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New multilayers of boron carbide/cerium dioxide (B4C/CeO2) combination on silicon (Si)

substrate are manufactured to represent reflective-optics candidates for future lithography at 6.x nm

wavelength. This is one of only a few attempts to make multilayers of this kind. Combination of

several innovative experiments enables detailed study of optical properties, structural properties,

and interface profiles of the multilayers in order to open up a room for further optimization of the

manufacturing process. The interface profile is visualized by high-angle annular dark-field imaging

which provides highly sensitive contrast to atomic number. Synchrotron based at-wavelength

extreme ultraviolet (EUV) reflectance measurements near the boron (B) absorption edge allow deri-

vation of optical parameters with high sensitivity to local atom interactions. X-ray reflectivity

measurements at Cu-Kalpha ð8 keV) determine the period of multilayers with high in-depth resolu-

tion. By combining these measurements and choosing robust nonlinear curve fitting algorithms, ac-

curacy of the results has been significantly improved. It also enables a comprehensive

characterization of multilayers. Interface diffusion is determined to be a major cause for the low

reflectivity performance. Optical constants of B4C and CeO2 layers are derived in EUV wave-

lengths. Besides, optical properties and asymmetric thicknesses of inter-diffusion layers (inter-

layers) in EUV wavelengths near the boron edge are determined. Finally, ideal reflectivity of the

B4C/CeO2 combination is calculated by using optical constants derived from the proposed meas-

urements in order to evaluate the potentiality of the design. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4942656]

I. INTRODUCTION

Multilayer (ML) coatings are essential for technological

advances and fundamental studies of extreme ultraviolet

(EUV) and X-rays. The Mo/Si MLs with >70% reflectivity

around 13.5 nm EUV wavelength have enabled the semicon-

ductor industry to print 22 nm features and below on Si

wafers. To maintain the Moore’s law, efforts are underway

to print sub 10 nm features on Si wafers by modifying the

13.5 nm EUV lithography (EUVL) architecture to fulfill en-

gineering requirements of future 6.x nm EUVL.1–3

The feasibility of 6.x nm EUVL in terms of source

design, output power at the intermediate focus (IF), efficiency

of collector mirrors, and conversion efficiencies of solid fuel

sources (mainly gadolinium and terbium) seems promising.4,5

One of the requirements that is lagging behind is reflectivity

performance of the ML mirrors for the projection optics

module. A reflectivity performance � 70% at near normal

incidence is required to enable the technology.

Combinations of lanthanum (La) and boron (B) were

among the pioneer MLs deposited and tested for high per-

formance reflectance around 6.x nm wavelengths mainly due

to their high optical contrasts. The La/B MLs were found to

have lower reflectivity performance due to diffusion induced

structural changes at the interfaces.6 Currently, chemical and

process techniques to suppress interface diffusions are

implemented and better performances are achieved with

combinations of LaN/B4C and La/B4C MLs.7,8 La/B4C

multilayer mirrors designed for reflection at an incidence

angle of 45� demonstrated 54.4% reflectivity at 6.7 nm

wavelength.9

Near normal reflectivity of about 36–40% was obtained

from MLs of La/B4C and La/B9C for different period val-

ues.10 Maximum peak reflectivity of 48.9% from the La/B4C

multilayer at 6.68 nm and 39.2% from La2O3/B4C at the same

wavelength was reported by Platonov et al.11 The 6.x nm

MLs research has shown a leap recently after Kuznetsova)sertsu@dei.unipd.it
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et al.12 reported 64.1% reflectivity at 1.5� off-normal inci-

dence from La/B MLs manufactured in a hybrid thin-film dep-

osition procedure by passivating the La atoms. Others have

also used barrier layers to suppress interface-diffusion. Near

normal incidence reflectivity of 58.8% was achieved by using

carbon as anti-diffusion barrier layer in La/B4C MLs.13

In this paper, we report on manufacturing and on reflec-

tivity performance assessment of new MLs at the 6.x nm

wavelength. This new B4C/CeO2 ML combination was

deposited using magnetron sputtering facility, and a number

of tabletop and synchrotron based measurements were car-

ried out. It is found that near normal incidence reflectivity of

the mirror at 6.9 nm is lower than predicted theoretically.

