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Abstract. To improve the thermal stability of Si/Sc multilayer mirrors, thin layers of W were
deposited at interlayer boundaries. Using X-ray scattering and transmission electron microscopy,
we studied the interaction of Si and Sc layers at elevated temperatures. It was shown that the W
layers of 0.5-0.8 nm thickness form dense WSi2 barriers, which prevent a direct contact between
Si and Sc and greatly slow down the formation of scandium silicides. Presented measurements
show that Si/W/Sc/W multilayers fabricated by de-magnetron sputtering possess long thermal
stability up to 250° C and the normal incidence reflectivity of 24 %.

1. INTRODUCTION

Multilayer EUV and soft X-ray optics offers wide opportunities for numerous
researches, the creation of novel equipment and technology. Its key components are
reflective multilayer coatings constructed from alternate nanolayers of two materials
with different optical constants. As roughness significantly reduces multilayer
performance, layers of amorphous materials are widely used to smooth interfaces. The
existence of interfaces and amorphous layers makes multilayer mirrors sensitive to
heating, intense radiation and streams of particles. The action of these factors
enhances diffusion and chemical reactions at interfaces, as well as crystallization in
amorphous layers, and so causes the degradation of mirrors. This hampers the use of
multilayer optics in applications with intense fluxes: space studies of the Sun,
synchrotron beam manipulation, soft X-ray lasers, and, especially, free-electron lasers.
To overcome this impediment, special methods of multilayers protection should be
developed.

The present work applies antidiffusion W barriers to enhance the thermal stability
of Si/Sc multilayer mirrors. This research was stimulated by the development of optics
for mission studies of the Sun at the wavelength /l=40 nm [1] and the EUV laser with
/l=46.9 nm [2]. In Section 2 we describe the fabrication of Si/Sc and Si/W/Sc/W
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coatings. Processes going in the multilayers at elevated temperatures are considered in
Sections 3 and 4. The reflectivity of Si/W/Sc/W coatings is studied in Section 5.
Section 6 summarizes results and discusses their application to other coatings.

2. FABRICATION AND TESTING OF MULTILAYERS

A number of Sc/W/Si/W multilayers with a period H=20-35 nm was prepared by
de-magnetron sputtering at 3-10"3 Torr of Ar. All multilayers were designed as having
20 periods, the equal thicknesses of Sc and Si and capped by the Si layer of 5 nm. The
thickness of W barriers was varied from 0 nm to O.Snm.

The period and structure of fabricated multilayers were controlled by CuKa
(1=0.154 nm) X-ray scattering at small and large angles, as well as by cross-sectional
transmission electron microscopy (TEM). To test the thermal stability, the annealing
of varied duration at 210°C and 600°C in vacuum of 10"5 Torr was used. The
reflectivity of coatings was measured at the incidence angle 5° in the interval 25-50
nm at Brookhaven synchrotron.

FIGURE 1. TEM pictures of Sc/Si (a) and Sc/W/Si/W (b) ML coatings with nominal thickness of
tungsten layers of 0.2, 0.4, and 0.8 nm (b, c, and d, correspondingly). Growth of barrier layer thickness
is accompanied by decrease of amorphous silicide thickness from 3 nm down to 0 nm.
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3. PROCESSES IN SC/SI MULTILAYERS AT ELEVATED
TEMPERATURES

Earlier studies [2, 3, 7] have shown that the amorphous scandium-silicon alloy
interlay ers of 3 nm are formed at interfaces between poly crystalline Sc and amorphous
Si layers during Sc/Si multilayer deposition. The composition of amorphous alloy is
close to composition of one of crystalline scandium silicide, namely ScSi [9]. When
the temperature increases beyond -130 °C solid state amorphisation starts in Sc/Si
coating resulting in growth of amorphous ScSi interlayer thickness and contraction of
Sc and Si layers. After total consumption of Sc layers the process of silicide formation
abruptly slows down but doesn't stop. Under further heating Sc-based layers consume
additional amount of silicon, and their composition shifts to the more rich of silicon
silicide, Sc3Sis. Within the temperature range of 430-450 °C the amorphous alloy
crystallizes through the mechanism of polymorphous crystallization into metastable
crystal ScsSis silicide which later undergoes eutectoid decomposition into equilibrium
mixture of ScSi silicide and silicon.

