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This manuscript presents the structural characterization of Al/Sc-based periodic multilayer coatings for the
extreme ultraviolet (EUV) spectral range. Based on transmission electron microscopy and electron diffraction as
well as grazing-incidence and large-angle x-ray diffraction, a model for the layer structure and the interfacial
effects of Al/Sc coatings is built. The onset of crystallization in nanoscale Al and Sc layers as a function of
thickness is also revealed in these characterizations. The Al/Sc layer model is validated and further refined by
fitting in-band and out-of-band EUV reflectance measurements across 5 orders of magnitude in an extended

wavelength range from 17 to 80 nm. The same type of EUV reflectance measurements is used to test the Al/Sc
aging properties and to demonstrate the spectral response of optimized two- and tri-material multilayers
including Al/Sc, Al/Sc/SiC and Mo/Al/Sc.

1. Introduction

Multilayer interference mirrors have become key technological
components in the extreme ultraviolet (EUV) spectral range (defined as
wavelengths from 10 to 80 nm). The development of multilayers with
high efficiency and long-term stability has enabled several break-
throughs in science and industry in areas such as EUV lithography, solar
physics, ultrafast phenomena, coherent EUV sources, etc. The long-
wavelength part of the EUV spectrum remains however less explored.
One major limitation in the development of multilayer coatings is the
presence of interfacial effects (roughness, diffusion, interlayer forma-
tion) that are not predictable theoretically and that affect both the ef-
ficiency and the stability of the multilayer. For the experimental
multilayer response to meet the design expectations, these interfacial
effects need to be understood and included in the multilayer design.
Thus, one needs to study in detail the physical phenomena that take
place at sub-nanometric scale in any combination of multilayer
materials.

Due to the presence of its Ly3 absorption edge near 17 nm,
Aluminum has favorable optical properties to act as a low-absorption
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material in multilayer interference mirrors for wavelengths longer
than the L 3 edge. Aluminum-based multilayers for the EUV have been
extensively studied over these last ten years [1-3] and Al/Mo/SiC
multilayer coatings have been developed and deposited on Solar Obiter
EUV telescopes [4].

Sc has been proposed as an efficient low-absorption material for EUV
radiation above the Sc M 3 absorption edge (about 44 nm) [5] and Sc/Si
multilayers with near normal incidence reflectance as high as 56.6% at
44.7 nm have been developed [6].

We have recently proposed to combine Al and Sc in the same
multilayer [7,8] and we have demonstrated experimentally Al/Sc-based
multilayers with high reflectance at wavelengths longer than the Sc M3
edge (up to 57.5% at 44.7 nm and 46.5% at 51 nm). Actually, simula-
tions show that Al/Sc multilayer mirrors can provide high
normal-incidence reflectance on a very broad spectral range, from 17
nm to beyond 60 nm (see Fig. 1). Moreover, the addition of a third
material (such as SiC or Mo) in the periodic structure produces even
higher reflectance values.

In this paper, we present the analysis of the microstructure, aging
properties and in-band and out-of-band EUV response of periodic Al/Sc
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multilayers with various layer thicknesses ranging from 5 nm to 20 nm.
Transmission Electron Microscopy (TEM) and electron diffraction, as
well as Large-Angle X-ray Diffraction (LAXRD) and grazing incidence X-
Ray Reflectometry (XRR), provided detailed information about the layer
and interface structure. The near-normal incidence EUV reflectance of
these samples was measured across 5 orders of magnitude on a broad
spectral range (17 nm to 80 nm). Based on the structural analysis results,
a model is proposed and is further refined by fitting the EUV reflectance
data. The lifetime stability of these Al/Sc samples is also studied via EUV
reflectance measurements. Finally, we used these results to develop two-
and tri-material Al/Sc-based multilayers (Al/Sc, Al/Sc/SiC and Mo/Al/
Sc) with optimized reflectance in the EUV range 44 - 60 nm.

2. Experimental details
2.1. Selection of multilayer structures

As shown in Fig. 1, the calculated ideal maximum reflectance values
were obtained with a code written in Matlab© using optical constants
from Aquila et al. [9] for wavelength below 25 nm and from Uspenskii
et al. [5] for wavelength above 25 nm for Sc, Palik et al. [10] for Al and
Mo, and Kortright and Windt [11] for SiC. These optical constant values
have been selected and evaluated in earlier work [12,13], and represent
the available values from the literature that provide the best agreement
to experimental reflectance measured on multilayers deposited in our
machine. Notice that evaporated Sc optical constants published by
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range (5 nm to 20 nm) is representative of the thicknesses needed to
realize multilayer coatings in the EUV. Table 1 shows the design (goal)
layer values for the Al/Sc multilayers prepared for the layer thickness
study (labeled as “Thickness study samples”) discussed in Sections 3.1
and 3.2, as well as for the optimized multilayers (labeled “Optimized
samples”) that are discussed later in Section 3.3.

