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multilayer reflective optics for high energiesy
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The present finding illuminates the physics of the formation of interfaces of metal based hetero-structures
near layer continuous limit as an approach to develop high-efficiency W/B4C multilayer (ML) optics with ML
periodicity varying d = 1.86-1.23 nm at a fixed number of layer pairs N = 400. The microstructure of metal
layers is tailored near the onset of grain growth to control the surface density of grains resulting in small
average sizes of grains to sub-nanometers. This generates concurrently desirable atomically sharp
interfaces, high optical contrast, and desirable stress properties over a large number of periods, which
have evidence through the developed ML optics. We demonstrate significantly high reflectivities of ML
optics measured in the energy range 10-20 keV, except for d = 1.23 nm due to quasi-continuous layers.
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1. Introduction

Today, the central objective of nano-structured material science
is the control of materials and their morphologies along with
interface structures at atomic levels to tune their optical,
magnetic, superconducting, and electronic properties.”® This,
in turn, stipulates more demanding material synthesis
requirements and the advancement of the understanding of
complex interfacial morphology to improve the underlying
performance of nano-scale devices. Much attention is being
given in recent times to utilize soft gamma-rays (100 to 600 keV)
for scientific and technological applications in the emerging
frontier areas of nuclear technology”® and high energy astro-
physics.®*® One of the most important issues to exploit these
high energies is the development of highly efficient soft gamma-
ray multilayer (ML) optics, which is a challenging task owing to
stringent requirements in the precision and quality control in
angstrom scale as well as an understanding of its complex
interfacial phenomena. X-ray ML mirror is a 1D periodic
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The reflectivities at soft gamma-rays are predicted.

structure that works on modified Bragg's principle and provides
significantly higher photon flux compared to diffractive crystal
optics because of the much larger spectral bandpass. To realize
Bragg's reflection of such high energies, the period thickness (d)
of ML must be controlled to the shortest possible value with
a desirable amorphous structure of layers having atomically
sharp abrupt interfaces. The main hindrance in attaining the
ultimate shortest d is the limitation imposed by the minimum
thickness needed to form a continuous layer of homogeneous
density (continuous limit), which depends on the material and
its growth. In addition, the efficiency of such ML optics depends
vitally on (i) interface width (o), (ii) optical contrast, and (iii)
residual stress in the ML stack.”'*** This demands the search
for a suitable material system to grow the structure that allows
for the preparation of a few hundreds of uniform layer pairs (N)
with d down to ~1-2 nm. In such an ultrathin limit, how the
surface density of grains affects the physics of the formation of
interfaces remains unclear.

Taking into account these aspects, we propose here that W/
B,4C could be a potential candidate for efficient optics for high
energy applications owing to very good optical contrast as well
as 2D carpet-like growth of B,C."* Previously, W/B,C MLs with
different designs have been studied for X-ray regions."*®
Although, the reported values of ¢ are in the range of ¢ =
0.29 nm (ref. 15) (N = 300 & d ~0.7-1.2 nm) and ¢ = 0.24 nm
(ref. 16) (N = 500-800 & d ~0.7-1.2 nm), the designed thick-
nesses (¢) of the W layers are in the range of 0.147-0.252 nm (ref.
15 and 16) (for high resolution application), which are in quasi-
continuous/discontinuous region as W layer continuity begins
to be lost at its thickness of ~1 nm." The discontinuous layers
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lead to low optical contrast, which is unsuitable for higher
photon flux. In addition, residual stress in W/B,C ML is poorly
understood. Although reactive sputtering is used to improve o
and stress,' impurities can alter the refractive index of mate-
rials and/or the structure of MLs on a nano-scale." These
considerations prompted us to choose the W/B,C system as
a candidate of choice if the microstructure of the W layer could
be judiciously tailored near the onset of the continuous limit to
amorphous structure or sub-nanocrystalline (tending towards
amorphous structure) of W. It is noted that generally, metals
form nanograins at nanometer thickness in metal based-ML
films, for example, in La/B,C* and in Ni/C MLs.** Similarly, in
sputtered W/Cu MLs with N = 90, W forms nanograins (7.5 and
4.1 nm) as the thickness of the W layer varies (12-1.5 nm) at
a constant thickness of Cu of 0.5 nm.** Different material
systems are currently being developed for prospective ML optics
for high energies, such as up to 200 keVv.*>**** For further higher
energies up to 600 keV, a metal compound based ML optics,
such as the WC/SiC system, has been demonstrated.”*?
Considering metal carbide as the material of choice, one can
obtain smoother interfaces due to the amorphous structure of
the compound as compared to its bare metal counterpart,
which shows the polycrystalline structure,® but at the cost of
lowering the optical contrast. For example, the mass density (p)
contrast is decreased by 22.8% in WC/SiC compared to W/SiC.
As the optical contrast decreases, the integrated Bragg peak
intensities (proportional to the photon flux) decrease due to the
cumulatively reduced contribution of a large number of inter-
faces to the total reflection coefficient.

