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Introduction

The successes achieved so far by extreme ultravio-

let (EUV) lithography with a working wavelength of

13.5 nm, allow us to achieve a resolution of 13 nm [1].
This means that in a single process of illumination /

manifestation without the use of multiple exposure, the

minimum period of the created structures in the resistor

is from 26 nm or more. Moving towards increasing the

resolution of the projection scheme of the EUV lithograph

requires an increase in the numerical aperture NA of

the projection lens. A projection lens with NA = 0.5

is currently being discussed. However, as shown in [2],
developers are facing serious technological problems that

have repeatedly shifted the timing of the appearance of

such a lens. In addition to optical problems, fundamental

ones have also arisen. The problem lies in the strong

shielding of the reflective elements of the mask at increased

irradiation angles. To solve this problem, the authors

in [2] suggested using a lens with different magnifications

in different directions.

An alternative to increasing the numerical aperture to

increase the resolution of lithography is to reduce the

wavelength, in proportion to which the resolution will

increase. In the study [3], it was proposed for the first

time to use a wavelength in the vicinity of 6.7 nm for

next-generation lithography. This wavelength was chosen

because, firstly, it immediately doubles the resolution, and

secondly, in this La/B range, multilayer mirrors theoretically

have a reflection coefficient of more than 80%. It should

also be noted that at that time La/B4C multilayer X-ray

mirrors (MXRM) already reflected about 40% [4].

However, subsequently, due to insufficiently high exper-

imental reflection coefficients of multilayer mirrors, about

60% [5,6], narrow, in comparison with the emission band

of the source, the bandwidth of the multi-mirror system,

low conversion efficiency of laser-plasma sources based

on ions Tb and Gd [7,8], and also, the mismatch of the

reflection maxima of the MXRM and the emission band

of the laser-plasma source, in [9], a conclusion was made

about the futility of this wavelength for lithography.

In general, one of the main factors that reduce the per-

formance of promising schemes of lithographic installations

is the discrepancy between the maxima of reflection of

the MXRM and the emission of plasma sources. In fact,

only Sn and Li ions emit in the region where the maximum

reflection coefficient Mo/Si of multilayer mirrors is observed.

This problem is automatically eliminated in the case of

using synchrotron radiation sources, since the wavelength

and spectral width of undulatory radiation can be adjusted

within wide limits. Therefore, when choosing the working

wavelength of the lithograph, you need to focus only on

the maxima of the reflection coefficients of the MXRM and

the spatial resolution that can be obtained at the selected

wavelength.

In this paper, a corresponding analysis is made and

the theoretical efficiency of 11 mirror systems at different

wavelengths is compared. The latest results on the achieved

experimental values of reflection coefficients MXRM are

also presented.

1. Justification of the choice of the type
of mirror optics for lithography
with soft X-ray radiation

The features of the interaction of EUV and soft X-

ray (SXR) radiation with a substance are its weak polar-

izability, the refractive index is almost equal to one, and

absorption is observed for all substances. According to [10],
the refractive index can be written as

n = 1− δ − iγ, (1)
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where δ — dispersion additive to the refractive index, γ —
imaginary part responsible for absorption, r0 — classical

electron radius, λ — wavelength, N — the concentration of

atoms per unit volume, f 1 and f 2 — the real and imaginary

parts of the atomic scattering factor. Values of atomic

scattering factors in the photon energy range 50−30 000 eV

can be found in [11], and the parameter γ is quite significant.

The radiation transmission length in a substance µ can be

expressed as

µ = 4πγ/λ. (3)

In the wavelength range 3−13 nm µ is the value from

fractions to units of micrometers. Therefore, in this

wavelength range, optics can only be of the reflective type

and must be used in a vacuum.

Since the refractive index is slightly less than one, the

phenomenon of total internal reflection is observed. In X-

ray optics, it is called a complete external. The angle of

total external reflection, or critical, is determined by the

parameter δ :

θc ≈ δ1/2 (4)

and can be approximately written as [12]:

θc =

{

(1− 2)λ, 1.5 nm ≤ λ ≤ 20 nm,

(1− 3)λ, λ ≤ 1.5 nm,
(5)

where θc is expressed in degrees, and λ — in nanometers.

For example, for λ = 6 nm and for a rhodium mirror, the

critical angle will be about 6◦ or sin 0.1 rad. In other

words, in the SXR range, the sliding angle of total external

reflection does not exceed several degrees.

On the other hand, it is known from the Rayleigh

criterion that the diffraction-limited spatial resolution is

related to the wavelength and numerical aperture of the

mirror constructing the image by the ratio

δx = k · (λ/NA), (6)

where for unpolarized radiation k = 0.61. For the case of

sliding fall optics, the expression (6) can be rewritten as

δx ≈ 0.61 · (λ/θc). (7)

Substituting in (7) the value of the critical angle, it can

be shown that for the optics of the grazing incidence, the

maximum resolution will be about 10 wavelengths. For

example, for a wavelength of 6 nm, the resolution will be

60 nm. Thus, it is obvious that even though the wavelength

is shorter than in EUV lithography, grazing incidence optics

cannot be used for projection lenses of lithographic systems.

Therefore, it is necessary to use multilayer X-ray optics in

this range as well.