2.2. Fabrication and characterization techniques

All multilayers were prepared at Laboratoire Charles Fabry with a
magnetron sputtering system, which can accommodate up to four tar-
gets and can be used either in a Radio Frequency (RF) or a Direct Current
(DC) mode according to the deposited material [15]. The substrates
were Si wafer pieces in (100) crystal orientation with surface micro-
roughness in the 0.2 nm range. We used Mo, SiC and Sc targets and a
Si-doped (1.5 wt. %) Al target, with better than 99.95% purity. During
the deposition process, we used a 2.7 x 107! Pa Ar pressure in the

Table 1

Goal values of layer thicknesses (daj, dsc, dsic (vo), drop) and multilayer period
thicknesses (Dyy) for Al/Sc thickness study samples, and Al/Sc, Al/Sc/SiC and
Mo/Al/Sc optimized samples. drop, represents the thickness of the top SiC layer
(capping layer). In the second column, the number of bilayers in each sample is shown
as a subscript and the SiC capping layer is shown as a separate layer, when it is not
part of the periodic structure. All thickness and roughness values are indicated in
nanometers.

Fernandez-Perea et al. [14] give also good results. Nevertheless, we # Multilayer da ds. dsic drop Dmw
chose optical constants from Uspenskii et al. [5] which are measured on structure Mo)
sputtered Sc (same deposition technique as in this study) and which give Thickness study
slightly better agreement in the absorption edge region (see [13], Fig. 61 samples
on p.83). These optical constants will be also used for the fitting models 8026 [Al/Sclqo / SIC 5 5 - 8 10
. . . 8028 [Al/Sclio / SiIC 10 10 - 3 20
presented in subsections 3.2.1 and 3.3.2. In the Matlab code used in 8030 [Al/Sclio /SIC 20 20 _ 3 40
Fig. 1, the algorithm finds for each photon energy the optimal thick- 8031 [Sc/Allo / SIC 10 10 _ 3 20
nesses that satisfy the Bragg condition to within 10% by taking an 8032 [Al/Sclio / SiIC 5 20 - 3 25
average index of the two or three materials. Then, the algorithm uses an 8033 [Al/Sclyo / SIC 20 5 - 3 25
optimization method based in the interior-point technique, with Ozz::l:j
constraint to find the thicknesses which minimize the reflectivity devi- 9049 [Al/Sc/SiClo 1018 971 417 _ 24.06
ation to one. The constraint imposes a positive thickness, smaller than 9051 [Mo/Al/Sclo /  8.04 11.60  4.47 24.11
the wavelength. Sic
Because the microstructure properties of layers and interfaces in a 9052 [Mo/Al/Scl; /111 1689 816 1o 36.15
multilayer are often dependent on the thickness of each constituent 9055 ffl\Cl/Sc]zs/ SiC 1397 95 - 5 23.47
layer, a set of Al/Sc samples was prepared with different layer thick- 9056 [Al/Sclss / SIC 1645 12.47 — 5 28.92
nesses, to study these thickness-dependent effects. The layer thickness 9060 [Al/Sc/SiCl20 11.97 1211 5.68 - 29.76
1 00 ] I . T T T T T
[ . ——- [AI/Mo/SIC]40 2 ]
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Fig. 1. Calculated, ideal (zero interfacial roughness, no capping layer) peak reflectance (Rpeai) is plotted vs. wavelength for Sc/Si, Al/Mo/SiC, Al/Sc, Al/Sc/SiC, and
Mo/Al/Sc multilayers at normal incidence. The number of periods in each multilayer has been chosen in order to saturate the peak reflectance in the entire

wavelength range and is shown in the legend as a subscript.
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deposition chamber. The plasma discharge was established with a DC
current of 0.1 A for the Sc target, 0.06 A for the Mo target, and a RF
power of 200 W and 150 W for the Al and SiC targets, respectively. We
protected all the “thickness study” samples with a 3 nm thick SiC top
layer. We have previously demonstrated that such SiC capping layers are
able to assure a good temporal stability of Al-based multilayers [16,17].
For the optimized samples, we adjusted the SiC top layer thickness in
order to reach the highest reflectance (see Table 1).

All samples were measured by XRR at 8.05 keV (Cu Ku line, A =
0.154 nm) on a Bruker Discover D8 diffractometer. Fits to the XRR data
have been completed with the commercial Leptos © software in order to
determine the multilayer period, layer thickness and average values of
layer interface roughness/diffusion. For the modelling at 8.05 keV, we
used optical constants from the Henke tables [18] with the tabulated
densities of 3.16 g/cm® for SiC, 3.00 g/cm? for Sc, 2.70 g/cm? for Al,
10.22 g/cm® for Mo and 2.33 g/cm? for Si, respectively. We have also
performed LAXRD experiments for a few samples in Bragg-Brentano
geometry using a Panalytical Empyrean system with a front focusing
mirror for the Cu Ka radiation (A = 0.154 nm) and a PIXcel -3D detector.

The EUV reflectance measurements discussed in Sections 3.2 and
3.3.2 were performed at beamline 6.3.2. of the Advanced Light Source
(ALS) synchrotron at LBNL. Beamline 6.3.2. has a grating mono-
chromator with a fixed exit slit and its general characteristics have been
described in detail earlier [19,20]. A set of filters of various materials
(with each filter selected specifically for each wavelength range) is used
for wavelength calibration and 2nd harmonic and stray light suppres-
sion. For higher-order harmonic suppression, an “order suppressor”
consisting of three mirrors at a variable incidence angle (depending on
wavelength range) and based on the principle of total external reflection
is used in addition to the filters. In this manuscript, measurements were
performed with the 80 lines/mm monochromator grating and with the
order suppressor consisting of 3 Carbon mirrors at 20 degrees grazing
incidence angle. An Al filter (17.5 — 25.5 nm) and a Mg filter (25 - 50
nm) were used for 2" harmonic and stray light suppression, while no
filter was used at 45 — 80 nm. Wavelength was calibrated based on the
Ly 3 absorption edge of an Al filter and the wavelength accuracy was 5 x
1073 nm.

