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Abstract: The influence of B4C incorporation during magnetron sputter deposition of Cr/Sc
multilayers intended for soft X-ray reflective optics is investigated. Chemical analysis
suggests formation of metal: boride and carbide bonds which stabilize an amorphous layer
structure, resulting in smoother interfaces and an increased reflectivity. A near-normal
incidence reflectivity of 11.7 %, corresponding to a 67% increase, is achieved at A=3.11 nm
upon adding 23 at.% (B+C). The advantage is significant for the multilayer periods larger than
1.8 nm, where amorphization results in smaller interface widths, for example, giving 36%
reflectance and 99.89% degree of polarization near Brewster angle for a multilayer polarizer.
The modulated ion-energy-assistance during the growth is considered vital to avoid
intermixing during the interface formation even when B+C are added.
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1. Introduction

A vital component in advancing the instrumentation in EUV and soft X-ray based lithographic
tools, microscopes, solar telescopes, and time-resolved attosecond spectroscopy is normal-
incidence multilayer X-ray optics. Multilayer mirrors with compositional modulation,
providing high optical contrast for the desired reflected wavelength, have proven to serve as
bright, highly dispersive, and efficient reflective optics [1-4]. The bottleneck in obtaining
higher reflectivities, closer to the theoretically predicted values, in almost all chosen materials
systems, is the fabrication of hundreds of nm to sub-nm thin layers with atomically flat and
abrupt interfaces [5, 6].

Cr/Sc multilayers are often the most suitable structures to use as soft X-ray mirrors in
water-window applications in-between C and Sc absorption edges [6-10]. Two facts related to
Cr/Sc multilayers are that Cr and Sc do not form any intermetallic phase [11] at the interfaces,
and that both Cr and Sc layers attain an amorphous structure below ~ 1.8 nm period [10, 12,
13]. The latter is a consequence of total energy minimization by eliminating high energy
crystalline interfaces in favour of disordered ones, at the expense of forming an amorphous
structure also in the interior of the layers [12]. When grown with multilayer periodicities
larger than A > 1.8 nm, both Cr and Sc spontaneously transforms into nanocrystalline layers.
In general, crystallization is a serious issue since crystallites increase high spatial frequency
interfacial roughness resulting in a poor reflectivity performance [14, 15]. The impact is
severe on optics requiring larger periodicities such as polarizers and broadband mirrors,
essential to polarimetry and to shape attosecond pulses [16-18].

Successful experiments have been made to grow smooth interfaces in Cr/Sc multilayers
with periods > 1.8 nm using ion beam deposition techniques as well as by the use of so called
“diffusion barrier layers”. For example, Guggenmos et al. demonstrated that ion beam
sputtering using 400 eV Kr ions (yielding sputtered Sc and Cr atoms with Kinetic energies of
about 10 eV) was the best trade-off for an optimized layer growth of defect free, dense, and
smooth layers with abrupt interfaces [19]. Additionally, after every 10" period, ion polishing
was applied using 50 eV Kr ions (for 60 s at 31° normal incidence angle) to minimize
roughness accumulation and ensure smoother interfaces. While providing a high degree of
process control, optimization of ion energies and the ion-polishing steps makes the ion beam
sputtering technique rather elaborate with relatively low overall low deposition rates (~0.05
nm/s). However, due to its better process control the technique was preferred over “diffusion
barrier layers” [17, 19].

The concept of diffusion barrier layers is mainly to introduce a third component layer,
often B4C, in-between the main constituent layers to avoid intermixing at the interfaces which
would reduce the optical contrast in the multilayers. The concept was first introduce for Mo/Si
multilayers where the presence of sub-nm thin B4C layers, preferably on Mo-on-Si interfaces,
was found to effectively hinder molybdenum silicide formation and provide higher optical
contrast for EUV reflection [20]. In the soft X-ray regime, particularly for near-normal
incidence soft X-ray mirrors where individual layers are sub-nm thin and consequently has
even more stringent demands on absolute thickness accuracy, reproducibility, and interface
perfection, the introduction of barrier layers is not straight forward. Nevertheless, ultrathin
interleaved B4C layers have shown significantly improved interface definition in magnetron
sputtered Cr/Sc multilayers [21-23]. Gullikson et al [22, 24] reported 32.1% near-normal-
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incidence reflectivity at 3.11 nm wavelength for Cr/B4C/Sc multilayers. Here, ~0.2 nm thin
B4C layers were sequentially deposited only on the top of Cr layers.

