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The optical properties of Sc/Si periodic multilayers are analyzed at three wavelengths in the x-ray range:
0.154,0.712 and 12.7 nm. Fitting the reflectivity curves obtained at these three wavelengths enable us to
constrain the parameters, thickness, density and roughness of the various layers, of the studied
multilayers. Scattering curves were also measured at 12.7 nm on some samples to obtain an estimate of
the correlation length of the roughness. Two sets of multilayers are used, with and without B,C
diffusion barrier at the interfaces. To see the efficiency of the B,C layers the measures are performed
after annealing up to 400°C. A dramatic change of the structure of the Sc/Si multilayer is observed
between 100 and 200°C leading to a strong loss of reflectivity. For the Sc/B,C/Si/B,C multilayer the

structure is stable up to 200°C after which a progressive evolution of the stack occurs.
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Introduction

In the 35-50 nm spectral range, the developments of new sources, such as discharge lasers' or
harmonic generation sources’, and the need for efficient mirrors for solar imagery® have stimulated the
interest in reflecting mirrors working at quasi-normal incidence at these wavelengths. In fact, single
layer mirror whose best reflectivities are expected with Ir (20% at 50 nm and 5% at 35 nm) and Os
(25% at 50 nm and 8% at 35 nm)* are almost useless for long wavelength application. Thus, the use of
periodic multilayers has been suggested and reflectivities ranging between 30-35% have been simulated
for Os/Si, Ir/Si, Os/Al and Ir/Al systems,5 but the measured reflectivities did not exceed 20%. However,
it has been shown that Sc/Si stacks have an important potential® owing to the low absorption coefficient
of Sc in the 35-50 nm spectral range. Later it was demonstrated experimentally”® that a reflectivity of
the order of 50% can be obtained at 46 nm.

Despite its high measured reflectivity the Sc/Si system presents some problems. The Sc/Si interfaces
are not stable and interlayers composed of silicide develop’'' during the deposition process, leading to
an experimental reflectivity far below the predicted one. Upon annealing, the thickness and composition
of the interlayers change and thus the reflectivity strongly decreases. To improve the thermal stability,
thin films acting as diffusion barriers can be inserted between the Sc and Si layers. At first a layer of W,
about 1 nm thick, was introduced as a diffusion barrier."”'* The multilayer was observed to be stable up
to a temperature of 200°C but the reflectivity was low due to the large absorption coefficient of
tungsten. Cr has also been considered as a diffusion barrier'” but its stability is limited to 150°C. Then,

boron carbide film, whose efficiency has been demonstrated for the Mo/Si system,'*"”

was proposed as a
diffusion barrier™ and thermal stability demonstrated up to 300°C with 0,3 nm thick layers.*

In this paper, we characterize Sc/Si and Sc/B,C/Si/B,C systems by using x-ray reflectometry (XRR) in
the hard (0.154 nm) and soft (0.712 nm) x-ray ranges. The properties of these multilayers are studied as

a function of the annealing up to a temperature of 400°C. In the temperature range where large

modifications of the samples occur, the results are completed by XRR measurements in the ultra-soft x-



ray range (12.7 nm) and x-ray scattering measurements.

Experimental methods

The Sc/Si multilayers are prepared by magnetron sputtering using argon as a sputtering gas in an
apparatus described elsewhere.”’ Samples are deposited on Si polished wafers. The thickness of the Si
and Sc layers is 5 nm, leading to an aimed period of 10 nm. The number of periods is 40. The top layer
is Si. Indeed, the use of Sc as final layer would result in a loss of reflectivity due to the oxidation of the
metal layer."” The Sc/B,C/Si/B,C samples are prepared in the same way, the thickness at the B,C layer
being 0.9 nm, leading to an aimed period of 11.8 nm. The samples are annealed during 1 h (this does not
include the times for increasing and decreasing the temperature) under a residual argon atmosphere of
5 Pa. The annealing temperatures are 100, 200, 300 and 400°C. We call as-prepared samples, the
samples that have not been annealed.