The difference is a factor of �4.4, which is similar to the dis-

crepancy reported also for the first deposited La/B ML for

6.x nm wavelengths.14

The causes of low reflectivity performance of the new

ML mirrors are identified and reported here using a combina-

tion of different measurements. Further details of interface

profiles, EUV optical constants near the boron edge, and

layer and interlayer thicknesses are determined in order to

modify the deposition processes of such MLs for the reflec-

tivity improvement. The complete ML analysis never was

easy and accurate with a single measurement technique.

Thus, we performed a combination of grazing incidence

EUV reflectivity (GI-EUVR) near absorption edge of boron,

X-ray reflectivity (XRR) measurements and various types of

scanning transmission electron microscopy (STEM) imaging

in order to analyze the MLs with improved accuracy. The

ultimate reflectivity performance of the discussed kind of

ML mirrors at 6.x nm wavelength is calculated using optical

constants of B4C and CeO2 layers derived from the presented

analysis to check the potential of the mirror assuming ideal

interface conditions.

II. SAMPLE DESCRIPTION, EXPERIMENTS, AND DATA
ANALYSIS

Two B4C/CeO2 ML samples (Table I) were deposited in

a magnetron sputtering facility that uses RF power for CeO2

and DC power for the B4C at the Institute of Precision

Optical Engineering (IPOE), Tongji University. The CeO2

and B4C layers were grown from solid targets on Si substrate

with typical deposition rates of �0:03 nm/s and �0:04 nm/s,

respectively. The deposition took place in high vacuum

chambers and at about room temperature since no heat was

applied. The use of magnetron facility enables reactive sput-

tering of CeO2 layers from cerium (Ce) targets by controlling

the flow rate of oxygen (O2) in future optimizations of the

deposition process.

The first sample, sample_01, is designed for reflection

around 6.x nm wavelength and incidence angle of 10� from

surface normal. The second sample, sample_02, was coated

to enable grazing incidence EUV reflectivity measurements

near the boron-edge in EUV (�186 eVÞ that is a sensitive at-

wavelength metrology over wide grazing incidence angles.

Measurements of at-wavelength GI-EUVR were carried

out at the BEAR (Bending magnet for Emission, Absorption

and Reflectivity) beam line, ELETTRA Synchrotron in

Trieste.15 The stability and reproducibility of the beam

energy coupled with high-accuracy control of the beam-line

facility operation and measurement process allowed for

noise reduction and in turn an increased reliability of data

analysis. The XRR measurements were performed at Cu Ka

line (�8 keV) in a 2h� x scan of the X’PERT-PRO diffrac-

tometer configuration to determine periods of the MLs with

high in-depth resolution due to the short X-ray wavelength.

Independent imaging evidences for the ML structures and inter-

face profiles are provided by bright field STEM (BF-STEM)

for sample_02 and high angle annular dark field (HAADF) for

sample_01. Both imaging experiments were performed at the

Helmholtz Nano electronic Facility and Ernst Ruska-Center of

the Forschungszentrum J€ulich. A combination of all of the

above measurements enables to characterize the MLs with high

accuracy and reliability.

Numerical reconstruction of ML parameters from reflec-

tivity measurements is an inversion mathematical problem.

It is model and algorithm dependent. Information on the soft-

ware, reflectivity models, and curve fitting algorithms used

to reconstruct optical, structural, and interface profiles of

B4C/CeO2 MLs from the reflectivity curves is provided

below.

Reconstruction of ML parameters from both XRR and

GI-EUVR data is performed in a computer program called

IMD (modeling and analysis of multilayer films)16 that can

be downloaded from http://www.esrf.eu/Instrumentation/

software/data-analysis/xop2.3. Both specular and non-

specular (diffuse) optical functions can be calculated in

IMD. A nonlinear curve fitting to measured reflectivity

curves against a goodness of fit parameter chi-square (v2Þ
similar to that of Pearson’s criterion17 retrieves almost any

parameter of the MLs. A common practice of curve fitting in

IMD embraces generation of independent or joint confidence

intervals to make sure fit parameter values are laid in the

properly derived allowed ranges (confidence intervals) asso-

ciated with best curve fitting, based on methods given in

Refs. 17 and 18. In IMD, confidence intervals are calculated

using either Marquardt or Levenberg-Marquardt gradient-

expansion algorithms. For the ML considered here, the non-

linear curve fitting in IMD is repeated until the probability of

finding fit parameter values in the confidence intervals

reaches 90–98%. Therefore, the discrete thickness and opti-

cal constants given in tables and figures are determined with

90–98% probability of finding them within the stated confi-

dence intervals.