The beamline 6.3.2. measurement chamber allows translation of the
sample in three dimensions, tilt in two dimensions and azimuth rotation
of the sample holder. The available detectors include various photodi-
odes and a CCD camera (the latter for sample alignment), which can be
rotated by 360° around the axis of the chamber. During the measure-
ments discussed in this manuscript, signal was collected with a Si
photodiode detector with a 10 x 10 mm? active area and acceptance
angle of 2.4°. The ALS storage ring current was used to normalize the
signal, and the reflectance accuracy was 0.1% (absolute). The base
pressure in the measurement chamber was 10> Pa. All samples were
stored in a clean environment and measured two to four weeks after
deposition.

Results shown in Section 3.1.2. were obtained using a transmission
electron microscope FEI: TECNAI G® 20 Twin at the Centre de Sciences
Nucléaires et de Sciences de la Matiere (CSNSM) belonging to the JANNUSs
platform. It is equipped with a LaBg electron gun and operates under a
vacuum of 8.10~% Pa with a 200 kV voltage. This microscope can reach a
spatial resolution of 0.27 nm with a minimum spot size of 10 nm at 200
kV. The electron transparency of the analyzed Al/Sc multilayer sample
has been reached thanks to a flat-type tripod polishing technique. For
this, the flat-type polished specimen mounted on a tripod was thinned
down using diamond lapping films according to the procedure described
in Cha et al. [21]. The last step of the procedure required to use a GATAN
PIPS Iion milling machine exposing the specimen to two asymmetric ion
beams of Ar™ in grazing incidence to ensure the electron transparency of
the sample. The analyzed Al/Sc 8028 multilayer sample was fabricated
in October 2018 and the TEM preparation and measurements were
realized a few months later. We used this TEM microscope in imaging
and electron diffraction modes.
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3. Results and discussion
3.1. Microstructure analysis of Al/Sc multilayer coatings

3.1.1. XRR measurements at 8.05 keV

All Al/Sc multilayers labeled “Thickness study samples” (see Table 1)
were measured by grazing incidence XRR at 8.05 keV. The fitted layer
thickness and roughness values are summarized in Table 2. The XRR
measurements and fits for Al/Sc samples 8026, 8028 and 8031 are
shown in Fig. 2. The fit sensitivity is estimated to be 0.01 nm for the
period thickness and close to 0.1 nm for the individual layer thicknesses.
The low optical contrast between Al and Sc at 8.05 keV [18] does not
allow pronounced peaks in the XRR data. However, the good agreement
between simulated and experimental intensities of the successive Bragg
peaks indicates good layer quality and periodicity for all three samples.
The fitted interfacial roughness/diffusion values were between 0.5 and
0.7 nm (Table 2).

3.1.2. Transmission electron microscopy: imaging and electron diffraction
of Al/Sc samples

As the reflectivity of multilayer mirrors in the EUV can strongly
depend on the crystallinity properties of their layer structure and most
crucially on the quality of the interfaces between each layer of material,
we employed TEM to characterize the structural features of one of the
Al/Sc multilayers, sample 8028. The as-designed thicknesses of Al and
Sc layers are 10 nm, near the middle of the thickness range of this study.
In Fig. 3, we show TEM bright field images of the 8028 Al/Sc sample. In
Fig. 3 (a), aluminum and scandium layers are clearly distinguishable,
with aluminum layers appearing darker than scandium. Also, Al
columnar structures appear textured, while Sc layers appear mostly
amorphous. Some dark spots randomly appearing in the Sc layers of the
multilayer are suspected to be due to the last sample preparation step of
ion milling, during which some clusters of atoms are pulled off the
layers. Fig. 3 (b) is a detail on the selected area of Fig. 3 (a). We have
determined the grey level profile (green solid line) by an integration on
the horizontal axis over the entire selected area. The results clearly
indicate the existence of an Al-Sc interlayer (IL) between each Al and Sc
layer, with an average thickness of about 3 nm.

The electron diffraction mode of the microscope allowed us to
quantitatively characterize the crystallization features of the 8028 Al/Sc
sample.

In the electron diffraction images (Fig. 4 (a) & (b)), the central spot is
the direct electron beam, the bright spots around it are associated to
crystalline orientations, and diffuse circles are characteristic of amor-
phous phases. For a polycrystalline phase, spots appear along a thin
circle at the same distance from the central spot.

The measured distance between the central spot and the spot of in-
terest is then a 1/nm value that can be used to determine the interplanar
distance (dnx) of the associated crystal. Based on this principle and
appropriate comparisons with diffraction databases [22], we started the
analysis by identifying the crystalline orientations for the (100) silicon
substrate (not explicitly shown here) as a reference for the identifica-
tions associated with the multilayer materials.