It is noted that generally, an amorphous layer is smoother
than that of the polycrystalline layer.>” Earlier, we attempted to
understand how the microstructure of the film changes, as well
as its effect on roughness and density contrast at the interfaces
as the individual layer thickness varies from continuous to the
discontinuous region in W/B,C ML system*®** keeping a small
value of N = 10. In the first case, the period was varied (~4.94-
1.34 nm) by changing the thickness of both the W (~2.36-0.54
nm) as well as the B,C (~2.58-0.80 nm).>® Whereas, in the
second case, the individual thickness was varied (~2.45-0.87
nm) keeping the thickness of the other layer fixed above the
continuous limit.** In the first case, as the period decreases
from 4.94 nm to 1.34 nm, the density contrast (pw — pg,c)
decreases from 14.2 g cm ® to 11.1 g cm . In addition,
although the interface width of W layers decreases from
0.63 nm to 0.36 nm, the physical roughness of W layers
increases from 0.05 nm to 0.13 nm. A similar trend is observed
in the second case also. For example, as W layer thickness
decreases from 2.45 nm to 0.87 nm, the interface width of W
decreases slightly from 0.63 nm to 0.54 nm, but the physical
roughness of the W layer increases from 0.03 nm to 0.04 nm. In
addition, the density contrast decreases from 14.2 ¢ cm > to
13.1 gcm . It is noted that in the discontinuous region of both
the earlier two cases (ref. 28 and 29), as the thickness was
decreased, minimization of a certain degree of interface width
was observed, which is unlike the general increasing trend, due
to minimization of surface free energy as a result of compound
formation. Similarly, Vainer et al.®* observed an increase in
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roughness as period thickness decreases below the layer
continuous limit of the ultra-short period (d = 0.8-1.5 nm) W/
B,C ML. The interface roughness is 0.24 nm for ML with
a 1.31 nm period thickness. As the period decreases to 0.8 nm,
the roughness continuously increases because it losses the
continuousness of the films.

Here, we demonstrate efficient W/B,C ML optics by
controlling the microstructure of films at the layer continuous
limit and tailoring the ¢ resulting in high optical contrast.
Taking these facts into account, we produce W layers with sub-
nanograins in W/B,C ML optics that leads to a desirable low ¢ as
well as low stress, which are comparable to its metal carbide-
based ML7** and make use of a bonus of higher optical
contrast of the former.