Owing to the fact that thin interleaved B4C layers unambiguously have turned to be
beneficial in obtaining highly reflective multilayers for a wide range of materials systems and
wavelengths, fundamental understanding of the decisive role of B4C in restructuring
interfaces and/or optical contrast in multilayer structures is needed [22, 25, 26]. How
interleaved B.C layers affect the interfaces is not trivial to determine in nearly amorphous
sub-nm thin layers with the existing experimental techniques. In short period Cr/Sc
multilayers (A < 1.8 nm), they are assumed to act as barriers against displacements of atoms
across the interfaces, i.e., to prevent intermixing, and thus yielding chemically abrupt
interfaces. On the other hand, B4C layers are known to reduce the adatom surface mobility in
e.g., Mo/B.C/Si/B4C multilayers, increasing the interface roughness replication effect [27].
Since, interface flatness is equally desired as interface abruptness for high reflectance of the
multilayer mirrors, essential measures must be taken, such as e.g. bombardment of the
growing film by energetic particles (ions or atoms) to reduce such interface morphology
replication:

In this paper, the investigations are focused on magnetron sputtered Cr/Sc multilayers
deposited using continuous incorporation of B4C into both Cr and Sc layers. Different high
flux, low energy ion assistance schemes have been implemented to elucidate the impact of
B4C on the multilayer reflectivity performance. The effect of co-sputtering of B4C is
demonstrated for a wide range of multilayer periodicities (0.9 < A < 4.5 nm) including the
amorphous-crystalline transition at a period of 1.8 nm. The role of B4C in defining the
multilayer structures i.e., if the effect is merely a smoothening of interfaces through stimulated
amorphization or a reduced interlayer mobility of metal atoms, providing more abrupt
interfaces, is investigated. Multiple characterization techniques are used to correlate the
growth parameters, particularly the usage of a high flux low energy ion bombardment and the
distribution of B4C, with structural morphology and optical performance of the multilayers.

2. Growth and characterization details
2.1 Modulated ion-assisted growth during co-sputtering of B4C

The multilayers were deposited using an unbalanced dc-magnetron sputter deposition system
with 75mm diameter Cr and Sc targets. The major upgrade of the system, since it was last
described [13], is an addition of a 50 mm diameter sputtering source to enable B4C co-
sputtering during multilayer deposition. All three targets face the substrate at an angle of 25°
from the substrate normal. Fast acting computer controlled shutters in front of the Cr and Sc
targets are used to sequentially deposit Cr and Sc whereas a manual shutter is used to control
the flux of sputtered B4C. During multilayer growth the shutter to the B4C target was kept
open and the amount of B4C was controlled by the magnetron power ranging from 0 to 70W.
The substrate cleaning process and other growth parameters are as described earlier [13]. A
linear increase in multilayer periodicity up to 13 % was measured, upon varying the amount of
B4C. The obtained multilayer periods for different B4C power setting were used to adjust the
growth rates for the Cr+B4C and Sc+B4C layers (see Appendix B1 for more information).

A series of five multilayers was deposited using B4C magnetron powers of 0, 34, 46,
59, and 70 W. Each multilayer contained 100 periods, and was deposited with a modulation
period of A = 1.6 nm ( I'= dc/A = 0.48), appropriate for use as a normal-incidence mirror near
theSc-absorption edge at A = 3.11 nm. Only multilayers grown without B4C or with B4C
target powers > 34 W are presented here as no substantial difference was observed in hard X-
ray reflectivity measurements during the optimization process among the films deposited
using B4C powers between 0- 30 W. Constant ion-to-metal flux ratios of ®¢, ~ 4 ions/atom
and ®gs. ~ 8 ions/atom were utilized and a low energy modulated ion assistance scheme



according to the following [13] was implemented. The substrate was kept grounded during the
initial 0.3 nm growth of each individual layer, providing ion bombardment with energies of
Eion (Cr) = 5.5 eV and Eelectron(SC) = -1.5 eV, and was biased with -30 V for the growth of the
remaining part of each layer, providing Ein(Cr) = 36 eV and Ein(Sc) = 29 eV ion
bombardment. As a demonstration of the optimized process, a multilayer polarizer was
designed with a multilayer periodicity of A=2.253 nm, a layer thickness ratio, I" = 0.471, and
N = 150 periods for reflection at the Brewster angle. The multilayer polarizer was deposited
using the modulated ion assistance and uniformly incorporating B4C operated at 34 W target
power. For TEM analyses a stacked multilayer structure with five different periodicities of 0.9,
1.8, 2.7, 3.6 and 4.5 nm was deposited using the same deposition parameters as for the
multilayer polarizer.