We have determined (111), (200) and (220) crystalline orientations
for aluminum with d(111) — 2.329 A (theoretical value = 2.329 A), d(200)
_2.024 A (theoretical value = 2.031 A), and d(220) = 1.431 A (theoretical
value = 1.459 A). This is in good agreement with the columnar struc-
tures appearing in the bright field images (Fig. 3 (a) & (b)). A diffuse
circle on the electron diffraction diagram stands for the amorphous state
of scandium (Fig. 4 (a)). Also, features linked to the AlsSc alloy in Fig. 4
(b) have been identified as (111) and (110) orientations with dg11)=
2.368 A (theoretical value = 2.368 A) and d110=2.900 A (theoretical
value = 2.885 A), respectively. AlsSc could be one of the main compo-
nents of the interlayers seen in the TEM bright field images (Fig. 3 (a) &
(b))
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Table 2
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XRR-fitted layer thicknesses (dai xrr, dsc xrr> drop xrr), multilayer period thicknesses (Dyy, xrr) and interfacial roughness/diffusion values (6 a1 xrr, 0 sc XRR> 0 Top XRR)
for Al/Sc thickness study multilayer samples. drop, represents the thickness of the top SiC layer (capping layer). In the second column, the number of bilayers in each sample is
shown as a subscript and the SiC capping layer is shown as a separate layer. All thickness and roughness values are indicated in nanometers.

# Multilayer structure da1 xrr dse xrr

dTop XRR D xrr GAl XRR Osc XRR GTop XRR

8026
8028
8030
8031
8032
8033

[Al/Sclo / SiC
[Al/Sclyo / SiC
[Al/Sclqo / SiC
[Sc/All4o / SiC
[Al/Sclqo / SiC
[Al/Sclyo / SiC

4.92
9.94
20.04
9.76
5.18
20.87

4.95
10.00
19.88
10.19
19.42
4.21

3.02
3.02
3.02
3.09
3.01
2,97

9.87

19.94
39.92
19.95
24.60
25.07

0.77
0.74
0.70
0.63
0.71
0.72

0.50
0.45
0.53
0.51
0.55
0.45

0.58
0.61
0.58
0.44
0.69
0.55

- N
o (=]
N -
o o

Intensity (arb.units)
801

10° : :
0 2 3 4
Grazing Angle (°)

-

Fig. 2. XRR-measured (blue data points) and fitted (red solid lines) curves at
8.05 keV for Al/Sc 8026, 8028 and 8031 multilayer samples. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

3.1.3. Large angle X-ray diffraction results for Al/Sc multilayer coatings

We characterized the 8032 (Al 5.18 nm/Sc 19.42 nm) and 8033 (Al
20.87 nm/Sc 4.21 nm) samples by LAXRD, because their thickness
asymmetry could be interesting towards revealing specific thickness-
dependent crystallinity properties of Al, Sc and Al-Sc alloy.

In Fig. 5, we can identify the characteristic peak of the (400)
reflection associated to the Si (100) oriented substrate at 69.15° along
with its forbidden reflection line (200) at 33° for both samples. The
occurrence of the forbidden reflection line (200) is caused by multiple
diffraction as demonstrated in Zaumseil et al. [23]. In the LAXRD data of

Ny

PO W e e

the 8033 Al/Sc sample containing more Al than Sc, we are noticing
pronounced Al peaks, Al (111) at 38.5° and Al (222) at 83.3°, but no
significant scandium crystallization is detected, as is discussed below.

On the other hand, the 8032 Al/Sc sample which contains more Sc
than Al, presents three Sc reflections: Sc (111) at 33.9°, Sc (101) at 35°,
and Sc (220) at 70.94° next to the main Si (400) peak. We can suggest
that the weak and wide signal observed in the 8032 data around the Al
(111) position is associated to a polycrystalline phase of aluminum. The
same characteristic is observed for scandium in the 8033 data around
the Sc (111) and (101) positions. On both sets of data, we have deter-
mined at least one orientation due to the AlsSc alloy: AlsSc (110) and
(210) for the 8032 sample, and (210) only for the 8033 sample. We can
add that two diffraction peaks have been observed on every sample
diffractogram at 42° and 45° (not annotated). However, their identifi-
cation remains unclear despite our research in the literature but as they
systematically show the same relative intensity, we can infer that they
are not associated with the Al or Sc layers. Further studies would be
needed to solve this question.

In order to calculate the average crystallite size, L, from the LAXRD
Al (111) and Sc (111) peaks, we used the Scherrer formula [24]:

K x A

L= ————
FWHM X cos0

where )\ is the X-ray wavelength in nanometers, FWHM is the Full Width
at Half Maximum of the diffraction peak in radians, 6 is the Bragg angle
and K is a constant related to crystallite shape usually taken as 0.89 [25].
According to this equation, one finds an average crystallite size of about
17.8 nm from the Al (111) peak of the 8033 multilayer sample and an
average crystallite size of about 12 nm from the Sc (111) peak of the
8032 multilayer sample. These values are consistent with the Al and Sc
layer thickness in each sample and confirm that the 20 nm Al layers are

30 40 50 60
nm

20

10

O

Fig. 3. Bright field TEM images of the 8028 Al/Sc sample prepared with mechanical flat-type tripod polishing. (a) is a x50k image and (b) is a x100k image of the
selected area shown in (a), showing in detail the Al and Sc layers and Al-Sc interlayers (IL).
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Fig. 4. 8028 Al/Sc multilayer electron diffraction images with identification of crystalline orientations for Al (left image) and AlsSc (right image). Scandium layers

are amorphous and appear as a diffuse circle as indicated on the left image.
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Fig. 5. Large Angle X-Ray Diffraction analysis of 8032 and 8033 Al/Sc multilayer samples.

more strongly crystallized than the Sc ones. Similar values for magne-
tron sputtered Al have been reported in previous work [26,27].