The samples are analyzed by specular optical reflectivity at three different wavelengths ranging from
hard to ultra-soft x-rays: 0.154 nm (Cu Ko emission at 8048 eV) performed with a grazing-incidence
reflectometer,” 0.712 nm (Si Ko emission at 1740 eV) performed with a home-made spectro-
goniometer” and close to the SiL edges at 12.7 nm (98 eV) with the reflectometer of the BEAR
beamline®* of the Elettra synchrotron facility. Indeed, for photon energies slightly lower than an
absorption edge, relatively high reflectivities are expected. The diffuse scattering measurements are
made with a radiation of 12.7 nm in the so-called transverse scan mode. The sample is rotated by +5°
with respect to the specular direction of the first Bragg peak, while the detector is kept at a fixed
position. The goniometers used for the reflectivity measurements at 0.154, 0.712 and 12.7 nm have all

about the same angular resolution of 0.001°.

Results

The reflectivity curves obtained at 0.154 nm are presented in Figure 1. In the studied angular range,



for the as-prepared samples, up to 8 diffraction orders are observed with the Sc/Si multilayer and 10
orders with Sc/B,C/Si/B,C one. Annealing at 200°C of the Sc/Si system suppresses the seventh and
eighth Bragg peaks and shifts the peaks toward the large angles. For the Sc/B,C/Si/B,C system, these
effects are less pronounced and noticeable at 400°C annealing temperature. Moreover in this case, the
extinction of the third and sixth Bragg peaks is also observed, suggesting a variation of the division

parameter of the multilayer (the ratio of the Sc thickness to the period).
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Figure 1. XRR curves measured at 0.154 nm for (a) the Sc/Si and (b) the Sc/B,C/Si/B,C multilayers, as-

prepared and after annealing up to 400°C. The curves are shifted vertically for sake of clarity.

The shift of the Bragg peaks toward the high angles reflects a contraction of the period of the
annealed multilayers. In order to show the different behavior of the Sc/Si and Sc/B,C/Si/B,C systems,
we plot in the Figure 2 for each system the variation of the period with respect to the period of the non-
annealed multilayer. This presentation is chosen because the two systems do not have the same original
period. A sharp transition is observed between 100 and 200°C for Sc/Si, leading to a reflectivity

decrease of about 10%. For Sc/B,C/Si/B,C, the decrease is only 3% at 300°C and 6.5% at 400°C.
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Figure 2. From the reflectivity curves measured at 0.154 nm and for the Sc/Si and the Sc/B,C/Si/B,C
multilayers, evolution as a function of the annealing temperature of the ratio of the annealed multilayer
period to the multilayer period of the as-prepared sample and shift of the critical angle for total
reflection of the annealed multilayers with respect to the value corresponding to the as-prepared
multilayer.

The variation of the period ratio is correlated to the variation of the critical angle for total reflection as
shown in the Figure 2. Because the Sc/Si and Sc/B,C/Si/B,C as-prepared multilayers have different
critical angles (0.251° and 0.245° respectively) we plot the shift of this angle for both systems as a
function of the annealing temperature. For Sc/Si, a large shift is observed between 100 and 200°C; for
Sc/B,C/Si/B,C the critical angle slightly increases up to 300°C, then a moderate shift is observed
between 300 and 400°C. As the critical angle is sensitive to the overall composition of the samples, this
means that there is much less chemical evolution in the Sc/B,C/Si/B,C multilayers than in the Sc/Si
multilayers.

