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High-frequency low-blaze-angle Mo/Be diffraction gratings — efficiency

study
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The paper presents the results of studies of the diffraction efficiency of blazed gratings, carried out by modelling

in the PCGrateTM code using groove profile shapes obtained by atomic force microscopy and measurements on

the laboratory reflectometer with a high-resolution Czerny-Turner spectrometer. High-frequency diffraction gratings

with a density of 2500mm−1 and a small inclination angle of the reflecting facet were fabricated on Si(111)1.8◦

wafers using electron beam lithography and anisotropic wet etching. A grating with a blaze angle of ∼1.7◦, coated

with 40 Mo/Be bilayers, demonstrated in the classical mount an absolute diffraction efficiency of ∼38% in minus

second order at an incident angle of 3◦ of unpolarized radiation at a wavelength of 11.3 nm. Taking into account

the measured reflectance of the multilayer coating ∼0.6, the maximum relative (grating) efficiency was ∼63%.
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Introduction

Reflective X-ray diffraction triangular-profile (
”
blazed“)

gratings are used in the inelastic resonant X-ray scatter-

ing spectroscopy, projection lithography in the extreme

ultraviolet range (EUV) and beyond it, in space mission

instruments, at X-ray free-electron laser stations (XFEL)
and fourth-generation synchrotron radiation (SR) sources.

One can achieve high absolute diffraction efficiency η

(i.e., obtained considering the coating material reflectance)
of high-frequency X-ray blazed gratings, especially those

operating in the short-wavelength region of the tender

X-ray (TX) range, when two conditions are present: (1) low
blaze angle α; (2) multilayer coating — for increase in η

and/or critical angle in the classical diffraction mount [1,2].
Groove depth of similar high-frequency multilayer low blaze

angle gratings (HFMLBG) shall be within the range of

several nanometers to several tens nanometers and their

profile shall not vary after application of the multilayer

coating.

In [3], anisotropic etching was used to make Mo/Si

HFMLBG -5250mm−1 with α = 2◦ and its measured abso-

lute -diffraction efficiency of n = 1 order was η(−1) = 40%

at λ = −13.3 nm. In [4], W/B4C HFMLBG 2500mm−1

with α = −1.75◦ was fabricated, for which η(−2) = 13.5%

efficiency was -obtained at λ = 1.77 nm. In [5], for the

Cr/C grating 2400 -mm−1 with α = 1◦, η(−1) = 60% was

obtained at -λ = 0.4 nm, as well as at λ = 0.3 nm.

The need for improvement of multilayer Be-mirrors for

advancing the new generation EUV lithography has been

formulated relatively recently [6]. In just one decade high

results have been achieved in the development, manufactur-

ing, and characterization of Mo/Be and other Be-containing

multilayer mirrors not only for lithography but also for

space, X-ray microscopy, and other purposes [7–9]. Re-

cently, we have fabricated and investigated multilayer Mo/Be

blazed gratings [10]. Grating frequency was 2500mm−1

and they had a relatively high blaze angle α∼3.9◦ . In

this study, theoretical and experimental methods were

applied to determine η of multilayer Mo/Be HFMLBG
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2500mm−1 with α∼1.8◦ intended for operation in EUV

and fabricated using the electron beam lithography, wet

anisotropic etching of Si wafers and magnetron sputtering

of multilayer coating [11].

1. Absolute diffraction efficiency
research methods

The fabricated Mo/Be HFMLBG are designed for op-

eration in a classical optical mount with near-normal

incidence (θ∼0−10◦) of radiation with λ = 11.3 nm. The

absolute diffraction efficiency was obtained herein by com-

puter simulation using realistic (measured using atomic-

force microscopy (AFM)) of groove profiles and random

roughness taken from [12] the refraction indices as well as

direct measurements of the absolute diffraction efficiency

using the laboratory EUV reflectometer under unpolarized

radiation. The fabrication technology of the diffraction

gratings investigated in this work, as well as methods

for characterizing their morphology (shape of grooves,

thickness of layers, interlayer roughness/diffuse interfaces)
are presented in a separate article [13].