2. Experimental method

W/B,C ML samples were fabricated using a custom-built
magnetron sputtering system.** There are two rectangular
cathodes having 500 mm x 100 mm size for the fabrication of
large area ML mirrors. All the MLs were fabricated on ultra-
sonically cleaned super polished oxidized silicon wafer (100)
substrates (rms roughness ~0.3-0.4 nm) of size ~30 mm x 20
mm. The ML mirrors are fabricated with varying periods d =
~1.86-1.23 nm at a constant number of layer pairs N = 400. The
period is varied by varying thickness of B,C at a fixed thickness
of W at ~0.94 nm. Understanding and precisely controlling
microstructure near the onset of formation of the continuous
layer is the key to achievement for the desired parameters of ML
optics. The base pressure of the processing chamber prior to
deposition was ~4 x 10~® mbar. All these MLs were fabricated
at an optimized constant flow mode having Ar gas (purity
~99.9995%) flow rate at 12 sccm, such that pressure is main-
tained at 4.2 x 10~2 mbar in the chamber. The warm up time
was kept at 600 s to ensure stable plasma before the start of each
deposition run. The ML stack starts with the W layer at the
bottom and ends with the B,C layer at the top. The optimized
DC power for tungsten was 70 W and RF power for B,C was
700 W. The purity of W and B,C target materials were 99.99%
and 99.95%, respectively. The deposition rate of W and B,C was
~8 nm min~" and 0.5 nm min ', respectively. XRR measure-
ments were performed using BL-16 of Indus-2 synchrotron
radiation.* XRR measurements were carried out in s-polarized
geometry with an angular step size of 0.005° and are carried
out up to a very large incident angle of § = 6° to access micro-
structural parameters of MLs more precisely through data
fitting. The reliable structural parameters are ensured by
simultaneous data fitting of measured curves at different
photon energies from 10 to 20 keV. The measured reflectance
was properly normalized with respect to the incident photon
flux, and beam currents were recorded simultaneously. XRR
data were analyzed by ‘IMD’ code under ‘XOP’ software
package®* using an algorithm based on recursive methods of
Fresnel equation.* The fitting has been performed considering
the modified Fresnel coefficient formalism while assuming an
error-function interface profile.*® During XRR data fitting,
a random thickness error (~0.012 nm) is incorporated for each

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ML to account for a slight variation of the deposition rate during
deposition. We also considered the instrumental angular reso-
lution of 0.001° and the energy band width of the incident beam
of +1 eV. For calculations of reflectivity at the soft gamma-ray
region, optical constants were derived from atomic scattering
factors of elements compiled by Chantler et al.,*””*® followed by
the weighted average for compounds considering bulk densities
of materials for an ideal structure and the measured densities
for real structure. The bulk densities of W, WC, Si, SiC, and B,C
used for the calculations are 19.3 g cm ?, 15.63 g cm °,
2.33 g em ™3, 3.21 g em ™, and 2.52 g cm 3, respectively.*® The
RSM measurements are done by omega scans for different 26
values (step size 0.02°) around the Bragg peaks using a Brcker
D8 discover system equipped with Cu K, radiation (8.047 keV).
The incident beam optics includes a Gobel mirror. The slit sizes
at the incident beam and detector side were 0.05 mm and 0.2
mm, respectively. The cross-sectional TEM analysis of MLs with
d = 1.55 nm and 1.23 nm were studied using a Philips CM 200
transmission electron microscope, operated at 200 keV. In-
plane and out-of-plane GIXRD measurements were done by
angle dispersive X-ray diffraction beamline (BL-12) at Indus-2
synchrotron.” GIXRD measurements were done at ~17.295
keV using a MAR345 image plate area detector. The wavelength
was calibrated using a standard NIST LaBs sample in the same
geometry. The incident angle of the X-ray beam on the sample
was fixed at ~3°. In-plane diffraction data were taken at an angle
18° above the sample surface. The measured diffraction peaks
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are fitted using the asymmetric double sigmoidal function.
Also, the GIXRD measurements were done at 15.6 keV with the
incident angle at 4.5°, considering mainly W (211) diffraction
peak. The total residual stress in W/B,C ML was determined by
measuring the radius of the curvature of the substrate before
and after deposition of ML film using the substrate curvature
method in a Zygo Mark-II laser Fizeau interferometer setup.*
The experimental details of stress measurements are presented
elsewhere.”

3. Results

3.1 Analysis of the micro-structure

Before the fabrication of ML, theoretical studies are done using
the wave model* to understand MLs with different materials to
yield higher photon flux in the soft gamma-ray energies (see
Fig. S1 in ESIf). The result indicates that the higher density
contrast of W/B,C ML (~35% higher compared with WC/SiC*)
has higher integrated reflectance and should provide a higher
photon flux compared with WC/SiC.