The contraction of the period is also observed in the reflectivity curves obtained at 0.712 nm. As an



example, Figure 3 presents the measurements obtained with the Sc/Si multilayer, as-prepared and
annealed at 200°C, around the first Bragg peak. A high-angle energy shift of about 0.2° is observed
accompanied by a reflectivity decrease by a factor greater than 5. The reflectivity variations also give
information about the evolution of the multilayers. So we plot in the Figure 4 as a function of the
annealing temperature the variation of the ratio of the reflectivity at a given temperature to the
reflectivity of the non-annealed multilayers. The large decrease of the reflectivity of Sc/Si between 100
and 200°C is well correlated with the large period contraction observed in this temperature range
(Figure 2). In contrast, the reflectivity of the Sc/B,C/Si/B,C system shows a small decrease (10%)

despite the period contraction observed between 200 and 300°C.
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Figure 3. Reflectivity measured at 0.712 nm with the Sc/Si multilayer as-prepared and annealed at

200°C.
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Figure 4. Evolution as a function of the annealing temperature of the ratio of reflectivity of the annealed
multilayer to reflectivity of the as—prepared multilayer deduced from the reflectivity curves measured at

0.712 nm, for the Sc/Si and the Sc/B,C/Si/B,C multilayers.

We show in Figure 5 the reflectivity measurements obtained at 12.7 nm around the first Bragg peak
for both systems as-prepared and annealed at 200°C. In agreement with the observation at the two other
wavelengths, we observe a strong decrease of the reflectivity and large period contraction with the Sc/Si
system, whereas a very small intensity decrease and almost no variation of the Bragg peak position is
noted with the Sc/B,C/Si/B,C multilayer. The scattering intensity measurements around the first Bragg
peak are presented on an absolute intensity scale in Figures 6a and 6b. It is observed that the scattered
intensity decreased drastically outside the specular direction. In the case of Sc/Si, due to the period
contraction and large variation of the reflectivity, it is not possible to directly compare the shape of the
scattering curves as a function of the annealing temperature. Thus, for this system, we have normalized

both scales as presented in Figure 6¢: the angles are defined with respect to the specular direction



corresponding to the first Bragg peak and the intensities are normalized to unity. For the Sc/Si system, it
is observed that the scattered intensity is more flat when the sample is annealed. The evolution of the

shape of the scattering curve for the Sc/B,C/Si/Si/B,C system is more complex.
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Figure 5. Reflectivity measured at 12.7 nm for the Sc/Si and Sc/B,C/Si/B,C multilayers, as-prepared
and annealed at 200°C.
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Figure 6. Scattering measurements obtained at 12.7 nm around the first Bragg peak of the (a) Sc/Si and
(b) Sc/B,C/Si/B,C multilayers, as-prepared and annealed at 200°C. In (c) the same curves as in (a) are
presented but on an angular scale relative to the position of the first Bragg peak and with normalized

intensities.

Discussion

It is now well established that silicides develop at the interfaces of the Sc/Si multilayers.®”!"!>!4!1323
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The higher density of the silicide with respect to the densities of Sc and Si explains the period
contraction of the multilayer. It has been determined by transmission electron microscopy, x-ray
emission and absorption spectroscopies and XRR that the silicide is ScSi (whereas Sc,Si, and Sc,Sis can

%629 as well as from thermodynamics considerations®), that its

be also expected from the phase diagram
thickness ranges from 1 to 3 nm depending on the preparation conditions and that the Sc-on-Si and Si-
onSc interfaces can be asymmetrical. Thus in order to determine the parameters of the Sc/Si stacks, i.e.
thickness, rms roughness height and refraction indices of the various layers, we have fitted the
reflectivity curves by describing the sample with four layers within a period, i.e. Sc/ScSi/Si/ScSi. The
fits are done with the constraint to obtain almost the same thickness of a given layer when fitting at the
three different wavelengths. The maximum deviation between the three determinations is 0.1 nm and the
presented value is their mean. This constraint is released for the roughness, because it is well known that
different values of roughness are obtained at different wavelengths. However, only the mean roughness
over the different wavelengths is presented.