To explore the effects of ion assistance simultaneous to B4C incorporation, a series of
multilayers of identical design (N = 100, A = 1.6 nm, and I'=0.48, and P(B4C) = 34W) was
grown applying three different ion energy assistances: (a) with continuous substrate bias of -
30 V providing ion energies of Eion(Cr = 36 eV, Eion(Sc) = 32 eV, (b) at floating potential
with Eion(Cr) = 20 eV, Ein(Sc) = 21 eV, and (c) with modulated ion assistance as described
above.

2.2 Composition and structural characterization

To determine elemental content in the multilayers light element sensitive Elastic Recoil
Detection Analysis (ERDA), using a 40 MeV CI”* beam inclined at an angle of 15° relative to
the film surface, was performed [28, 29]. C 1s, B 1s, Cr 2p, and Sc 2p X-ray Photoelectron
Spectroscopy (XPS) core-level spectra were acquired to analyze the chemical bonding
structure of boron and carbon atoms within the layers using an Axis Ultra DLD spectrometer
operating at a base pressure of 1.5x107 Pa with monochromatic Al Ka radiation (hv = 1486.6
eV). In order to avoid uncertainties related to commonly used binding energy scale
referencing against C 1s line of adventitious carbon [30], spectra were aligned to the Fermi
level cut-off. The spectra were acquired from the 0.3x0.7 mm? area centered at 3x3 mm?
portion of the sample previously sputter-etched with 0.5 keV Ar* ions incident at the angle of
70° from surface normal. Deconvolution and quantification was performed using the Casa
XPS software applying the manufacturer’s (Kratos Analytical Ltd.) sensitivity factors [31].

The periods were determined from hard X-ray reflectivity measurements of the first
order Bragg peak using Cu-K. radiation. The soft X-ray reflectivity was measured at the
Advance Light Source (ALS) using synchrotron radiation with A=3.11 nm, and the acquired
reflectivity profiles were simulated using the IMD software [32] to estimate the average rms
roughness. The polarizing properties were measured at beamline UE56/1 at BESSY Il using
the ultrahigh vacuum polarimeter with an energy resolution of approximately 2500 in both s
and p geometries [33]. Transmission electron microscopy (TEM) imaging was performed
using an FEI Tecnai G2 TF 20 UT field-emission instrument operated at 200 keV for a point
resolution of 0.19 nm. For TEM, cross-sectional specimens were prepared by mechanical
polishing followed by low-angle Ar ion milling.

3. Results and discussion

The chemical composition as determined by ERDA for a series of 5 multilayers deposited
with varying B4C target powers revealed negligible amount of impurities such as H, O, and N
in all multilayers (see Appendix B2). A consistent Cr/Sc ratio of 2.1 + 0.1 was determined,
whereas the B/C ratio increased from 0 to 4.13, 4.45, 4.57, and 4.61 as the B4C target power
was increased from 0 to 34, 46, 59, and 70 W, respectively. The observed higher B/C ratio in
the multilayers compared to the stoichiometric target is a consequence of preferential
sputtering of B over C from the B4C target due to the partial sputtering yield of B being more
than 4 times higher than that of C [34, 35]. Moreover, the observed increase in B/C-ratio with
increasing magnetron power is likely an effect of the strong nonlinear evolution of the partial



sputtering yields of B and C, due to the significantly differing sputtering thresholds of B and
C, for Ar ions in the range of ~100-200 eV. Here, we chose to the sum boron and carbon
content for representation, for example the multilayer grown using a B.C magnetron power of
34 W contained 19 at.% B and 4.6 at.% C i.e., a boron-to-carbon ratio ~4.1, and thus the
concentration of B+C = 23.6 at.%.