Three W/B,C ML optics were fabricated using a magnetron
sputtering system with varying d = 1.86, 1.55, and 1.23 nm at
a constant N = 400. To approach the desirable low ¢ with good
optical contrast at the lowest ¢, the ¢ of metal (W) in MLs is
intentionally kept fixed near the onset of continuous layer
formation (~0.94 nm),” while the ¢ of the B,C layer was
decreased from 0.92 nm (ML-1) over 0.56 nm (ML-2) to 0.33 nm

d=1.23 nm ;
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(A) Schematic of the one dimensional periodic W/B4C ML structure with the number of layer pairs N = 400. (B) Measured XRR data and

fitted profiles of three MLs at an energy 10 keV. Measured and fitted GIXRD profiles of W (110) diffraction of three MLs at an energy of 17.295 keV in
out-of-plane (C) and in in-plane (D) directions. (E) HRTEM image of ML-2. (F) HRTEM image of ML-3. (G) HRTEM image of W layer of ML-2
showing discrete embedded lattice fringe indicated by the arrow in the amorphous matrix.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 28097-28105 | 28099


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04412e

Open Access Article. Published on 19 August 2021. Downloaded on 2/8/2026 10:37:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 1 Best fit XRR results., t, d. p, 05,c-on-w. and ow_on-g,c are the thickness of the corresponding layers, periodicity of the multilayer, mass
density of the corresponding layers, interface width for B,C-on-W interface, and interface width for W-on-B4C interface, respectively

W layer B,C layer
Sample d 0B,c-on-w (£0.03) p Ow-on-B,c (£0.03) p
no. (40.01) (nm) ¢t (nm) (nm) (40.05) (g cm?) ¢t (nm) (nm) (g ecm™?)
ML-1 1.86 0.94 0.33 16.8 0.92 0.21 3.2 (£0.03)
ML-2 1.55 0.99 0.37 16.8 0.56 0.20 3.7 (£0.03)
ML-3 1.23 0.90 0.43 16.0 0.33 0.21 9.5 (£0.06)

(ML-3). In Fig. 1(B), the fitted hard X-ray reflectivity (XRR)
profiles match well with the measured curves allowing for an
interpretation of the structural parameters of the MLs. The
measured XRR curves show well defined higher order Bragg
peaks. The presence of shallow humps between the critical
angle and the first-order Bragg peak indicate slightly different
electron densities at the top of ML stacks due to contamination
while being exposed to ambient conditions. The thicknesses of
the contaminated top layer are 7, 3, and 2.5 nm for ML-1, ML-2,
and ML-3, respectively. The best fit XRR results (Table 1) reveal p
of the W layers in both ML-1 and ML-2 are nearly the same
=~16.8 g cm °. But in ML-3, the p of the W layer decreases to
~16.0 g cm > on a slight decrease in thickness of the W layer
(=0.9 nm). The result indicates that even a small decrease of
layer thickness near the layer continuous limit affects the p of
the layer. Similarly, as the thickness of the B,C layer varied from
0.92 nm (ML-1) to 0.33 nm (ML-3), p of B,C increases mono-
tonically from 3.2 ¢ cm ™ to 9.5 g cm ™. It is noted that there is
a sudden but significant increase in p of B,C layers (~156%)
from ML-2 to ML-3 due to the formation of quasi-continuous
layers of B,C in ML-3. It is noteworthy that this is an apparent
density of the B,C layer due to embedded W atoms in B,C layers.
The g of W (0g4¢-on-w) and B4C (0'w.on-Bac) layers are 0.33 nm and
0.21 nm, respectively, for ML-1 with d = 1.86 nm. As the
d decreases, opsc.on-w Slightly increases. It is noted that the
average ¢ of W and B,C layers in MLs with d = 1.86 nm and
1.55 nm are 0.27 nm and 0.285 nm, which are comparable to the
earlier reported value of 0.275 nm for WC/SiC ML optics with N
= 300 and d = 1.474 nm.” As the d value of ML-3 decreases to
1.23 nm, the average ¢ increases significantly to 0.32 nm. For
a more detailed insight into the microstructure and layer
structure in MLs, XRR results were correlated with observations
using glancing incidence X-ray diffraction (GIXRD), high reso-
lution transmission electron microscopy (HRTEM), and X-ray
reciprocal space mapping (RSM) as follows.