It is demonstrated from TEM images, electron diffraction and LAXRD
analysis that the AlgSc phase appears in all Al/Sc multilayer samples,
indicating that this alloy is one of the components of the Al-Sc interlayer.
Also, for Al layer thicknesses greater than 5 nm, we notice an obvious Al
crystallization according to the (111) direction, which appears as
columnar structures in the bright-field TEM images. Sc crystallization
was identified on LAXRD data for the 8032 sample only, containing Sc
layers of about 20 nm. Given that no crystalline phases of Sc were found
in the TEM and electron diffraction analysis of sample 8028 with 10 nm-
thick Sc layers (Section 3.1.2), it is concluded that Sc layers thicker than
10 nm seem to be necessary to initiate the crystallization of Sc.

3.2. Reflectometry results in the EUV for “thickness study” Al/Sc samples

3.2.1. Reflectance measurements in the EUV for Al/Sc multilayers

We have measured the performance of the Al/Sc “thickness study
samples” (see Table 1) in the EUV at the ALS synchrotron over a wide
wavelength range that covers multiple Bragg order reflection peaks. To
fit the EUV data, we propose fitting models according to the structural
information obtained from XRR, TEM, electron diffraction and LAXRD
analyses. We remind that the “thickness study samples” discussed in this
Section were not optimized in layer thickness to reach specific reflec-
tance or peak wavelength. The experimental results are summarized in
Table 3 for the 8026, 8028, 8030, 8031 and 8033 Al/Sc samples, and the
measured EUV data and models are shown in linear and logarithmic

scale in Fig. 6 (a) & (b), (samples 8028 and 8031) and Fig. 8 (a) & (b)
(samples 8026 and 8033).

Comparison between the 8028 and 8031 EUV reflectance data
(Fig. 6) is of great interest as the two samples only differ by the depo-
sition order of the Al and Sc layers, with Al being the first layer deposited
on the Si substrate for sample 8028 and Sc being the first layer deposited
on the Si substrate for sample 8031. We notice that the 8031 [Sc/Al]1¢
multilayer presents a peak reflectivity of 17.6% at 42.1 nm, while the
8028 [Al/Sc],g reaches 28.4% at 39.3 nm. Their bandwidths are 5.9 nm
and 7.65 nm for 8028 and 8031, respectively. This significant difference
in peak reflectance and bandwidth values is well reproduced with
simulation and can be explained by the position of the maxima and
minima of the electric field standing wave within the multilayer struc-
ture and at the top surface of the multilayer. If we compare the electric
field intensity of each sample at their peak wavelength (Fig. 7), one can
observe that the electric field intensity is close to its maximum (standing

Table 3
Experimental values of EUV peak reflectance (Rexp in %), peak wavelength (Aeyp
in nm) and bandwidth (BWey, in nm) for Al/Sc samples.

# Multilayer structure Rexp(%) Aexp(nm) BWxp(nm)
8026 [Al/Scl4o / SiC 34.1 19.1 0.65
8028 [Al/Sc]qo / SiC 28.4 39.3 5.9
8030 [Al/Sclyo / SiC 27.2 60.6 5.2
8031 [Sc/Allyo / SiC 17.6 42.1 7.65
8033 [Al/Sclyo / SiC 36.9 44.3 2.95
21.6 24.2 1.15
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wave anti-node) within the 3 nm thick SiC capping layer for the 8031
[Sc/All;o sample, while it is close to its minimum (standing wave node)
for the 8028 [Al/Sc]l;p sample. Hence, the reflectivity is strongly
reduced for the 8031 multilayer sample compared to the 8028 sample.
These results show that the order of deposition can have a dramatic
influence on the performance of the multilayer in this wavelength range.
Moreover, it suggests that the optimization of the thickness of the top
layer could improve the reflectivity of the multilayer samples as we will
see in the next Section. Similar effects have been reported earlier for the
optimization of Mo/Si and Sc/Si multilayer structures [28,29].

The EUV reflectance data and models for samples 8026 and 8033 are
shown in Fig. 8 and Table 3: sample 8026 reaches 34.1% reflectance at
19.1 nm with a 0.65 nm bandwidth, and the 8033 sample presents a
reflectance peak of 36.9% at 44.3 nm with the 2" order Bragg peak of
about 22% at 25 nm.

The fitting models to the EUV data for samples 8026, 8028, 8031 and

8033 are based on the fits of XRR data: we used the period thickness and
roughness values given in Table 2. All models include a native SiO,
oxide layer of about 1-1.5 nm on top of the SiC capping layer, which is
presumably formed after exposure of these coatings to air. In a first
attempt, we tried to fit the EUV experimental data with a 2-layer (Al/Sc)
model similar to the XRR model. However, the fits (not shown here)
were not satisfactory. Consequently, based on the structural results re-
ported in the previous section, we included interfacial layers at Sc-on-Al
and/or Al-on-Sc interfaces in the fitting models. These interfacial layers
were implemented using the “graded interface” function of the IMD
software [30] and we adjusted their position within the multilayer stack
in order to obtain the best fit to the EUV data. As a result, the Al and Sc
layer thicknesses decrease in order to keep the Al/Sc bilayer period
thickness constant. The thicknesses of each layer used in the models
corresponding to these fits, including Al-on-Sc and Sc-on-Al interfacial
layers, are shown in Table 4. Note that the optical constants of the
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interface layers are calculated directly by taking the average of the op-
tical constants of the surrounding layers.