In Fig. 1(a) hard and soft X-ray reflectivity measurements of the series of five multilayers
deposited with varying B+C content is shown. Each multilayer have a nominal periodicity of
1.6 nm and consists of 100 periods. Overall, a significant enhancement is seen for the first
order multilayer reflections in both hard and soft X-ray reflectivity measurements. The B+C
containing multilayers exhibit at least 59% increase in soft X-ray reflectivity compared to the
multilayer grown without B+C (0 at.%). The highest hard X-ray intensity was measured for a
multilayer containing B+C = 23.6 at.%, whereas, maximum soft X-ray reflectivity of ~12.0%
was achieved for a multilayer consisting 28.0 at.% of B+C. The modulation period of the
later was however slightly larger (~1.614 nm compared to the nominal periodicity of 1.60
nm), giving peak reflectance at an incidence angle of 74°. Therefore, for angular scans in Fig.
1(b), soft X-ray reflectivity is compared for the multilayer containing 23 at.% of B+C with the
multilayer deposited without B4C. This direct comparison reveals 67% higher reflectivity for
the B4C containing multilayer. The average interface widths were 0.35 nm and 0.26 nm
without and with added B+C, respectively, as estimated through simulations of the soft X-ray
reflectivity. For the simulation of the B+C containing multilayers the optical constants of Cr
and Sc were generated assuming 19 at.% boron and 4.6 at.% carbon in the layers (as
determined by the ERDA). Bulk densities of all the elements were assumed in the simulations.
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Fig. 1. (a) First order hard X-ray peak intensity and soft X-ray peak reflectivity as a function of
B+C concentration. (b) Measured (symbols) and simulated (lines) soft X-ray reflectivities at A=
3.11 nm for the multilayers without (dotted, o) and with (solid, A) 23 at.% B+C.

TEM analysis of the multilayer with 23.6 at.% B+C shows that all the way up to 100 periods
multilayer have smooth and well-defined interfaces (see Appendix B3). The amorphous nature
of Cr and Sc layers was revealed both in high resolution imaging and selected area electron
diffraction (SAED). Our previously published TEM analysis of pure Cr/Sc multilayers having
similar design specifications as the present ones have shown identical layer structure and
morphology [13, 36]. Since, the multilayers retain their amorphous structure in both
constituent layers, independent of the amount of incorporated boron and carbon, and TEM
micrographs show comparable interfacial smoothness, it is uncertain that an increased X-ray
reflectivity in these multilayers is a consequence of reduced layer mixing at the interfaces due
to a B4C barrier nature.

To investigate this further, the two multilayers compared in Fig. 1(b) were analysed by
XPS along with a multilayer containing ~0.2 nm thin B4C layers on the top of each Cr layer.
The latter multilayer was sputter deposited at CXRO by Gullikson et al. and parameters are



provided in Ref. [22, 24]. An amorphous B4C film sputter deposited on a Si(001) substrate
was also included in the analysis to serve as a reference for B4C type bonding. The results are
shown in Figs. 2(a-d). No significant differences in the Sc 2p and Cr 2p spectra were observed
among the three Cr/Sc containing films. The two carbon containing multilayers exhibit a C 1s
peak at 282.6 eV which is characteristic of C-metal bonds [37]. However, C-B bonds can also
result in a peak at a similar binding energy as the C 1s, as is evident from the C 1s spectrum of
the B4C film [see Fig. 2(c)], which also contain a broad contribution at 284.5 eV due to C-C
bonds. Hence, crucial for the characterization of a B and C bonding state is the comparison of
B 1s spectra in Fig. 2(d) which reveals clear differences. B 1s spectrum of the B4C film
contains a peak at 188.1 eV due to covalent B-C bonding [26, 38]. In contrast, corresponding
spectra recorded from the Cr/Sc multilayers with either interleaved or co-sputtered B+C,
exhibit a B 1s peak at significantly lower binding energy of 187.2 + 0.1 eV indicating higher
negative charge density on B atoms with respect to that encountered in B4C reference film.
This, together with much lower full-width-at-half-maximum of B 1s peaks from the
multilayers, indicates that in both cases, whether B+C is continuously sputtered or deposited
as thin layers at the interfaces from the B4C target, C-metal and B-metal bonds form instead
of a covalent network of B-C bonds which is supposed to act as a diffusion barrier against
atomic displacements.
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Fig. 2: (a) Sc 2p, (b) Cr 2p, (c) C 1s, and (d) B 1s core level XPS spectra of four films: the
Cr/Sc (black) and Cr/Sc+B,C (red) multilayers shown in Fig. 1, Cr/B,C/Sc multilayer from
Ref. [22], and B,C sputtered film.