To correlate the observed low ¢ with the structure of layers,
a quantitative analysis of crystallinities in layers are done both
out-of-plane and in-plane orientations for three MLs using
GIXRD (Fig. 1(C and D)). In Table 2, the observed peak positions
in MLs are within 17.98-18.10°, which are lower than the stress
free bulk W (110) value (20 = 18.44° at E = 17.295 keV).*
Further, in-plane FWHM is smaller than out-of-plane. Impor-
tantly, the approximate average crystallite sizes in both in-plane
and out-of-plane are in the range of 0.50-0.67 nm, as obtained
using the Scherrer equation.* It is noted that the contribution
of measured stress in W-layers in MLs to the broadening of
diffraction peak is negligible.** Also, the measured GIXRD
spectra at 15.6 keV determine the approximate average crystal-
lite sizes in out-of-plane direction for W (211) as ~1 nm range
(see the ESI Fig. S2 and S371). It is noted that, as W (211) peak
intensities are very weak and broad, there may be uncertainty
determining the exact position of the peak and width, which
may result in uncertainty in values of crystallite size. Similarly,
GIXRD results indicate that the B,C layers are amorphous,
resulting in a smaller ¢ of B,C than W (Table 1).

Using HRTEM image (Fig. 1(E)), a well-defined layered
structure with good density contrast is clearly observed in ML-2
with d = 1.55, revealing a near perfect periodicity. However, as
d decreases to 1.23 nm (ML-3) by reducing ¢ of B,C to 0.33 nm
(Fig. 1(F)), the optical contrast is significantly deteriorated due
to the quasi-continuous nature of B,C, where W atoms get
embedded into the quasi-continuous region of B,C. The aver-
aged d obtained from the TEM image for ML-2 and ML-3 are d =
1.48 nm and d = 1.23 nm, respectively, matching well with XRR
results. Importantly, the amorphous matrix of W layers with
embedded lattice fringes of nano-crystallites (sizes ~1-5 nm)
are observed using the HRTEM image (Fig. 1(G)). The grain size
measured using GIXRD is smaller than that observed using
TEM due to the average information obtained within the
volume of the materials accessed by GIXRD.

Table 2 Best fit GIXRD results along with the average size of crystallites (grains)

Out-of-plane In-plane
Sample Peak position Crystallite Peak position Crystallite
no. (26) (°) FWHM (°) size (nm) 26) (°) FWHM (°) size (nm)
ML-1 18.06 7.54 0.50 18.07 6.40 0.58
ML-2 18.10 6.98 0.54 18.07 6.20 0.60
ML-3 17.98 5.84 0.64 18.07 5.61 0.67

28100 | RSC Adv, 2021, 1, 28097-28105

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04412e

Open Access Article. Published on 19 August 2021. Downloaded on 2/8/2026 10:37:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

RSM data (in terms of momentum vector g, and g,) around
the Bragg peaks for ML-1 (Fig. 2(A-C)), ML-2 (Fig. 2(D and E)),
and ML-3 (Fig. 2(F and G)) reveal that the scattered intensities
from the MLs concentrate in the intensity strip of Bragg sheets,
47 sin 0

A
Bragg peak. In Fig. 2, the observation of Bragg sheets evidences

vertical periodic structure and provides information on the
correlation of interfacial roughness profiles in MLs. In ML-3,
the Bragg diffuse scattering is not visible because the intensity
is too low. The d of the ML-1, ML-2, and ML-3 is calculated using
the separation between two successive observed Bragg sheets
Ag;=3.32nm ', 4.1nm ', and 5.1 nm ' as 1.89 nm, 1.53 nm,
and 1.23 nm, respectively, which matches well with the XRR
result. The ML peaks are extended towards g, (lateral direction)
due to resonant diffuse scattering originated by the interference
of the waves scattered from the partially correlated interfaces of
the ML.”*® Since the width of the profiles along g, does not
change with n, one can conclude that the interface profile is the
same for all interfaces. It is noted that the complementary
correlated results obtained from different techniques unam-
biguously ensure an accurate model used with the reliable
structural parameters obtained for MLs to describe the exact
growth mechanism.