1.1. Grating design

The grating blaze may be characterized using a simple

geometrical model — according to the classical (in-plane)
diffraction grating equation [14]:

sin θn − sin θ = n
λ

d
, n = 0,±1,±2, . . . , (1)

where n is the diffraction order, n ∈ Z, θ and θn are the

incidence and diffraction angles, respectively, counted from

the normal (signs of angles are chosen according to the

Cartesian agreement).
If the mirror wave reflected from the grating groove

facet coincides in direction with the n-the diffraction order

propagation direction, then

2α = ζdif − ζinc, (2)

where ζinc = 90◦ − |θ|, ζdif = 90◦ − |θn|. Condition (2)
describing the enhancement of a certain order of diffraction

is known as the grating blaze (resonance). It apparently

does not depend either on the wavelength or on the grating

period and determines the correlation between the blaze

angle of the reflective facet and the radiation incidence

and diffraction angles. This is a very general geometrical

property of the scattering theory that is typical not only

for gratings, but also for quasiperiodic scatterers such as

self-organizing particles (quantum dots) with clearly defined

crystal faces, and random roughnesses with a triangular

diffuser profile.

The asymptotic theory of diffraction predicts the achieve-

ment of 100% relative (grating) diffraction efficiency (i.e.
obtained considering an ideal conductance of the grating

material) for diffraction order n at blaze wavelength λblaze

in TM incident polarization for the triangular groove profile

with right apex angle on condition that [15]:

|n|λblaze = 2d sinα. (3)

For the Bragg mode with number k , the multilayer coating

period 3 is defined from the Bragg-Wulff condition:

23 cos θ = kλ. (4)

Hence, the required 3 for HFMLBG may be easily

estimated using (1) for any diffraction order and blaze

angle [2]:

3 = d sinα/(|n|k). (5)

From (5) in accordance with the scalar diffraction theory

predictions, a grating with d = 400 nm, α ≈ 1.65◦ and blaze

for n = −2 shall have multilayer coating with 3 = 5.7 nm

when used in the first Bragg order. For high-frequency,

even shallow, gratings, this is a rough estimate [2,16]
and shall be updated by direct numerical calculations

using electromagnetic diffraction theory and realistic groove

profile as described below. Taking into account this

remark, the magnitude of the maximum of the absolute

diffraction efficiency depends on the compliance accuracy

of (5) and antiblaze (HFMLBG absorption) angle effect

consideration [17].

1.2. Absolute diffraction efficiency simulation

Diffraction properties of the HFMLBG to be manu-

factured with the AFM-measured boundary profiles were

examined using the well-proven modified boundary inte-

gral equation method [18] and PCGrateTM software [19].
Electromagnetic radiation diffraction on the grating problem

is reduced to solution of the Helmholtz vector equation

with rigorous boundary conditions and radiation conditions.

To solve this problem, we use a multi-purpose and high-

precision boundary integral equation method that was mod-

ified for a short-wave range and generalized for randomly

rough surfaces. As a result, the problem of 3D-plane-wave

diffraction on a general grating presented as an infinite

single-periodic structure is limited to the Helmholtz system

of equations for one of the electric and magnetic field

components in R
2, solutions for which are quasiperiodic in

one direction, satisfy the condition of radiation with respect

to other direction and jumps at the interfaces between the

layers of the grating. For conical diffraction, as opposed

to to the classical one, boundary values of the identified

field components, as well as their normal and tangential

derivatives, are related. The method uses only boundary

data from which both near and far fields are found.

It turned out that the modified integral method (MIM)
can easily solve complex reflection and transmission diffrac-

tion problems not only in a single-mode operation (one
intense diffraction order) and at angles close to or smaller

than the total external reflection angle (counted from the
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grating surface) for this material, but also with enor-

mous number of orders, arbitrary incident light geome-

try/polarization and any grating parameters. In other words,

such input parameters of the diffraction problem for which

not only all known approximate or asymptotic calculation

methods for absolute diffraction efficiency of gratings and

diffusion scattering intensity, but also most rigorous methods

are not applicable. MIM together with the stochastic

analysis based on the Monte Carlo method [20] are used

not only to simulate η gratings with realistic parameters,

but also to determine the scattered light intensity and

absorbed energy magnitude. In addition, the developed

and widely used boundary integral equation method is

applicable, due to fast convergence, to a much more

complex diffraction problem — (optimization) synthesis

problem that has been already tested on various types of

gratings, including those intended for space equipment and

terminal XFEL stations [17,21]. The study will develop

a similar approach to design and analysis of η HFMLBG.