Parratt’s dynamic reflectivity model of MLs and Debye-

Waller like error function (�e�
q2r2

2 Þ to account interface

TABLE I. Design parameters of the two multilayers with the following nota-

tions: d is the period, N is number of bilayers, and C represents the thickness
ratio of the absorber layer (i.e., CeO2 layer) to the period.

ML types Design parameters

Sample_01: B4C/CeO2 d¼ 35 Å, tCeO2 ¼ 16 Å, tB4C ¼ 19 Å,

N ¼ 40, C ¼ 0:457

Sample_02: B4C/CeO2 d¼ 200 Å, tCeO2 ¼ 80 Å, tB4C ¼ 120 Å,

N ¼ 10, C ¼ 0:400

Substrate Si

095301-2 Sertsu et al. J. Appl. Phys. 119, 095301 (2016)
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irregularities, where r is rms roughness and q refers to mo-

mentum transfer vector, are chosen for the numerical calcu-

lations of reflectivity in IMD.16 Parratt’s method assumes

continuity of electric field in the perpendicular direction to

the ML.19 For a generalized multilayer structure shown in

Fig. 1 with layer j having thickness tj and complex refractive

index nj, Fresnel reflection coefficient for S-polarized radia-

tion from an interface lying between layers j and jþ 1 is

given by

rs
j;jþ1 ¼

nj cos hj � njþ1 cos hjþ1

nj cos hj þ njþ1 cos hjþ1

: (1)

In similar manner, Fresnel coefficient for p-polarized radia-

tion is calculated in Eq. (2)

r
p
j;jþ1 ¼

nj coshjþ1 � njþ1 cos hj

nj cos hjþ1 þ njþ1 cos hj

: (2)

Parratt’s method calculates the total reflected amplitude fj

from the jth interface using a recursive relation (Eq. (3))

fj ¼
rj;jþ1 þ vjþ1 exp �i2ujþ1

� �

1þ rj;jþ1vjþ1 exp �i2ujþ1

� � ; (3)

where uj ¼ 2p
k tjnj cos hj and vjþ1 contains reflectivity contri-

butions from subsequent interfaces. In EUV and soft X-ray

wavelengths, the complex refractive index nj is given by

nj ¼ 1� dj � ibj; (4)

where dj and bj are real values and in the order of ffi10�3 for

most elements.

Because Parratt’s method assumes semi-infinite substrate

thickness, reflection from the bottom structure (i.e., substrate)

is zero. Loss of reflectivity due to interfacial roughness and

diffuseness can be accounted in Eqs. (1) and (2) by multiply-

ing Fresnel coefficients at each interface by the preferred

interface profile functions.

Genetic algorithm (GA) and a more complex form of it

known as differential evolution (DE) are alternatively used in

the fitting optimization. Detailed description of the GA has

been published in Ref. 21. GA is considered as a global

optimization algorithm as it is generally less sensitive to the

choice of initial parameter values and less susceptible to

stacking at local minima even when the function contains

more than one peak. In contrast to other methods, GA com-

bines a stochastic search of global minima in a parameter

space with intelligent strategy of solution finding.22 In addi-

tion, a manual tuning of parameters to visualize in real time

the resulting effect on reflectance was performed based on pre-

vious work reported in Ref. 23 to set initial parameters values

relatively close to the final values in order to minimize influ-

ence of initial parameters on the convergence of the algorithm.