In addition, total residual stress in ML-1 is compressive, and
the value is ~—0.389 GPa. Similarly, it is also observed that the
stress in MLs decreases with increasing N (at fixed d) and with
decreasing d (at fixed N) as given in ESI Fig. S4(a and b).} The

27n .
centered at g, = R where g, = and n is the order of

o 1.000E+05
3162
F1000
3162
0.1000
0005

A"
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total stress in the ML film depends on the microstructures of
both layers as well as the nature of interfaces.*> Similarly, the
lateral uniformity of d over a length of 130 mm was controlled
and resulted in variations of about 2.5%. The details are dis-
cussed in the ESI Fig. S5.7 Further, to corroborate structure-
property agreement, hereafter, the results of the measured and
predicted optical performances are discussed.

3.2 Optical properties

It is noted that the calibration of such ML mirrors can be carried
out at the hard X-ray region, which is very well available in
synchrotron facilities. The reflectivities at soft gamma-ray
energies can be predicted using extrapolation of known
optical constants of materials®”** and the structural parameters
of ML derived from the modeling of hard X-ray data. The optical
properties are measured in the hard X-ray region 10-20 keV, for
e.g., as shown in Fig. 3(A) for ML-1. At 10 keV, a significantly
high reflectivity (=64%) is measured. As energy increases to 12
keV, reflectivity drops to ~37% because of the presence of W Ly;-
edge at 11.544 keV. As the energy increases further away from W
L-edge, the reflectivity increases. The optical properties of three
MLs are compared at a selected energy of 10 keV (Fig. 3(B)), and
the results are tabulated in Table 3. Importantly, as the
d decreases to 1.23 nm (ML-3), the measured reflectivity cata-
strophically drops to ~1% compared to the theoretical value of
62% because of the significant reduction in density contrast
(6.5 g ecm™®) along with the increase in . Also, the non-

(&)
‘ I 1.000E+05
1.778E+04
3162
5623
q 1000
1778
3162
05623
0.1000
®
I 1.000E+06 2610
1.778E+05 = 2284
' 3162E+04 " 1958
i 5623 1631
1000 1305
| 1778 9788
3162 6525
5623 3263
1.000 0.000

0.005

0.003 0.000_1 0.003
g4 )

Fig.2 Measured RSM data of three W/B,C ML mirrors at an energy 8.047 keV. The figures in the left panel (A—C) are for ML-1, in the middle panel
(D and E) are for ML-2, and in the right panel (F and G) are for ML-3. In the left panel: (A) measure around 1st order, (B) 2nd order, and (C) 3rd order
Bragg peaks. Similarly, in the middle: (D) measured at 1st order and (E) 2nd order Bragg peaks. In the right panel: (F) 1st order, and (G) 2nd order

peaks.
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Fig. 3 Measured optical properties of ML mirrors in the hard X-ray region (A and B) and calculated in the soft gamma-ray region (C). (A) The
bottom figure shows the percent of reflectivity around the 1st order Bragg peak of ML-1 at selected photon energies. The top figures show better
clarity of measured angular resolution at three selected energies. (B) Comparative reflectivity (1st order) profiles of three ML mirrors at 10 keV. The
inset shows reflectivity multiplied with #* as a function of 6. (C) 1st order Bragg peak reflectivity with varying Af are calculated at £ = 384 keV (AE =

3 keV) and 378 keV (AE = 9.8 keV).

uniformity of the thickness of the ML structures arises due to
the quasi-discontinuity nature of layers, which can also cause
the loss of coherence and cause a serious drop of Bragg peak
reflectivity. The presence of higher structural imperfection in
ML-3 is also clearly observed through a significant decrease in
peak intensities multiplied with 6* by accounting for the
approximate 1/6* dependency of reflectivity, as shown in the
inset of Fig. 3(B). Further, in Table 3, as d decreases, the energy
resolving power (E/AE) increases due to contributions of larger

Table 3 Values of measured (ideal) peak reflectivities R, (Rtn) and
measured E/AE of MLs at 10 keV

Sample

no. d (nm) R (Rwn) (%) E/AE
ML-1 1.86 64 (82) 76
ML-2 1.55 39 (73) 133
ML-3 1.23 1 (62) 176

28102 | RSC Adv, 2021, 11, 28097-28105

N to the reflection at higher Bragg angles. It is noted that the
measured optical properties in the energy range 10-20 keV are
in accordance with the measured structural parameters of MLs.
This provides strong support for the argument about the
prediction of the reflectivities in the soft gamma-ray region
from the structural parameters.