Modern computers (work stations with multithread CPU

and high-performance graphics cards) and algorithms with

code optimization and parallelizing are used to increase the

corresponding simulation rate by several orders of magni-

tude which also indicates that this approach is promising

for solving heavy inverse scattering problems [22]. Due

to the flexibility and accuracy of PCGrateTM, almost any

scattering problems on periodic, quasiperiodic and random

nanoreliefs can be solved, though sometimes this requires

considerable computational resources [17]. Thus, the

abovementioned theoretical analysis and synthesis methods

used herein make it possible not only to significantly reduce

the cost of the expensive experiments of manufacturing

of high quality HFMLBG with the predefined grooves

(boundaries) profile, but also to replace to a great extent

and/or supplement labour-intensive measurements of the

absolute diffraction efficiency that are usually conducted at

SR sources.

To examine the boundaries of the produced HFMLBG

with random roughness, statistical averaging of the radiation

scattering intensity by the Monte Carlo method was used.

When solving the grating scattering problem, realistic

parameters of the grating layers were used as input data

(boundary profile shape, roughness, density of material,

interface diffusivity). As a result, the calculations of the

absolute diffraction efficiency of the grating orders not only

the averaged shape (polygonal — derived from microscopic

measurements or by growth process simulation) of its

layer boundaries was considered, but also the random

interface roughness resulting in reduction of η due to the

diffusion scattering intensity. The approximations were used

only at the numerical solution stage (infinite series/matrix

truncation and process convergence estimation). It should

be noted that, to define the radiation scattering intensity on

random and random-periodic reliefs, procedure convergence

and accuracy shall be controlled not only by the number of

discretization (collocation) points, but also by the number of

random samples (sets of random boundaries) in the Monte

Carlo method.

1.3. AFM measurement of realistic groove profiles

To ensure repeatability and comparability of the simula-

tion results obtained for the absolute diffraction efficiency

of various gratings, we have developed and tested realistic

profile (averaged profile of a single groove and random

profiles with lengths of several periods) and roughness

(high-frequency and medium-frequency) measurement tech-

niques used to calculate η of the gratings in PCGrateTM.

For simulation of η without considering random roughness,

we use an averaged profile of a single grating groove

(Figure 1, a) that is exported with high resolution (> 500

dots) into PCGrateTM.

For simulation of η with rigorous consideration of high-

frequency and medium-frequency roughness components

with any irregularity statistics (by the Monte Carlo method),
we use random (non-averaged) groove profiles with a length

of three periods (Figure 1, b) measured in various regions

of the grating aperture. Note that such scans include both

high-frequency and medium-frequency components of the

random roughness, i.e. a random shape of groove profile

for short-period gratings. In averaged profiles of a single

groove, these components are averaged and the profile is

”
smoothed“ and

”
aligned“, i.e. the profile shape becomes

closer to the ideal shape. These techniques are described in

more detail in [23]. Such measurements shall be performed

both before and after deposition of the multilayer coating.

The abovementioned technique was used to describe

the examined HFMLBG by measuring the profiles and

roughness in several areas using NT-MDT NTegra Aura

atomic-force microscope. All scans had 512× 512 points

and a semi-contact scanning method was used. Figure 1

shows the AFM profiles of Sv-4-3 grating used in simulation

of the absolute diffraction efficiency and scattered radiation

intensity.

1.4. Absolute diffraction efficiency measurement

Parameters of the fabricated gratings are listed in Ta-

ble 1. Based on the obtained parameters and calculation

data for η (Table 2), diffraction efficiency measurements

of the best (Sv-4-3) grating were performed using the

Czerny-Turner high-resolution spectrometer, which has a

plane diffraction grating, two spherical collimating mir-

rors used as a monochromator, and a laser-plasma light

source [24]. Absolute diffraction efficiency was measured

in various diffraction orders according to the technique

used for testing the identical medium-frequency (d ≈ 2µm)
multilayer Mo/Si-blazed grating for which we obtained a

record-breaking η∼40% in the −8th order at λ = 13.5 nm

of non-polarized radiation [25]. With measurements at

λ = 11.3 nm, the radiation incidence angle was close to the

normal to the grating plane and was equal to 3◦−8◦.
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Figure 1. AFM- measured profiles of Sv-4-3 grating grooves: a — averaged profile of a single groove; b — random profile with a length

of three periods.