Thus, layer and interlayer thicknesses, optical constants, inter-

face diffusion layers, and their stoichiometric compositions are

retrieved. To minimize numerical uncertainties due to the

number of free parameters, period of MLs as obtained from

XRR analysis is adopted in the GI-EUVR fittings. The ML

structure (of sample_02 for now) is modeled based on a four-

layer system (i.e., layer 1 þ interlayer_01 þ layer 2 þ inter-

layer_02) to account for interdiffusion regions as independent

layers as witnessed from the STEM image. For such ML

model, a basic roughness of 2–5 Å suffices to account interface

irregularities between interlayers and layers.24

FIG. 1. (a) Schematic of multilayer

structure, (b) schematic of EM wave

propagation in a ML with incidence

angle h measured from normal at the

top layer, and hj angle of refraction in

the jth layer.20

FIG. 2. Calculated and measured reflectivity curves for sample_01. Tabulated

values of d and b available at the Center for X-ray Optics (CXRO) database

(http://henke.lbl.gov/optical_constants/) are used for the theoretical calcula-

tions. Original vales are determined by Henke and his co-authors as reported

in Ref. 25.

095301-3 Sertsu et al. J. Appl. Phys. 119, 095301 (2016)
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III. RESULTS AND DISCUSSION

Measured and calculated EUV reflectivity at 10� from

normal for sample_01 is given in Fig. 2.

The measured reflectivity performance at 10� from nor-

mal is 6.65%. This is 4.4 times lower than theoretical value.

HAADF image of this ML sample (i.e., sample_01) confirms

presence of interface diffusion (see Fig. 3) which can be a

major cause for the low reflectivity performance.

It is shown that Si atomic columns in the substrate are

clearly resolved in the HAADF image (Fig. 3(b)). A more

detailed view of the atomic resolution image in the [001] and

[�110] axes of the Si substrate is given in Fig. 4. The bottom

onset image here shows the inter-diffusions at the interfaces.

Therefore, the HAADF image of sample_01 confirms

formation of inter-diffusion layers at the interfaces. Such

inter-diffusion regions urged a continuous (contrary to

sharp) transition of intensity profile (see Fig. 5) in the [001]

axis of the atomic resolution HAADF image given in

Fig. 4. It is then obvious that the low reflectivity perform-

ance of the ML reported above in Fig. 2 is mainly due to

the interface diffusions.

However, further analysis is necessary to explain the

physical and chemical properties of the inter-diffusion

layers between B4C and CeO2 layers for EUV and soft X-

ray applications. A method equally sensitive to optical

properties as to thickness is required. In fact, approximate

thicknesses of layers and interlayer might be derived from

the STEM images or from the intensity profiles, but that

does not account the influence of optical parameters near

the absorption edges of EUV wavelengths in determining

the measured reflectivity curves. Due to high sensitivity of

atoms to local interactions, actual measurement of optical

properties is needed in EUV and soft X-rays in general and

near the transition edge energies in particular.

Thus, a systematic combination of X-ray reflectivity and

GI-EUVR measurements near absorption edge is performed

to derive optical, structural, and morphological properties

of the inter-diffusion regions, B4C and CeO2. The XRR

analysis allows determination of ML period with reasonable

accuracy because of its high in-depth resolution at Cu-Ka

wavelength (�1:5 Å) and high sensitivity to Bragg peaks.

The at-wavelength GI-EUVR enables derivation of optical

constants with high sensitivity, and accounts possible trade-

off between thickness and optical parameters in the wide

grazing angle measurement setup as explained in Ref. 26.

Here, a grazing incidence at-wavelength reflectivity

analysis near EUV absorption edge of the low-Z element

(i.e., boron) is performed for sample_02. Sample_02 was

fabricated from same materials and in similar deposition

conditions (gas pressure, substrate temperature, and ultra-

high vacuum properties) as that of sample_01. Thus, inter-

face profiles and optical constants of layers and interlayers

FIG. 3. Atomic resolution of high angle annular dark field (HAADF) image

for sample_01. (a) An overview of the ML and (b) atomic resolution of

few bilayers near the Si substrate. Note that in HAADF image, brighter

spots typically represent the heavier atoms and darker ones represent

lighter atomic columns.

FIG. 4. Atomic resolution of HAADF image showing Si atomic columns in

the substrate. The bottom onset image (after little enhancement in contrast)

clearly shows the magnitude of inter-diffusion at the interfaces.

FIG. 5. Sum intensity profile in the [�110] axis of the Si substrate in the

HAADF image given in Fig. 4.

FIG. 6. Bright field-scanning transmission electron microscopy (BF-STEM)

image of sample_02. Interface diffusion is clearly visible on the onset

image. Int_01 refers to B4C–on-CeO2 interfacial diffusion and Int_02 vice

versa.

