, and remarkable in that
multilayers composed of a broad range of materials with widely different periods all yield values which
scatter along the line shown. If o alone is used to gauge perfection, then high quality x-ray multilayers
become more perfect as their period decreases. Even so, oq = 2ro/d increases as d decreases, accounting
for the reduced ratio of measured to calculated ideal reflectance as d decreases. It is tempting to conclude
that roughness increases as d increases. For some of the multilayers in the survey sample, notably the
immiscible Ru/C samples, this appears to be the case. For reactive systems interdiffusion also contributes
o the reduced measured reflectarice. Regardless of this distinction, the data indicate a lower limit to & of
approximately 2 A. |

The origin of this lower limit to the interface width o is of interest. We can distinguish between
intrinsic structural imperfections originating within multilayers (roughness, interdiffusion) and extrinsic
imperfections (substrate roughness, unwanted overlayers). The above analysis implis, since ¢ increases
with d, that a growing contribution to o results from intrinsic effects as d increases. The limiting value of
o at small d is inferred to result at least partly from extrinsic effects, inparﬁwlarsubsu'até roughness.

We have investigated the effects of substrate roughness by measuring specular x-ray reflectivity
and non-specular x-ray scattering from a set of fused silica substrates polished to 4 differeat levels of

| smoothness, and from W/C muttilayers (d = 30.6 A, N = 40) deposited simultaneously on an identical set

of 4 substrates. The smoothest substrate is typical of the best polished substrates available for x-ray
mirrors. Measurements were made using 1.38 A synchrotron radiation, andwillbereportedelsev‘;rhetein
detail. Figure 3a shows the true specular reflectance (diffuse scattering subtracted) of the 4 different
substrates, along with fits to the data points yielding o values ranging from 2.2 A to 19.1 A. Figure3b
shows a specular scan from the W/C multilayer on the smoothest substrate, along with an offset scan
measuring diffuse intensity nominally parallel to the specular scan but offset by g, = 0.002 A-1 in the
plane of the layers. A 6 =2.7 A is needed to match calculated and measured 1st order multilayer peak
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reflectance. Microstructural characterization of the W/C system reveals intermixing of W and C at the
interfaces and diffusion of C into the amorphous W-rich layers [23,24], which can account for the increase
in the multilayer ¢ above that of the substrate. The offset scan shows diffuse Bragg pwks which are just
“ as intense, relative to the background between the peaks, as the specular Bragg peaks, indicating that the
roughness yielding this diffuse intensity has identical vertical (z) correlations as the multilayer itself. This
is not surprising, considering the low value of the in-plane spatial frequency, gy, at which the offset scan
was made. It would be surprising if multilayer roughness were not highly vertically correlated at in-plane
wavelengths of 21/qy = 3000 A. Non-specular scattering studies with the scattering plane normal to the
multilayer surface generally sample in-plane frequencies much lower than the multilayer fundamental [9].

Transverse rocking scans probe more directly thé in-plane height or roughness correlations in the
different substrates and multilayers. Rocking scans thh identical trajectories in g-space for the uncoated
substrates and multilayer-coated substrates are in Fig. 4 (a) and (b), respectively. In-plane height
correlations are very different for the 4 substrates. Likewise,‘ in-plane roughness correlations are very
different for the 4 multilayer samples, which as a set show a strong correspondence in relative intensities
and shapes to the set of substrate data. Thus, not only do the vertical roughness correlations in the
multilayer appear highly correlated with the multilayer periodicity, but the in-plane roughness correlations
in the multilayers appear nearly identical to those of the substrates. Even on the smoothest substrate, there
is no indication of roughness in the multilayer which does not originate in the substrate. Taken together,
these data suggest that roughness is these W/C nmultilayers is nearly perfectly correlated, resulting from
confiormal growth of an otherwise highly smooth multilayer to the roughness of the substrate. Other
analyses reach similar conclusions [25], but also indicate that partially correlated roughness in larger d
W/C multilayers plays a role at higher in-plane, and out-of-plane, spatial frequencies. From the trend of &
with d we expect that partially correlated or uncorrelated roughness would play a larger role for multilayers
with larger periods.

In summary, a simple analysis of peak reflectance data from many different x-ray multilayer
systems prepared by numerous groups and having periods ranging from 9 to 130 A reveal aoommgntrend
for the interface width ¢ to increase in rough proportion to the period. In addition, there is a low o limit of



ro'ughly 2 A which is nearly reached by the smallest period samples. Specular and diffuse scattering
measurements of uncoated and multilayer coated substrates indicate that the substrate contribution to o is
dominant for high qualilty multilayers of very small period. The substrate contribution becomes relatively
less importantasﬂzepeﬁddincm, as the increase in ¢ with period is accounted for by roughness and

interdiffusion intrinsic to the layers themselves. This trend in effective o with d provides a realistic basisto

calculate expected performance of high quality multilayers for various applications, and a standard by
which to gauge the performance of new x-ray multilayer structures. Continued studies may yield improved
understanding of the origins of and trends in structural imperfections in multilayer systems, and possibly to

improvements in performance.

The author acknowledges D.G. Stearns for initiating the survey whose partial results were
discussed here. The diffuse scattering data were collected at the Stanford Synchrotron Radiation
Laboratory with assistance for T.D. Nguyen. This research was supported by the Director, Office o/f
Energy Rescarch, Office of Basic Energy Sciences, Materials Sciences Division of the U.S. Department of
Energy under contract AC03-76SF00098. |
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Figure Captions

Figure 1. (a) shows results of a survey of near-normal incidence peak reflectance results as a function of
photon energy. Vertical lines indicate core atomic absorption edges for certain elements below which they
are near optimal weak scattemfé for inclusion in x-ra'yix.nulﬁlayers. Different symbols indicate the weak
scatterer in the multilayer, and each symbol may result from multilayers with one or more strong scatterer.
Strong scatterers with C are W, Ru, Cr, Ge, NiCr, and CryC3. Strong scatterers with Si are Mo, and Ru.
Strong scatterers with B4C are Ru, Mo, Pd. Strong scatterers with B are Ag, Mo, Pd. ReW, Siand Ti.
The strong scatterer with Be is Mo, with Al is Zr, and with Y is Mo. (b) shows the ratio of measured to
ideal calculated reflectance for multilayers corresponding to a representative set of multilayers in (a).

Figure 2. Effective o values needed to match measured to calculated ideal peak reflectance are plotted vs.
themululayer period. Data points from the near-normal incidence survey are included, as are data from
several W/B4C multilayers measured at grazing incidence with Cu Ko radiation to extend the data set to
smaller d. o decreases with d, and appears to reach 2 lower limit of about 2 A. A linear fit is shown.

Figure 3. (a)showsthespeaﬂarreﬂectaneeofasetoﬂﬁlsedsﬂimﬂatsubsu"atwpolishedtodiﬁ‘erent
levels of smoothness. Substrate 1 is smoothest, 4 roughest. Solid lines are fits to the data. (b) shows a
spemlaxsmandapmuex,oﬁ-specularsmnﬁomaW/cmﬁiayerdeposﬁedomoasubmidmﬁmny
polished as the sample 1 in (a). 'Ihediﬁ'uséBraggpmksamjustasstmngasthespeclﬂarBraggpmlg
indicating that the roughness has the same vertical correlations as the multilayer itself.

Figure 4. (a) shows rocking scans taken at 26 = 2.00° from the 4 different substrates showing different
specular and diffuse intensities. (b) shows the same rocking scans from the W/C multilayer on the 4
different substrates. The diffuse intensity from the multilayers shows very similar in-plane roughness

correlations as the substrates. Lines connect data points.
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