Silicide formation processes are accompanied by decrease of specific volume and
corresponding shrinkage of ML period. Character of shrinkage allowed to ascertain
that the solid state amorphization proceeds along diffusion kinetics, i.e. rate of
amorphous ScSi silicide growth is limited by the rate of diffusion mass transfer of Si
atoms through an amorphous silicide layer toward ScSi/Sc interface where chemical
reaction, Sc+Si^>ScSi, takes place.
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FIGURE 2. Curves of Sc/Si and Sc/W/Si/W (hwnom. = 0.8 nm) ML shrinkage during annealing.
Diffusion barriers retard silicide formation process in Sc/W/Si/W ML coatings shifting it to higher
temperature range by 100-150 °C.
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4. STRUCTURE AND THERMAL RESISTANCE OF SC/W/SI/W
MULTILAYERS

As it was mentioned above, silicide formation processes change both phase
composition and period of ML bringing to a shift of resonance wavelength and some
reduction of reflectivity. To block the degradation process we used thin tungsten
layers as diffusion barriers placed at the Sc/Si interfaces. High melting temperature for
tungsten make possible a formation of its ultra-thing continuous layers. Tungsten does
not practically react with Sc. W/Si multilayers fabricated by de-magnetron sputtering
had the dense symmetrical regions of the WSii composition with the thickness of 0.9-
1.4 nm [10]. These facts determined our choice for W as diffusion barrier between Sc
and Si.

Fig. 1 shows TEM pictures of Sc/W/Si/W ML coating with diffusion barriers of
different thickness. It is clear visible that on tungsten thickness growing from 0
(Fig.la) up to 0.8 nm (Fig.Id) the amorphous silicide thickness gradually decreases.
Intermixed zones are not observable at hw

nom = 0.6-0.8 nm (Fig. \b). At the same time
observed thickness of barrier interlayers exceeds the nominal noticeably. It is looks

FIGURE 3. Evolution of Sc/W/Si/W ML structure (hw
nom - 0.6 nm) under thermal heating: a) as-

deposited state; &), c) annealing for 10 and 35 hours correspondingly at temperature 300 °C - reaction
of solid state amorphisation takes place; d) annealing at 600 °C - appearance of metastable Sc3Si5
silicide and crystallization of tungsten disilicide WSi2.
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like to be connected with a possibility for tungsten to react with silicon forming WSix
silicide layers of larger volume.

So, the diffusion W-based barriers inhibit silicide formation processes during ML
fabrication as well as subsequent heating, as shown in Fig. 2. Here it is visible that
heating above 150°C results in substantial shrinkage of Sc/Si ML period while

noticeable changes in Sc/W/Si/W ML coating is revealed at the temperature of ~
300°C only. Therefore diffusion barriers shift silicide formation process to a higher
temperature range improving thermal stability of Sc/W/Si/W mirror at least by 1 GO-
150 degrees.

Formation of scandium silicides in Sc/W/Si/W MLs occurs under the similar to
Sc/Si MLs scheme. At the beginning, reaction of solid-state amorphisation takes place
(Figs. 3b and 3c), forming amorphous Sc-Si alloy with a composition close to ScSi
silicide and then metastable crystal ScsSis silicide arises.

During annealing noticeable changes in W-based layers are also observed. Low-
angle X-ray diffraction reveals substantial increase of barrier layer thickness (Fig. 4) at
the initial stages of annealing at 300°C. Growth of barrier layers obviously originates
from further progress in silicide formation within these layers finishing with
appearance of amorphous tungsten disilicide: WSix + Si -> WSi2. After 10-15 hours
the formation of WSi2 is completed, growth of barrier layers stops, and their thickness
stabilizes. Within the temperature range of 500-600°C amorphous WSi2 crystallizes
(Fig. 3d).