095301-4 Sertsu et al. J. Appl. Phys. 119, 095301 (2016)
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derived from sample_02 are representative of sample_01. As

mentioned above, a four-layer ML structure (B4C layer

þ interlayer 01 þ CeO2 layer þ interlayer 02) model

that accounts the interface diffusions evidenced from the

BF-STEM image of sample_02 (Fig. 6) is implemented dur-

ing the GI-EUVR data analysis. Interlayer 01 (int_01 in

short) and interlayer 02 (int_02) represent the diffusion

layers of B4C-on-CeO2 and CeO2-on-B4C, respectively.

Analysis of the XRR data at the Cu Ka line for sample_02

(Fig. 7(a)) returns period d ¼ 199:460:11 Å. GI-EUVR data

fit of this sample at 182.92 eV by taking the ML period as

obtained from the XRR analysis is shown in Fig. 7(b). Such

GI-EUVR analysis of sample_02 is performed for EUV pho-

ton energies from 177.53 eV–183.82 eV (slightly below the B-

edge). The short range of photon energies is chosen to test the

reliability of the analysis method implemented here and then

measurements over larger ranges of EUV energies (both

above and below the B-edge) will be included in our next

work plan.

Optical constants (d and b) and layer and interlayer

thicknesses derived from the fittings of GI-EUVR data,

within the confidence intervals in IMD, of sample_02 for dif-

ferent photon energies are summarized in Table II. Note that

ML period derived from the XRR analysis is fixed during the

GI-EUVR analysis.

For clarity, comparisons with values of d and b deter-

mined by Henke and available at the CXRO database are

given in Figs. 8(a) and 8(b) for B4C and CeO2 layers, respec-

tively. Measured optical constants clearly demonstrate a

strong nonlinear pattern near the absorption edge of boron,

unlike the linear behavior of the tabulated values from

CXRO database. The optical constants of B4C layers

obtained are also fully consistent with the magnetron sput-

tered B4C thin films measured by Soufli et al.,27 Monaco

et al.,28 and Ksenzov et al.29

The change of optical constants of layers in sample_02

as a function of photon energy, as derived from GI-EUVR

data analysis, is plotted in Fig. 9. As expected, the optical

constants (d) of int_01 and int_02 shown Fig. 9(a) are bound

by that of B4C from below and CeO2 from above. The fact

that d values of int_02 (CeO2–on–B4C inter-diffusion

region) lie far from top and bottom boundaries shows domi-

nance of B4C atoms, while int_01 (B4C–on–CeO2 region)

seems to be dominated by CeO2 atoms. EUV and soft X-ray

reflection curves, particularly near the resonance edges, are

more critical on d contrast (Dd) of layers, which makes the

accuracy of b values in Fig. 9(b) less accurate and difficult to

withdraw any conclusion from it.

Finally, ideal reflectivity performance of sample_01 at

incident photon energy E¼ 183.82 eV is calculated as given

in Fig. 10 by using the new optical constants of B4C and

CeO2 from Table II. Period and thickness ratio of sample_01

are slightly modified to d ¼ 34:80 Å; C ¼ 0:43 in optimizing

the reflectivity because of new optical constants used for

calculation.

Reflectivity of 35.3% is achieved for an incidence angle

of 10� from surface normal. This performance level is signifi-

cantly higher than the theoretical reflectivity calculated from

tabulated optical constants by Henke et al. as shown in Fig. 2.

This demonstrates that values provided in the available

FIG. 7. (a) Nonlinear curve fit to the X-

ray data at the Cu Ka line for sample_02.

(b) Nonlinear curve fit to the GI-EUVR

data at 182.92 eV of sample_02.

TABLE II. Sample data within the confidence intervals of sample_02 calculated from combined analysis of XRR and GI-EUVR measured data. In brackets

are derived thicknesses from the GI-EUVR analysis, keeping period of the ML fixed as obtained from XRR.