As an example of fit we show in the Figure 7 the comparison of the XRR curves of the as-prepared
Sc/Si sample obtained at 0.154, 0.712 and 12.7 nm and their fit. It is necessary to consider the last layer
of the stack as Si0O,. At 0.154 nm, the overall experimental curve is well reproduced by the fit. It is not
possible to reproduce accurately the intensity of the last Bragg peak, very probably due to a small
irregularity of the period. This is confirmed by the broadening of the peaks toward the high angles.
There is some discrepancy between the reflectivities measured and fitted at 0.712 nm. However, this
difference is within the 5% of the estimated uncertainty on the experimental intensity measurements.”
There is a very good agreement between the fit and the experimental results at 12.7 nm showing the
consistency of the determined parameters of the stack.

The thickness and roughness determined for the Sc/Si samples are indicated in the Table 1. The optical
indices of the layers within the stacks have also been determined from the fits of the XRR curves. They

show that the value of the index of the interlayers is close to what can be calculated from the Sc and Si
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scattering factors for ScSi having the density of the bulk (3.3 g/cm®). For the as-prepared and annealed
at 100°C samples, the ScSi interphases are asymmetrical, the Sc-on-Si one being thinner than the Si-on-
Sc one. There is no large difference between the samples as-prepared and annealed at 100°C. From the
annealing temperature of 200°C, it is not necessary to consider the sample as a quadri-layer. Then, the
reflectivity curve is fitted by a two-layer model of the multilayer: one Sc layer and one silicide (ScSi)
layer in a period. The composition change is demonstrated by the large variation of the critical angle
measured at 0.154 nm (Figure 2). It also leads to the period contraction (Figure 2) and to a strong loss of
reflectivity (Figure 4) because the gap between the indices of the layers decreases. Between 200 and
300°C, the silicide content increases within the multilayer while the roughness stays in the same range.
Due to the strong evolution of the sample, it is not possible to find a good fit of the 400°C curve. This
results is in contrast with measurements by x-ray absorption and emission spectroscopies on the same
samples'' which indeed show that the formation of silicide is well underway at low annealing
temperatures but detect the strong alteration of the sample only between 300 and 400°C. This
discrepancy is not yet well understood but could be related to the fact that the spectroscopic methods are
sensitive to the local order around the studied atoms whereas the reflectivity method relates to the long-

range order.
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Figure 7. XRR curve measured at (a) 0.154, (b) 0.712 and (c) 12.7 nm of the as-prepared Sc/Si

multilayer and fit by a stack having four layers in a period.
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TABLE I. Parameters of the as-prepared and annealed Sc/Si multilayers deduced from the fit of the
XRR curves obtained at 0.154, 0.712 and 12.7 nm using two or four layers in a period. For the samples
as-prepared and annealed at 100°C, the fit is done by considering a multilayer with 4 layers in a period:
Sc/ScSi/Si1/ScSi. For the higher annealing temperatures, the fit is done by considering a multilayer with

2 layers in a period: Sc/ScSi.

Sc/Si Sample Layer | Thickness (nm) | Roughness (nm)
Sc 3.00 0.30
ScSi 2.00 0.34
As-prepared Si 2.84 0.39
ScSi 1.13 0.36
Sc 291 0.35
ScSi 2.04 0.26
Annealed 100°C Si 2.80 0.28
ScSi 1.12 0.32
Sc 2.00 0.52
Annealed 200°C ScSi 6.15 0.53
Sc 1.72 0.23
Annealed 300°C ScSi 6.37 0.26

The thickness and roughness determined from the reflectivity curve of the as-prepared Sc/B,C/Si/B,C
sample is indicated in the Table II. A thin SiO, layer at the surface is taken into account in all cases. It is
not necessary to introduce some silicide at any interface. The thickness of the B,C layers (0.8 nm) is
slightly lower than the aimed one (0.9 nm). There is no significant difference neither between the curves
nor between their fit, of the as-prepared and annealed at 100 and 200°C samples. This was not the case
with the Sc/Si multilayer. In the case of the samples annealed at 300 and 400°C, there is a small but
significant evolution of the reflectivity curves with respect to the ones obtained at lower temperatures.
So one should consider Sc, Si, B,C, silicide (reaction between the Sc and Si atoms), carbide (reaction
between the Sc or Si atoms with the C atoms) or even boride (reaction between the Sc or Si atoms with