It is known? that the position and amplitude of the 1st order
Bragg peak can be accurately predicted at the soft gamma-ray
region by wave-optics formalism.** Fig. 3(C) shows the pre-
dicted 1st order peak reflectivities of MLs at two energies E =
384 keV and 378 keV, with the bandwidth of incident photon
energy AE = 3 keV and 9.8 keV, respectively. It is mentioned that
the 1st order peak reflectivity is predicted for three W/B,C MLs
at two energies E = 384 keV and 378 keV with the bandwidth of
incident photon energy AE = 3 keV and 9.8 keV for a compar-
ison with the previously measured reflectivity of WC/SiC based
ML optics” at soft gamma-ray region. The details of the calcu-
lation are described in the ESI (Section SI67). As anticipated, 1st
order average peak reflectivity decreases with increasing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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instrumental angular resolution (A#). It is observed that at the
marked Af = 0.024 milli-degree, the predicted reflectivities are
~90%, 64%, and 4% for ML-1, ML-2, and ML-3, respectively, for
E = 384 keV having AE = 3 keV. Whereas, as AE increases to 9.8
kev at E = 378 keV, the calculated reflectivities decrease to
~45%, 23%, and 1% for ML-1, ML-2, and ML-3, respectively. For
comparison, at these same photon energies and identical
bandwidth, Fernandez-Perea et al.” evaluated the reflectivity of
WC/SiC based ML optics (d = 1.474 nm, N = 300) with an actual
beam divergence of 0.024 mdeg. Subsequently, the measured
1st Bragg peak reflectivities are ~52.6% at E = 384 keV (with AE
= 3 keV) and ~23% at E= ~378 keV (AE = 9.8 keV). The
difference in reflectivities in both cases is mainly due to the
difference in d (d = 1.474 nm earlier, but d = 1.55 nm present).
Fore.g.,if the d = 1.474 nm is kept identical in W/B,C, predicted
reflectivities are ~53% and 17% at E = 384 and 378 keV,
respectively, which is comparable with WC/SiC. Thus, an iden-
tical percent of peak reflectivity with additional merit of having
a superior optical contrast of W/B,C is expected to provide
higher photon flux compared to WC/SiC. Here, it is noted that
though the comparison of the predicted reflectance of W/B,C
with the actually measured reflectance of WC/SiC at soft
gamma-ray energies may not be a more accurate way for a direct
correlation, the present results provide strong evidence as
a candidate of choice for such high energy application.

4. Discussion

The observed desirable structure of ML optics with required
stresses is obtained by tailoring the surface density of grains
and kinetics of ad-atoms. At the optimized process
parameters, W forms more surface density of grains with the
mean size of grains of the order of sub-nanometers tending
towards amorphous structure (corroborated using GIXRD and
well correlated with HRTEM) and relatively compact arrange-
ments of atoms (confirmed using XRR) near the continuous
limit. The observed microstructure implies that the growth
mechanism favors the formation of many crystalline nuclei
rather than the growth of previously formed nuclei at the
nucleation/island growth stage. As a result, we obtained an
average desirable low interface width down to 0.27 nm (ML-1)
required for such optics. A model representing the correlation
between the morphology and surface density of grains is shown
in Fig. 4.