Due to the significant uncertainties of available optical constant
values for Sc and Al above 40 nm wavelengths and around absorption
edges, we chose to focus the fits in the spectral range below 40 nm. As
shown in Figs. 6 and 8, we were able to accurately fit the detailed fea-
tures of the EUV reflectance measurements below 40 nm. The inclusion
of the interfacial layers was crucial in achieving the high quality of the
fits.

The values of layer thicknesses for the 8028 sample are consistent
with the TEM observations in Fig. 3. Concerning the 8026 and 8033
multilayers, we have reached the best agreement between EUV reflec-
tance data and fits by adding only one interfacial layer, at the Sc-on-Al
interface. It should be noted that both 8026 and 8033 contain thinner Sc
layers (5 nm) than 8028 and 8031 (10 nm) in their structures. The
thickness of the interfacial layer seems to be correlated to the thickness
of the deposited layers, which is why the simulated 8026 interface is
only 0.7 nm in width (both Al and Sc layers in sample 8026 are about 5
nm in thickness). As the 8031 sample is the only one to be deposited with
an inverted order of layers, we cannot firmly explain so far why 1.1 nm
thick interlayers are sufficient to obtain the fitting model as we expected
3 nm thick interlayers based on the 8028 sample. However, despite this
difference in thickness that would deserve to be studied further, adding
interfacial layers in the model improved the fits to the EUV measure-
ments, for all samples.

This method gave good results for Al/Sc multilayer samples across
the EUV range, despite uncertainties in the optical constant values
around absorption edges and above 40 nm wavelength in the spectral
range. Any discrepancies between the measured data and fits above 40

During the time in-between measurements, the samples were kept in
laboratory ambient conditions.

Fig. 9 clearly shows the good stability of Al/Sc multilayer structures:
we notice good agreement in all characteristic features, including Bragg
1% and 2" order and Kiessig fringes. This good structural stability has
also been confirmed by XRR measurements (not shown here). It turns
out that 8026 reached 31.9% reflectance at 19.1 nm (-2.2% absolute),
8028 reached 27.6% at 39.7 nm (-0.8%) and 8031 showed a reflectance
of 16.6% at 42.4 nm (-1.0%). These changes are in the typical range of
EUV coating evolution in the first year after deposition [16] and may be
explained by a modification of the top layer (oxidization and/or
contamination) [17]. These results demonstrate adequate temporal
stability of the EUV performance of Al/Sc multilayers protected with a 3
nm thick SiC capping layer.

3.3. Optimization of two- and tri-material Al/Sc-based multilayers in the
EUV range

3.3.1. XRR measurements at 8.05 keV

The promising XRR and EUV reflectance results obtained with the
Al/Sc “thickness study samples” and the data gathered through the
structural analyses discussed in the previous Section were used to design
and deposit two- and tri-material Al/Sc-based multilayers with opti-
mized reflectance at near-normal incidence, at EUV wavelengths longer
than 40 nm. The samples were measured by XRR at 8.05 keV. The layer
parameters fitted from the XRR data are shown in Table 5. Plots of the
XRR data and fits of three samples are shown as examples in Fig. 10.

2 — —— —— .
nm on Figs. 6 and 8 are representative of the uncertainties in the EUV 10 §=5°
optical constant values.
3.2.2. Aging effects on the performance of Al/Sc multilayers -~
Nine months after the first EUV measurements shown in Figs. 6 and E\,
8, we have measured again the EUV reflectance of samples 8026, 8028 oS 0
and 8031 at ALS beamline 6.3.2, to determine their temporal stability. % 10
©
Q
D A &
Table 4 % 2
Layer thicknesses of the models used to fit XRR (d) and EUV (d’) reflectance of ,' --—-8026 aged
samples 8026, 8028, 8031 and 8033. ) i —--- 8028 aged
2L I 1
XRR model EUV model 10 i —-=-8031 aged
# d (AD d (Sc) d’(Al) d’(Sc) Sc-on-Al Al-on-Sc i ] I | i i
(nm) (nm) (nm) (nm) interlayer interlayer 20 25 30 35 40 45 50
(nm) (nm)
Wavelength (nm)
8026  4.92 4.95 4.68 4.50 0.7 None
8028  9.94 10.0 7.96 5.98 3.0 3.0 Fig. 9. Reflectance vs. wavelength measurements (plotted in log-log axes) of
8031 9.76 10.19 9.1 8.68 L1 11 8026, 8028 and 8031 Al/Sc multilayer samples in November 2018 and in
8033  20.87 4.21 19.0 3.59 2.5 None

August 2019.




J. Rebellato et al.

As shown in Fig. 10, the good agreement between simulated and
experimental intensities of the successive Bragg peaks indicates good
layer quality and periodicity for all samples. The fitted interfacial
roughness/diffusion values were between 0.5 and 0.7 nm. Also, we note
that adding a third material (Mo or SiC) in the Al/Sc structures allowed
to reach a stronger optical contrast at 8.05 keV, resulting in more
distinct Bragg peaks, compared to those in Fig. 2.