15



the B atoms) layers within a period. However from the x-ray emission and absorption spectroscopy
measurements'' performed at the Si L and Sc L edges, and giving informations about the chemical state
of the Si and Sc atoms respectively from their valence states, the formation of silicide is excluded. In
this study'', it has been noted that a nitrogen contamination can take place in the Sc/B,C/Si/B,C
samples. Thus the curves of the samples annealed at 300 and 400°C are not fitted because of the not

precisely known structure of the stack.

TABLE II. Parameters of the as-prepared Sc/B,C/Si/B,C multilayers deduced from the fit of the XRR
curves obtained at 0.154,0.712 and 12.7 nm.

Layer | Thickness (nm) | Roughness (nm)
Sc 540 0.27
B,C 0.80 0.29
Si 393 0.24
B,C 0.81 0.34

To determine the effect of the annealing temperature on the correlation lengths of the roughness, the
shape of the scattering curves has been fitted® using the IMD code. For these fits, the lateral correlation
length, L, and the Hurst parameter or jaggedness factor, H, are set equal for all the layers. These
parameters are introduced in the functional form of the correlation function of the roughness profile.”'
The as-prepared Sc/Si sample can be fitted with a lateral correlation length of 22-24 nm, a perpendicular
correlation length, A, of 5nm (i.e. approximately the thickness of one layer) or 10 nm (i.e.
approximately the thickness of one Sc/Si bi-layer) and a Hurst parameter of 0.1. As an example, the fit
with A=5nm, L=23nm and H=0.1 is shown in the Figure 8. Considering the Sc/Si multilayer
annealed at 200°C, its fit leads to the same values of A and H but, as expected from the flatness of the
curve, to a smaller value of L between 12 and 16 nm with respect to values deduced from the fit of the

as-prepared sample.
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It is much more difficult to find a fit for the Sc/B,C/Si/B,C multilayers. Indeed, their scattering curve
is very asymmetrical, the high diffusion angle side being much steeper than its low side for the as-
prepared sample and the reverse for the sample annealed at 200°C. Thus, it is not possible to find a fit
for both sides of these scattering curves. If we consider only the low diffusion angle side, this leads to a
large range of possible parameters that statistically describe the roughness: A =5-15 nm, L = 20-30 nm
and H =1.5-2.5 for the as-prepared sample and A =5-15 nm, L =25-35 nm and H = 0.15-0.25 for the

sample annealed at 200°C.
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Figure 8. Diffuse scattering curve obtained at 12.7 nm around the first Bragg peak of the as-prepared
Sc/Si multilayer and fit with a model taking into account a perpendicular correlation length of the

roughness of 5 nm, a lateral correlation length of 23 nm and a Hurst parameter of 0.1.

Conclusions

It is shown for sample without annealing that the introduction of the barrier layers reduces the
presence of the silicides at the interfaces and improves the optical performances at 0.712 nm. Upon

annealing, the Sc/Si multilayer is stable only up to 100°C, after which a large decrease of the reflectivity
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is observed together with an increase of interfacial silicides. For the Sc/B,C/Si/B,C multilayer, the
optical reflectivity slightly decreases by 10% up to 400°C even if a 7% contraction of the period is
determined and an evolution of the chemical state of the Si atoms between 300 and 400°C is detected.
Diffuse scattering measurements measured on as-prepared and annealed at 200°C samples do not show
a great influence of the annealing temperature on the correlation lengths of the roughness. Thus, the
evolution of the optical performances of the studied stacks is mainly due to the development of the

interfacial roughness and compounds.
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