Table 1. Parameters of the fabricated gratings

Grating
Groove depth, Reflecting facet length,

Blaze angle, ◦
Mo/Be coating thickness

Roughness,

Rms , nm
nm nm nm

(1× 1µm2) (20 µm)

Sv-4-1 11.0 345 1.8 230 0.45 0.69

Sv-4-3 11.0 356 1.8 230 0.39 0.70

Table 2. Absolute diffraction efficiency (η) of gratings

Grating

η(−2), %

Calculation for
Calculation without Calculation with

Measurementthe ideal
roughness roughness

grating

Sv-4-1
66.0

53.7 − −

Sv-4-3 59.7 29.0 38.0

2. Findings and discussion

Theoretical (simulations) and experimental (measure-

ments) methods were used to determine η of Sv-4-1 and

Sv-4-3 gratings for λ = 11.3 nm nonpolarized radiation in

the classical mounting (in the dispersion plane). For

comparison, Figure 2 shows first-order diffraction efficiency

curves of the ideal 40-bilayer Mo/Be grating with a

multilayer coating period of 3 = 5.7 nm at the incidence

angle θ range from 0.5◦ to 9.5◦ simulated using the ideal

triangle boundary profile with α = 1.8◦ and antiblaze angle

β = 25◦ . As follows from the above graphs, η(−2) ≈ 66%,

and the efficiency of the nearby orders is several orders of

magnitude lower.

Figure 3 shows curves of the absolute diffraction effi-

ciency of the orders from 0 to −3 of Sv-4-3 grating for

λ = 11.3 nm and θ within 0.5◦−9◦ simulated using the

averaged profile of a single groove (without taking into

account reflective facet roughness). The curves in Figure 3

show that η(−2) ≈ 60%, i.e. only 10% less than that of

the ideal grating. And the efficiency of the nearby orders is

several orders of magnitude lower, including the zero order.

The maximum theoretical η of Sv-4-1 grating determined

using the averaged groove profile turned out to be 6% lower

(Table 2).

The absolute diffraction efficiency in the −2nd order

calculated using the AFM-measured in several areas of Sv-

4-3 grating (with random roughness) random profiles was

∼29% at λ = 11.3 nm (Figure 4), i.e. half as much as η

calculated for the averaged groove profile without random

roughness — both high-frequency and medium-frequency,

i.e. considering the random groove profile shape. Note

Technical Physics, 2024, Vol. 69, No. 7
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Figure 2. Absolute diffraction efficiency of the orders of the

ideal 40-bilayer Mo/Be multilayer grating with 3 = 5.7 nm and

triangle boundaries with α = 1.8◦ and β = 25◦ for λ = 11.3 nm

vs the angle of incidence.
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Figure 3. Absolute diffraction efficiency of the orders of Sv-4-3

(Mo/Be) grating at λ = 11.3 nm in dependence on the incidence

angle (without roughness).

that the such value of η may considerably depend on the

randomly chosen grating areas (in the center, at the edges).

When measuring Sv-4-3 grating, the maximum absolute

diffraction efficiency ∼38% in the −2nd order was detected

at the wavelength of 11.3 nm in the classical optical mount

with incidence angle θ = 3◦ and detector angle 177◦

(Figure 5), that corresponds to the theoretical diffraction

angle θ(−2) = −0.2◦ within 0.1◦−0.2◦ accuracy. The

diffraction efficiency measured in the −2nd order at large

incidence angles decreases gradually with the incidence

angle and is equal to ∼30% at θ = 8◦ (Figure 5) that agrees
well with the theoretical values.

To investigate the homogeneity of the measured diffrac-

tion efficiency, the reflectivity was estimated by moving Sv-

4-3 grating using coordinate movement perpendicular to the

grooves (as far as the used movement permits), and at the

fixed incidence angle θ = 5◦. Figure 6 shows the curve

of η(−2) measured at a non-polarized radiation wavelength

of λ = 11.3 nm in the classical mount in dependence on

the table coordinate during scanning of Sv-4-3 grating.

Figure 6 shows that during grating scanning at 11mm length

(table coordinate varies from 189 to 200mm), η(−2) varies
from 0.28 to 0.36. Thus, the heterogeneity of absolute

diffraction efficiencies calculated as the ratio of the RMS

deviation to the average value is equal to ±8.3%.