3.3.2. Reflectance measurements of optimized multilayers in the EUV: Al/
Sc, Al/Sc/SiC and Mo/Al/Sc

The Al/Sc-based, optimized multilayer samples were measured in a
wide wavelength range from about 17 nm to 80 nm at ALS beamline
6.3.2. shortly after their fabrication. In a former work [8], we reported
on the record peak reflectance of these coatings but we only focused in a
limited spectral range around the 1 Bragg reflectance peaks. Here, we
present extended-wavelength EUV data for Al/Sc, Al/Sc/SiC and
Mo/Al/Sc multilayer samples with their fitted values based on graded
interface models discussed in Section 3.2.1. The EUV results of the
optimized Al/Sc-based samples are summarized in Table 6.

In Fig. 11 (a), it is interesting to observe that optimized periodic Al/
Sc multilayer mirrors reach a peak reflectivity of 55.9 % at 44.7 nm
wavelength close to the Sc My 3 absorption edge, and then their peak
reflectance decreases for longer wavelengths. However, all samples
maintain a 3.5 nm to 4.1 nm peak bandwidth which are good selectivity
values in this spectral range. Also, in Fig. 11 (b) we can see the complex
fine structure associated with the 1%t and 2" order Bragg peaks as well as
fine structure in-between peaks, for each Al/Sc sample. These features
served as a reference in the fitting process of the interfacial layers
resulting in accurate fits in an extended wavelength range, over 5 orders
of magnitude in reflectance values. As in the previous sections, period
thickness and roughness values deduced from XRR data were used and a
1-1.5 nm SiO» native top oxide layer was added in the fits. The thick-
nesses and position of Al-on-Sc and Sc-on-Al interfacial layers were
adjusted in order to fit the EUV data. For all these samples, we have been
able to obtain good fits by adding only a 2 nm thick Sc-on-Al interfacial
layer (Table 7).

Optimized Al/Sc/SiC periodic multilayer mirrors reached 56.5% and
46.5% peak reflectivity near the Sc absorption edge (Fig. 12). At 44.7
nm, the 9049 Al/Sc/SiC sample reached a better reflectance (+0.6%)
than the 9055 Al/Sc, as well as a slightly wider spectral bandwidth
(+0.6 nm). Further from the Sc absorption edge, the improvement in
reflectance values of Al/Sc/SiC compared to Al/Sc is more pronounced
(as is expected in 3-material vs. 2-material systems) as the 9060 Al/Sc/
SiC sample reaches 46.5% at 51 nm vs. a 42.4% reflectance value at 51
nm for 9056 Al/Sc.

In Fig. 12 (b), we observe fine structures related to higher order
Bragg peaks for wavelengths between 17 nm and 30 nm. As previously,
these data were used as a reference for the fitting process. Unlike Al/Sc

Table 5

XRR-fitted layer thicknesses (da; xrr, dsc xrr> dsic (Mo) xRR> dTop xrR), Multilayer
period thicknesses (Dy, xrr) for optimized Al/Sc-based multilayer samples. drop
represents the thickness of the top SiC layer (capping layer). In the second col-
umn, the number of bilayers in each sample is shown as a subscript and the SiC
capping layer is shown as a separate layer. All thickness values are indicated in
nanometers.

Thin Solid Films 735 (2021) 138873

-

o
N
o

9055 Al/Sc Bt
. — Fit
\"P\? . ]
"P\D\‘&"ﬁ”\
8 79707572“‘[\'/IO/AI/SC | At 4
T YNAL
9049 AUSCISIC Mf sl

\)’

N

o
N
(4]

Intensity (arb. units)
=

N

o
o
T

100 I \
0 1 2 3 4

Grazing Angle (°)
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to color in this figure legend, the reader is referred to the web version of
this article.)

Table 6
Experimental values of EUV peak reflectance (Rexp in %), peak wavelength (Aexp
in nm) and bandwidth (BWey, in nm) for optimized Al/Sc-based multilayer
coatings.

# Multilayer structure Rexp (%) Aexp(nm) BWxp(nm)
9049 [Al/Sc/SiClyo / SiC 56.5 44.7 4.2

9051 [Mo/Al/Sclao / SiC 48.1 45.2 4.6

9052 [Mo/Al/Sc] / SiC 37.4 57.3 11.2

9055 [Al/Sclys / SiC 55.9 44.7 3.6

9056 [Al/Scl2s / SiC 42.4 51 4.1

9060 [Al/Sc/SiCla / SiC 46.5 51 5.6

# Multilayer da ds. dsic (o) drop Dy
structure XRR XRR XRR XRR XRR

8030*  [Al/Sclqo / SiC 20.04 19.88 - 3.02 39.92

9049 [Al/Sc/SiCl20 10.18 9.71 4.17 - 24.06

9051 [Mo/Al/Sclao / 7.92 11.40 4.56 5.05 23.87
SiC

9052 [Mo/Al/Scl; / 11.32 16.72 8.13 9.73 36.17
SiC

9055 [Al/Scl2s / SiC 14.30 9.70 - 5.23 23.90

9056 [Al/Sclas / SiC 16.00 13.50 - 5.00 29.51

9060 [Al/Sc/SiCl20 11.97 12.11 5.68 - 29.76

multilayer samples, we only have a Sc-on-Al interface in this Al/Sc/SiC
configuration, and no Al-on-Sc interface. Therefore, after adding an
oxide layer we had to adjust the Sc-on-Al graded interface thickness and
position (Table 8) to obtain the fitted data shown on Fig. 12 (a) & (b).
The results obtained with a 2 nm thick Sc-on-Al graded interface in both
samples were sufficiently coherent with the data, providing an indica-
tion that the SiC-on-Sc and Al-on-SiC interfaces are sharper than the Sc-
on-Al ones, and do not involve an interlayer of appreciable thickness. So,
we chose to avoid SiC-on-Sc and Al-on-SiC graded interface modelling
estimations.