Amorphisation kinetics in Sc/W/Si/W MLs appreciably differs from that in Sc/Si
MLs. Fig. 5 shows curves of period shrinkage in ML with nominal tungsten thickness
of 0.6 nm during isothermal annealing at 300 °C. Both formation of #-ScSi silicide
and tungsten disilicide WSi2.x are responsible for this shrinkage. The latter process
gives relatively small contribution (roughly 10 %), and in the first approximation we
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FIGURE 4. Changes of barrier layer thickness during annealing of Sc/W/Si/W ML (hw
nom - 0.6 nm) at

temperature of 300°C in accordance with small-angle diffraction (A,=0.154 nm). As a result of reaction
WSix + Si -> WSi2 the thickness W-based layers increases. After 10-15 hours of annealing the reaction
of tungsten disilicide formation is completed, and the thickness of barrier layers is stabilized.

579

Downloaded 16 Jul 2012 to 132.236.27.111. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



5

4-

3-

1-

0-

10 20 30 40
annealing time T, hours

50

FIGURE 5. Kinetics of amorphisation reaction in Sc/W/Si/W ML coating (hw
nom = 0.6 nm). At the

stage of barrier thickness growth (see Fig. 4) the growth of amorphous silicide a-ScSi follows to the
parabolic law (dotted line). After stabilization of diffusion barrier thickness the parabolic law is
replaced by linear one (solid line).

can suppose that shrinkage AH~ hscsi? with hscsi being the thickness of amorphous
scandium silicide. Fig. 5 shows the initial stage growth of #-ScSi obeys the parabolic
law, and the experimental points will deviate from parabolic after 10-15 hours of
annealing (dotted line) when linear part of a-ScSi growth can be observed.

Obviously such change of amorphization kinetics is caused by tungsten layers
transformations described above (Fig. 4) since diffusion of silicon atoms through
diffusion barrier is the process that limits the amorphous scandium silicide growth
rate. Since thickness of barrier layers increases during first 10-15 hours (Fig. 5) then
silicon diffusion through these layers becomes slower, and that decreases #-ScSi
growth rate (the part of parabolic growth in Fig. 5). After stabilization of barrier
thickness a diffusion flux of silicon atoms through a barrier layer ceases depending on
time, and growth rate of amorphous silicide becomes steady (linear part of growth in
Fig.5).

Linear low of amorphous scandium silicide growth is maintained up to complete
consumption of scandium layers (Fig. 3c). The next stages of silicide formation proceed
with lower rate and are accompanied by smaller volume changes. That is why a bend of
the contraction curve arises after approximately 35 hours of annealing (Fig. 5).

REFLECTIVITY OF SC/W/SI/W MIRRORS

Our earlier studies [1,2] have shown that the reflectivity of Sc/Si coatings fastly
decreases with the growth of interaction between Sc and Si layers. The deposition of
W barriers affects on the reflectivity of Sc/Si multilayers by two ways: removing the
Sc-Si mixed regions and providing more EUV absorption, as W has high absorption at
the wavelengths of interest. These factors significantly balance each other. For
example, the calculated reflectivity of the Sc/W/Si/W multilayer mirror with H=20.5
nm and hwnom —0.55 nm is approximately equal to that of the as-deposited Sc/Si mirror
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with the same period. In this calculation the dielectric function of Si was taken from
the handbook [11] and that of Sc from our recent measurement [12]. Our
measurements of R excellently agree with the calculations (Fig. 6) and evidence that
the Sc/Si multilayers with W barriers allow to obtain both the good thermal stability
and rather high performance of reflectors.
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FIGURE 6. Calculated (line) and measured (symbols) reflectivity of the Sc/W/Si/W coating with

6. SUMMARY AND DISCUSSION

The present studies showed that W barriers reliably block the formation of
scandium silicides at the Si/Sc and Sc/Si interfaces. This block works equally well at
the stage of multilayer deposition and under heating of a multilayer mirror. The
deposition of W layers of 0.6 nm leads to the formation of dense WSi2 barriers, which
prevent a direct contact between Si and Sc layers and so greatly slow down the
kinetics of their mixing. Because of a small thickness of W layers, the increase of
thermal stability is not attended by a significant reduce of multilayer performance. It is
probable that a similar compromise between the heat or flux resistance and the
performance of a multilayer mirror may be obtained for many other coatings stabilized
by interlayer barriers.
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