The barrier nature of B4C against intermixing was also examined by depositing a set of
three multilayers with three different schemes of ion energy assistance. All multilayers
contained 23 at.% of B+C and consist of 100 periods. The soft X-ray reflectivity profiles
measured at A = 3.112 nm for the three multilayers are shown in Fig. 3. Here it is worth
mentioning that highest peak reflectivities were obtained at A = 3.112 nm instead of A = 3.110
nm. Although, it is a very small wavelength shift, it does reflect dilution of the optical
constants in the presence of B4C. The lowest reflectivity of 7.7% is measured for the
multilayer deposited using a uniform ion energies of Eixn(Cr) = 36 eV and Eion(Sc) =29 eV,
compared to 9.2% reflectivity for the multilayer grown using uniform ion energies of Eion(Cr)
= 26 eV and Eion(Sc) = 19 eV. This indicates an enhanced intermixing effect when using
higher energy ion bombardment. During modulated ion assistance the deposition of an initial
fraction of each layer with very low ion energy bombardment or electron bombardment
effectively hinder kinetic surface displacements that lead to atomic scale intermixing at the
interfaces. Thus, the highest reflectivity of 11.2% which is achieved for a modulated ion
assistance scheme confirms that in these multilayers intermixing occur at as low energies as
20 eV and the role of B4C type bonding which supposedly isotropically limit the surface
displacement is not evident. This analysis indicates that we do not have B4C covalent network
and the presence of B+C, at least in the case of co-sputtered multilayers, do not play any
effective role in reducing intermixing due to energetic particle bombardment.

Cr/Sc multilayers with larger periodicities, i.e., A>1.8 nm, exhibit higher surface
roughness values originating from crystalline grain facets at the boundaries of incoherent
interfaces. Thus, large period multilayers provide a suitable model to understand the influence



of B4C with respect to morphological changes, if any, inside the individual layers and at the
interfaces. To work with this idea, a stack of five multilayers with different multilayer periods
was deposited by co-sputtering of B4C using the same operating parameters as were used to
achieve the highest reflectivity with 23.6 at.% of B+C in a single multilayer with 100 periods
[Fig. 1(b)]. The number of periods were adjusted to have approximately the same total
thickness of each multilayer in the stack. Fig. 4(a) shows a TEM bright field micrograph of
the multilayer stack with periodicities 1.8 nm, 2.7 nm, 3.6 nm, 4.5 nm, and 0.9 nm, grown on
a Si (001) substrate. The Cr (dark) and Sc (bright) layers are visible in the top four multilayers.
The high resolution micrographs of these multilayers (not shown here) reveal a clear, layered
structure also in the multilayer with smallest periodicity of 0.9 nm. The striking feature of the
overall image is the highly defined interfaces for all multilayers and the absence of diffraction
contrasts which is indicative of the presence of hm scale crystalline grains, otherwise routinely
observed in large period Cr/Sc multilayers [10, 12, 13]. However, the presence of few
crystallites can be seen within some areas, marked white dotted lines, of multilayers with 2.7
and 3.6 nm periods. The occurrence of this crystallization was a consequence of an
unintentional interruption of the B4C flux during the deposition of these two multilayers in the
stack.
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Fig. 3: Measured (lines) and simulated (symbols) reflectivity profiles performed at A = 3.112
nm for three multilayers deposited using modulated ion assistance (solid, o), using continuous
ion assistance of Ein(Cr) = 26 eV, Ei;m(Sc) = 19 eV (dashed, A), and Ein(Cr) = 36 eV,
Eion(Sc)=29 eV(dotted, o). The modulation periods and average interface roughness values as
determined by simulations are mentioned.