Table 2 shows maximum values of η of the investigated

gratings obtained by: 1) simulation in PCGrateTM for the

0 102 64 8
0

0. 01

0. 02

0. 03

0.05

q, deg

0. 51

0. 52
E

n
er

g
y

0. 53

0.40

–6

0
–3

–9

Absorption
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numbers are multiplied by 3) and absorption of Sv-4-3 (Mo/Be)
grating at λ = 11.3 nm in dependence on the incidence angle

(with roughness).
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Figure 6. Dependence of the absolute efficiency of the −2nd order

of Sv-4-3 grating measured in the non-polarized radiation with

λ = 11.3 nm in the classical mount at θ = 5◦ on the table

coordinate during grating movement.

ideal grating with identical parameters; 2) simulation in

PCGrateTM for the manufactured grating without random

roughness of the reflecting facet surface; 3) simulation in

PCGrateTM for the fabricated grating with random rough-

ness of the reflecting facet surface; 4) measurements of the

prepared grating using the reflectometer at a wavelength of

11.3 nm. Table 2 shows that for Sv-4-1 grating the calculated

value of η is 6.0% lower than for Sv-4-3 grating, that may

be explained by a shorter reflecting facet. The maximum

reflectance for the chosen multilayer coating with N = 40 is

R = 0.72; therefore, the relative diffraction efficiency of the

ideal grating is 91.7%, and the maximum relative diffraction

efficiency of Sv-4-3 grating according to the simulation with

a realistic profile, but without random roughness, is 82.9%,

which is 8.8% lower than the theoretically achievable

calculated value. This means that the mean profile of

Sv-4-3 grating is close to the ideal triangular asymmetric

profile.

The maximum reflectance of the applied Mo/Be coating

by the test measurements was ∼0.60; thus, the maximum

relative efficiency of Sv-4-3 grating according to the mea-

surements was 63.3%, which is 19.6% lower than the

theoretical value taking into account the AFM-measured

averaged groove profile. Such deviation of the measured

efficiency from the simulated value for the realistic profile

is caused by: 1) matching error between the grating

groove profile and multilayer coating period; 2) radiation

scattering on the surface irregularities (random roughness);
(3) absence of the pattern (reflecting facets) at 5−7% of

the grating area due to stitching during electron lithography

mask recording [13]; 4) curvature of the reflecting facet due

to not fully removed Si nubs (not all reflecting facet length

is used) [26]; 5) groove inhomogeneity across the grating

aperture.

Conclusion

Theoretical and experimental studies of the diffraction

efficiency of high-frequency multilayer Mo/Be gratings with

d∼400 nm and low blaze angle ∼1.7◦ were conducted.

Simulations were performed using PCGrateTM software,

which was developed using a rigorous boundary integral

equation method, and averaged and randomly rough groove

profiles obtained from the AFM data. The calculations

were verified by direct measurements in the EUV range

carried out on laboratory equipment using the reflectome-

ter with the Czerny-Turner high-resolution spectrometer.

The diffraction blazed gratings were manufactured on

Si(111)1.8◦ wafers using the electron-beam lithography

methods and wet anisotropic etching. After deposition of

40 periods of Mo/Be coating with the total thickness of

∼230 nm by the magnetron sputtering method, the gratings

had a triangular asymmetric groove profile close to the

ideal one with acceptable roughness of the reflecting facet

surfaces, which is supported by the results of the efficiency

simulation and profile measurements on the atomic-force

microscope.

The measured absolute diffraction efficiency of Sv-4-3

grating was ∼38% in the −2nd order at the wavelength

of 11.3 nm in the classical optical diffraction mount at

incident angle 3◦ counted from the normal to the grating

surface. The maximum relative grating efficiency was

∼63%, which is by 30% lower than the theoretical efficiency

obtained for the ideal triangular groove profile. The analysis

shows that the reduction of the efficiency is primarily

associated with the presence of random roughness and

with mask defectivity (stitching) during production of the Si

grating.

Our further efforts will be focused on optimization of

electron-beam mask recording modes to remove stitching

and to improve the groove profile (reduce random rough-

ness) and grating parameters homogeneity across area. This

will increase considerably the relative diffraction efficiency

of high-frequency multilayer gratings with low blaze angle

and will be significantly increased and will bring it closer

to its theoretical limit. If we add to this the improvement

of the multilayer coating deposition process to increase

the reflectivity, together this will make it possible to

achieve record values of absolute diffraction efficiency of

HFMLBG — that are essential for various EUV and TX

and also hard X-ray range applications.
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