Photon energy (eV) B4C_layer (98.1 Å) Int- 01_layer (18.5 Å) CeO2_layer (56.9 Å) Int 02_layer (25.98 Å)

d B d b d b d b
177.53 0.005711 0.00111 0.012503 0.002097 0.023407 0.003163 0.022739 0.005449

178.42 0.005294 0.001096 0.012242 0.002560 0.023487 0.003177 0.022682 0.004731

179.32 0.004594 0.001075 0.01320 0.0029633 0.023478 0.003090 0.02190 0.005645

180.22 0.004465 0.00103 0.011591 0.002784 0.023255 0.003387 0.022741 0.0049137

181.12 0.004614 0.00109 0.011854 0.002030 0.022300 0.003008 0.021484 0.005330

182.02 0.003631 0.00103 0.012025 0.002210 0.021832 0.002780 0.021526 0.005850

182.92 0.004078 0.0012182 0.013590 0.001650 0.021211 0.00182 0.019411 0.006110

183.82 0.002703 0.0009512 0.013572 0.005313 0.024804 0.00312 0.022615 0.004774
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databases may be quite inaccurate for designing new optical

coatings. The method of measurements described above can

provide a way for improving the much needed knowledge of

the optical properties of materials used for advancing the

nano-technology.

IV. SUMMARY

Multilayers of B4C/CeO2 for below 10 nm EUV applica-

tions were fabricated for the first time in a magnetron sput-

tering facility. Reflectivity performance of the ML

(sample_01) at 6.9 nm wavelength and 10� incidence angle

from surface normal is determined to be 4.4 times less than

the theoretical calculations. This performance is in the same

scale with the first reported La/B multilayer for the 6.x

EUVL application by Makhotkin et al.14 before further opti-

mizations in deposition were taken. As a first attempt to

grow such MLs, the result might not be scary but it is a low

performance which needs detailed investigation. Therefore,

several experimental measurements were performed to under-

stand the major cause for low performance of the ML struc-

tures and gaining feedback for future deposition optimizations.

GI-EUV reflectivity, X-ray reflection at Cu-Ka, HAADF, BF-

STEM imaging, and other relevant measurements were per-

formed to carry out accurate analysis of the MLs.

Accordingly, major cause for the low reflectivity perform-

ance of the B4C/CeO2 ML is found to be high inter-diffusion

between layers as shown in Figs. 3 and 4. For convenience of

the GI-EUVR analysis, sample_02 (with thicker period and

thus several EUV Bragg peaks) was chosen for the derivation

of optical constants of inter-diffusion layers. Asymmetric

inter-diffusion layers are found to be formed in a magnetron

deposited B4C/CeO2 ML with CeO2-on-B4C thicker than B4C-

on-CeO2 (25.98 Å vs 18.5 Å).

Optical constants of layers and interlayers for short range

of photon energies (177.53–183.82 eV) near the boron edge

are derived. The d and b of B4C are consistent with previ-

ously reported measurements by Soufli et al.27 and Ksenzo.29

It is also worth mentioning that optical constants of CeO2

layers in the EUV energy range of 177.53–183.82 eV are for

the first time measured here. Comparison of optical constants

of B4C and CeO2 layers with corresponding tabulated values

in the CXRO database (originally determined by Henke

FIG. 8. Optical constants (d and b)

retrieved from the GI-EUVR data fit-

tings and tabulated values from CXRO

database. (a) B4C layer and (b) CeO2

layer. Note that optical constants of

B4C and CeO2 are also representative

of sample_01.

FIG. 9. Graphical summary of calcu-

lated optical constants from the XRR

and GI-EUVR measured data for sam-

ple_02 with (a) d values and (b) b val-

ues. Note that optical constants of B4C

and CeO2 are also representative of

sample_01.

FIG. 10. Ideal reflectivity performance of B4C/CeO2 ML with N ¼ 40;
d ¼ 34:8 Å; C ¼ 0:43 at incident photon energy of 183.82 eV (�6:75 nm).
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et al.) show abrupt variation of the currently measured optical

constants unlike the linear behavior in the tabulated ones.

This is likely due to the higher sensitivity of near edge EUV

optical constants to influences of fine structure.

Finally, ideal reflectivity performance of the B4C/CeO2

combination based on optical constants derived using the

current analysis is found to be significantly higher than what

was calculated theoretically from the tabulated values. This

demonstrates that values provided in the available databases

may be quite inaccurate for designing new optical coatings.
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