The SAED pattern of the multilayer in Fig. 4(b) shows two prominent concentric
diffuse rings around the central beam, which was aligned perpendicular to the growth
direction. The outer ring reflects an amorphous structure with a similar short range ordering to
what is observed in SAED pattern of short period single multilayers (Appendix B3), whereas
the appearance of an additional inner ring indicates the presence of long range order, although
still amorphous, in large period multilayers. In addition to the diffuse rings, the SAED pattern
also contain arc-shaped reflections which are indicative of preferential growth of crystallites
in the growth direction. The dark field image in Fig. 4(c), obtained from the diffraction arc
indicated in the figure manifest the presence of crystallites only in multilayers with 2.7 and
3.6 nm periods where B4C supply was interrupted during the growth. Depth-resolved ERDA
of the multilayer stack (Appendix B2) revealed a uniform distribution of both B and C
throughout the stack except, for a sharp drop in the crystalline regions shown in Fig. 4 where
B4C was not incorporated during the deposition. The homogeneous distribution of boron and



carbon, independent of the interface density, shows that these atoms do not segregate to the
interface layers [12]. This analysis thus shows that B4C incorporation certainly inhibits
crystallite formation and promotes amorphization in both Cr and Sc layers regardless of the
modulation period.

One example of an application where large period multilayers are required is for polarizing
reflectors/analyzers. Fig. 5 shows the polarizing properties of a Cr/Sc+23.6 at.% (B+C)
multilayer specifically design for reflection at the Brewster angle with a multilayer period of
2.26 nm and 150 periods. Bragg scans for both s and p polarized reflectivities are shown, as
well as the extinction ratio i.e., Rs/Rp. The maxima of Rs and R, appear at the Sc absorption
edge due to the anomalous optical contrast at this energy. A reflectivity of 36% at incidence
angle of 43.7° is achieved for s-polarized X-rays, which is an improvement of about 25% in
comparison to our previously obtained result for a Cr/Sc multilayer polarizer designed without
B4C, giving a reflectivity of R = 26.8% at 43.7° [24, 36]. The extinction ratio Rs/R, showed a
maximum of 1920 at the Brewster angle, 6g = 44.79°, where there is a minimum in the p-
polarized reflectivity, corresponding to a degree of polarization i.e. (Rs-Rp)/(Rs+Rp) of
99.89 %.

(a) Bright Field Image (h)  SAED (¢) Dark Field Image

A=1.8 nm

Fig. 4: TEM analysis of a Cr/Sc+(B+C) multilayer stack consisting of five multilayers with
different nominal periods. (a) cross-sectional bright field micrograph, presence of areas with
nanocrystallites are marked white dotted lines, (b) SAED pattern of the entire multilayer stack
and, (c) the dark field micrograph recorded by selecting the average (002) reflection in the
growth direction. The crystalline areas appear in both bright filed and dark field images where
B,4C deposition was interrupted.
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Fig. 5. Polarizing properties of Cr/Sc+23.6 at.%(B+C) multilayer with A = 2.26 nm and N =
150. Bragg scans for s- and p-polarizing geometries (Rs, Rp) and extinction ratios (Rs/R;) are

shown. O is the measured Brewster angle and at 6, indicates maximum s-component of the
reflectivity.

4. Discussion and final remarks

The B4C co-sputtered multilayers are conceptually incomparable to the interleaved B4C
diffusion barrier layers in terms of optical contrast and hindrance mechanism for intermixing
at the interfaces. However, XPS analysis infer that in both multilayers there is a higher
negative charge density on B atoms than what is expected from covalent B-C bonding. This
suggests that instead of forming a covalent network of B-C bonds which act as diffusion
barrier against atomic displacements, sputtered carbon and boron atoms preferably bind to
metal atoms at the growing surface, even in the case of interleaved B4C layers. Despite the
fact that no B4C bonds were detected, the two Cr/Sc multilayer coating designs, i.e., the one
with interleaved B+C layers on the top of each Cr layer [22] and the one with homogeneously
distributed B+C (this work) resulted in high quality multilayers. In the later 67% increase in
soft X-ray reflectivity is achieved on incorporating 23.6 at.% of B+C compared to the
multilayer grown without B4C.
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Fig. 6. Predicted reflectivity performance in the energy range 100 - 600 eV for Cr/Sc and
Cr/Sc:B,C multilayers containing N=600 periods and layer thickness ratios of 0.38. The
interface widths used for the calculations are the same as those obtained in the reflectivity
simulations in Figure 1, i.e, o = 0.348 nm for Cr/Sc and 0.259 nm for Cr/Sc:(B+C). The
theoretical limit is indicated by a dashed line for an ideal Cr/Sc multilayer. *marks state-of-the-
art reflectivity R=8%, at 300 eV [19]