Regarding density contrast (Table 1), the observed lower and
higher values of densities of W layers and the B,C layers,
respectively, than their corresponding bulk values (19.3 g em >
and 2.52 g cm " for W and B,C, respectively) may be due to the
expected diffusion of B,C molecules into W layer and vice versa
would produce such effect at the ultra-low thickness, which is
clearly observed using TEM. In addition to diffusion, due to
a thermally mediated event, atoms/molecules could get there by
plantation during the sputtering process. In ML-3, as the ¢ of
B,C layers decreases to 0.33 nm, it forms quasi-continuous
layers, where more W atoms get embedded (using HRTEM).
As a result, a significant increase of p of B,C layer (~3.77 times
the bulk value) is observed (Table 1). This reduces the density

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic of the morphology of the W layer near the contin-
uous limit. As the surface density of grains increases gradually (indi-
cated by arrows) towards the average size of sub-nanograins, the
morphology tends toward more compact and smoother. The color
code represents the different orientations of crystallites.

contrast, and hence reflectivity decreases drastically to ~1%. It
is noteworthy to mention that for ML, particularly with d =
1.23 nm (ML-3), instead of keeping a very small thickness of B,C
layers (0.33 nm), the gamma value (ratio of high-Z layer thick-
ness to period thickness) of ML could be slightly decreased by
optimizing the tolerable amount of the extent of quasi-
continuity in both W and B,C layers to obtain a comparable
further better structure. The observed density contrast (pw —
pe,c) is 13.6 g em ® and 13.1 g em™® for ML-1 and ML-2,
respectively. It is noted that earlier in the case of the WC/SiC
ML mirror,” the density difference was taken as 12.82 g cm >,
which was accounted for by considering the bulk density for the
WC layer (15.8 g cm ™ *) and density of a reasonable thicker film
for the SiC layer (2.98 g cm 3). Generally, at an ultra-low
thickness of the layers, the actual density of layers in the ML
stack may be lower than the bulk value. This indicates that W/
B,C is an optically better material system with higher density
contrast.

The observed small and dense crystallites of W lead to
compressive stress in W layers. But, the observed lattice period
in the W layer is greater than the bulk values. Similar observa-
tions were also reported earlier,* and were explained using the
atomic peening model.** Atomic peening arises due to
bombardment of the grown W layers by energetic species, such
as Ar neutrals and sputtered atoms/molecules during growth.
The energetic particles increase the mobility of the surface
atoms required for densification. Further, atomic peening
causes atoms to be incorporated in the growing films, as a result
of which they fill vacancies trapped inside the film during
growth, which leads to denser films. In addition, atomic peen-
ing may cause the formation of interstitials as its energy of
formation is not so high compared with the atomic bombard-
ment energies encountered in the sputtering processes. The
formation of interstitials may cause the lattice period to be
larger than the bulk. Again, the measured values of total
compressive stress in W/B,C MLs with N = 400 in the present
study are comparable to that of earlier reported stress for WC/
SiC ML optics.** Due to the well-defined structure in ML-1 and
ML-2, significantly high optical properties are measured in the
hard X-ray region (10-20 keV) as well as the predicted high peak
reflectivities in the soft gamma-ray region. The measured
structure-property of MLs is well correlated. Thus, all the above
results strongly support that the W/B,C system would be an
efficient mirror for soft gamma-rays.
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5. Conclusions

In conclusion, we demonstrated metal based (W/B,C) high effi-
ciency ML optics for high energy applications. The experimental
evidence indicates that near the layer continuous limit, metal (W)
in ML structure forms average sub-nanometer grains approaching
amorphous structure by tailoring the surface density of grains.
This ensures concurrently the lowest desirable ¢ = 0.27 nm, low
stress (—389 MPa), and high density contrast (13.6 g cm ™) in ML
structure (for e.g., ML with d = 1.86 nm and N = 400), desirable for
such optics. The good agreement between measured and predicted
hard X-ray optical properties as well as predicted soft gamma-ray
reflectivities, makes a strong case supporting W/B,C as one of
the prospective materials of choice for such optics. The present
approach could open up a path for progress in the understanding
of nano-scale layered structure materials as well as have a wide
impact on the developed ML optics for technological implications
in the frontier research areas of soft gamma-ray spectroscopy.

Abbreviations

ML Multilayer

DC Direct current

RF Radio frequency

XOP X-ray oriented program

XRR X-ray reflectivity

RSM Reciprocal space mapping

TEM Transmission electron microscopy

HRTEM High resolution transmission electron microscopy
GIXRD  Grazing incidence X-ray diffraction
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