In Fig. 13, Mo/Al/Sc multilayer samples show interesting reflectance
and bandwidth values above 40 nm wavelength especially near 60 nm
where the 9052 sample reaches 37.4% at 57.3 nm with a wide band-
width of 11.2 nm. Al/Sc multilayer samples reached lower reflectance
values in this range (Fig. 11). Mo optical constant sets are significantly
limited in this spectral range and they contain some unreliable values,
thus preventing the development of accurate models [12]. Despite these
optical constant uncertainties, we have obtained satisfactory fits to the
EUV data and the fitted layer thicknesses are shown in Table 9.

4. Conclusions

Motivated by encouraging simulations and initial data indicating
high reflectance values in the EUV range, we have developed a series of
Al/Sc multilayer coatings in order to study their microstructure. We
followed by fabricating optimized Al/Sc-based multilayer coatings to
reach high efficiencies in the EUV at near-normal incidence, mainly
above 40 nm wavelengths. The analyses of Al/Sc samples by XRR, TEM,
electron diffraction and LAXRD revealed the crystallization properties of
Al and Sc layers, with crystallization initiated by a minimum layer
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Table 7

Layer thicknesses of the models used to fit the EUV reflectance data from 8030,
9055, and 9056 Al/Sc samples.

XRR model EUV model
# d (AD d (Sc) d’ (AD d’ (Sc) Al-on-Sc Sc-on-Al
(nm) (nm) (nm) (nm) interlayer interlayer
(nm) (nm)
8030 20.0 19.9 19.6 18.3 None 2.0
9055 14.3 9.7 13.9 8.1 None 2.0
9056  16.0 13.5 15.6 11.9 None 2.0

thickness of 5 nm for Al and 10 nm for Sc. The presence of an interlayer
is revealed at the Al-on-Sc and Sc-on-Al interfaces, ranging from 1 to 3
nm in thickness, depending on the thicknesses of the Al and Sc layers.
Moreover, the Al3Sc phase was identified as one of the components of
the Al-Sc interlayer.

Experimental EUV reflectance results of optimized Al/Sc-based
multilayer coatings (Al/Sc, Al/Sc/SiC and Mo/Al/Sc) included peak
reflectivities in the range 27.2% - 56.5% at wavelengths in the range
44.7-60.6 nm, along with bandwidth values ranging from 3.5 to 11.2
nm. The results of the microstructural analyses were then included in the
modeling of in-band and out-of-band EUV reflectance data performed
over an extended range of wavelengths from 17 nm to 80 nm for Al/Sc,
Al/Sc/SiC and Mo/Al/Sc multilayer coatings. These results allowed the
refinement of fitting models, reaching a close agreement with the EUV
measurements over 5 orders of magnitude, despite persistent un-
certainties in the optical constant values available in the literature. A
second set of EUV measurements on three Al/Sc samples 9 months later,
demonstrated adequate temporal stability of the EUV performance of

60, s AR ' '
50 ]
t 9049 9060
! —a
40 e 1
(a)
— ALSData -

- — Model

Reflectance (%)
w
o
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Al/Sc multilayers protected with a 3 nm thick SiC capping layer.

The results presented in this paper will enable the development of
instrumentation in a wavelength range that has not been widely acces-
sible up until now. Narrowband, dual band, or broadband mirrors with
high peak reflectance can be achieved in the wavelength range 44 nm —
60 nm by using Al/Sc, Al/Sc/SiC and/or Mo/Al/Sc multilayers. They
will address applications including coherent light sources (synchrotrons,
free-electron lasers, EUV lasers, high-harmonic generation), attosecond
physics, as well as solar, plasma and planetary physics.
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Table 8
Layer thicknesses of the models used to fit EUV reflectance of Al/Sc/SiC 9049

and 9060 samples. SiC-on-Sc and Al-on-SiC interfacial layers were not included
in the model.

XRR model EUV model
# d (AD d (Sc) d’ (Al d’ (Sc) Sc-on-Al interlayer
(nm) (nm) (nm) (nm) (nm)
9049  10.2 9.7 9.8 8.1 2.0
9060 12.0 12.1 11.6 10.5 2.0
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Table 9
Layer thicknesses of the models used to fit the EUV reflectance of 9051 and 9052 Mo/Al/Sc samples. A Mo-on-Sc interfacial layer was not included in the model.
XRR model EUV model
# d(AD(nm) d(Sc)(nm) d(Mo)(nm) d’(AD)(nm) d’(Sc)(nm) d’(Mo)(nm) Al-on-Mo interlayer(nm) Sc-on-Al interlayer(nm)
9051 7.92 11.4 4.56 6.73 9.6 2.25 3.3 2.0
9052 11.32 16.72 8.13 8.88 14.92 6.97 3.4 2.0
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