We conclude that increased X-ray reflectivity in the multilayers is primarily due to a B+C
driven amorphization resulting into smoother interfaces. Without B+C, the spontaneous
amorphization of Cr and Sc layers in short period (A < 1.8 nm) multilayers is a consequence
of a high density of atomically disordered interfaces, and the disorder is there to lower the
system total energy compared to forming coherent crystalline interfaces. That is why
nanocrystalline layers emerge upon lowering the interface density. The two aspects associated
with such an amorphization are; (i) it is unstable as it is layer thickness dependent, and (ii)
there is an intrinsic interface width associated with disorder interfaces. In B+C co-sputtered
multilayers the major effect of B-metal and C-metal bonding is that it stabilizes a “real”
amorphous structure in both Cr and Sc layers independent of layer thickness and thus provides
smoother interfaces. Moreover, lower diffusivities of metal atoms bonded with B and C atoms
also hinder intermixing of the layers, to some extent, although this effect is not pronounced.
We found that intermixing occur at higher ion bombardment, Eion > 20 eV, and the modulated
ion assistance scheme is beneficial to obtain abrupt interfaces.

We believe that for the Cr/Sc multilayers with interleaved B+C layers, the above
mention effect of interface smoothness through stabilized amorphization also plays a major
role rather than interface abruptness obtained through B4C diffusion barriers. However, to
confirm the later, one has to investigate effect of different ion assistance schemes in these
multilayers.

In summary, the effect of B+C in stabilizing amorphous multilayers, with smoother
interfaces and reduced roughness accumulation, independent of thickness is extremely
beneficial in fabricating large period multilayers. Substantially enhanced reflective properties
for the long wavelength spectrum of soft X-rays and EUV radiation can be achieved. However,
depending on the chosen materials and operating wavelengths of interest, one has to be aware



of the variation in optical contrast originating from B+C incorporation. In the case of Cr/Sc,
calculations reveal that more than 12% normal incidence reflectivity over an extended soft X-
ray wavelength range is attainable. This is illustrated in Fig. 6, where simulated normal
incidence reflectivities of infinite stack (N = 600) of ideal Cr/Sc multilayers are plotted in the
soft X-ray energy range 100 — 600 eV, including the Sc absorption edge at about 399 eV. For
the calculations it is assumed the interface width obtained for N=100 periods can be
maintained throughout a multilayer consisting of N=600 periods. Also indicated in the plot are
various absorption edges of other transition metals as well as the light elements like B and C.
For Cr/Sc multilayers without B+C, periods above 1.8 nm (region marked in grey) the layers
are nanocrystalline with large interface widths and no reflectivity as a result. The dashed line
for the Cr/Sc reflectivity curve corresponds to an imaginary calculated reflectivity in case an
interface width of 0.348 nm could be maintained. The small peak above the Sc absorption
edge is a result of the appearence of the refractive index of Sc at this energy. It can be noted
that the attainable reflectivity from Cr/Sc:B+C(23.6 at.%) multilayers is always higher than
for Cr/Sc. The reduced optical contrast due to the introduction of B and C into the structure is
more than well compensated for by the reduced interface roughness provided by the
amorphization of the layers. It is clear that the presence of B and C edges affect the reflective
properties of Cr/Sc+(B+C) multilayers in this region. Similar calculations can be performed
for other material systems and competing effects of roughness reduction due to amorphization
and optical constant variation can be trade off by choosing the appropriate amount of B+C.
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Appendix B1
Multilayer period variation as a function of B4C target power.(see Fig. 7)
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Fig. 7: Multilayer period variation as a function of B4C target power. Period (squares) is
determined from HXR reflectivity IMD- simulations of multilayers deposited with varying
power. Red line is linear fit to the data..



Appendix B2

Cross sectional TEM image of the Cr/Sc multilayer (See Fig.8)

Fig. 8: Cross sectional TEM image of the Cr/Sc multilayer containing 23 at.% of B+C and
exhibing 11.65 % reflectivity at Sc edge. In the upper inset SAED magnified around the central
electron beam is shown. The lower inset shows the high resolution image of the substrate and
the bottom of the multilayer stack.



Appendix B3
Depth resolved ERDA of Cr/Sc+B4C multilayers (See. Fig. 9)
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Fig. 9: ERDA results, (a) For Cr/Sc multilayer containing 23 at.% of B+C and exhibiting
11.65 % reflectivity at Sc edge. (b) Depth resolved ERDA of Cr/Sc+B,C multilayer stack
constituting five multilayers of different nominal periods.
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