2. Calculation of the reflective
characteristics of the MXRM and
comparison of the effectiveness of
various systems

Multilayer X-ray mirrors are a system of periodically

arranged pairs of layers of various materials, of which one

is — weakly absorbing (anti-scattering), the second —
strongly absorbing (scattering). The number of periods

in the MXRM varies from tens to several hundred. The

principle of operation of the MXRM is based on the

interference of waves reflected from different boundaries.

When the Bragg condition is met

2d · sin θBr = m · λ, (8)

where d — period, θBr — Bragg angle measured from the

surface, m — reflection order and λ — wavelength, waves

interfere constructively. This leads to the fact that, despite

the reflection coefficients from individual borders being low

in fractions of percent, the total reflection coefficient reaches

tens of percent.

A large number of works have been devoted to the basic

principles and the search for optimal pairs of materials

to achieve the maximum possible reflection coefficients of

multilayer mirrors at specific wavelengths [13,14]. We will

not dwell on this problem in detail, we will summarize only

the fact that everything has come down to the fact that it

is advantageous to use a material with K-, L- as a weakly

absorbing (anti-scattering) material, and sometimes M-the

absorption edge is as close as possible and slightly shorter

in wavelength than the working one. If there are several

candidates, it is better to choose the lightest material.

The choice of a highly absorbing (scattering) material

is not so obvious. Initially, it was thought that it should

be as heavy a material as possible, most often tungsten,

since it provides maximum optical contrast and, accordingly,

the reflection coefficient at the boundary of a multilayer

mirror. However, it quickly became clear that, in addition to

high optical contrast, this material should also have minimal

absorption. In particular, in the range of 4.3−6.6 nm, W/C

MXRM was replaced by systems based on transition metals:

Ni/C, Co/C and Cr/C.

Since the wavelength range of 3−13 nm (the wavelength

limit will be discussed below) has already been well studied

in the literature, the most promising materials were known,

which allowed us to limit ourselves to several pairs of

materials.

Since not only the peak values of the reflection co-

efficients are important for constructing an X-ray optical

scheme, but also the spectral reflection band, since it

forms a requirement for the spectral radiation band of the

undulator, the peak values of the reflection coefficient and

the spectral bandwidth (at half the height) of the MXRM

were calculated. The maximum reflection coefficients

of multilayer X-ray mirrors were analyzed in a wide

wavelength range of 3−13 nm. In calculations, the best, or
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Figure 1. Calculated graphs of the dependence of the reflection coefficient (round symbols) and spectral resolution (square symbols) on
multilayer systems Mo/Be (a) and Ru/Be (b) in the wavelength range 10.7−13.1 nm.
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Figure 2. Calculated graphs of the dependence of the reflection coefficient (round symbols) and spectral resolution (square symbols) on
multilayer systems Pd/Y (a) and Sr/Rh (b) in the wavelength range 7.9−10.9 nm.

with an alternative, MXRM are presented. The calculation

does not take into account the defects of the multilayer

mirror, such as interlayer roughness and the difference in

the densities of the film materials from the tabular values.

For the wavelength range 11.1−13.0 nm, the most promis-

ing materials are Mo/Be and Ru/Be MXRM. Fig. 1

shows the calculated graphs of the dependence of the

reflectivity and spectral resolution on multilayer systems

Mo/Be (Fig. 1, a) and Ru/Be (Fig. 1, b) in the wavelength

range 10.7−13.1 nm. The number of periods in multilayer

systems is N = 100. The ratio of the thickness of the

strongly absorbing layer to the period χ = 0.35. Here and

further on the left is a scale with reflection coefficients

expressed as a percentage, on the right — spectral selectivity

as a percentage.

As can be seen from Fig. 1, Ru/Be has large reflection

coefficients and the width of the Bragg peak. The reflection

coefficient reaches a maximum value of about 79% at a

wavelength of 11.1 nm. Reflection coefficients drop sharply

at wavelengths shorter than 11 nm from - to K-absorption

edges Be.

In the wavelength range of 8.0−10.8 nm, Pd/Y and Sr/Rh

systems are the most promising. Fig. 2 shows calculated

graphs of the dependence of the reflection coefficient and

spectral resolution on multilayer Pd/Y systems (Fig. 2, a)

and Sr/Rh (Fig. 2, b) in the length range waves 7.9−10.9 nm.

The number of periods in multilayer systems is N = 130.

The ratio of the thickness of the strongly absorbing layer to

the period in the system Pd/Y χ = 0.43, in the system Sr/Rh

χ = 0.35. As can be seen from the figure, the Sr/Rh system

exceeds the Pd/Y system in terms of reflection coefficient in

almost the entire specified range, and in the vicinity of the

wavelength 10.3 nm, the reflection coefficient reaches 76%.

The spectral bandwidth is also quite wide, 3%.
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Figure 3. Calculated graphs of the dependence of the reflec-

tion coefficient (round symbols) and spectral resolution (square
symbols) on the multilayer La/B system in the wavelength range

6.4−8.1 nm.
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Figure 4. Calculated graphs of the dependence of the reflec-

tion coefficient (round symbols) and spectral resolution (square
symbols) on a multilayer Co/C system in the wavelength range

3.8−6.6 nm.

In the wavelength range 6.6−8.0 nm, the La/B system has

the highest reflection coefficient. Fig. 3 shows the calculated

graphs of the dependence of the reflection coefficient and

spectral resolution on the multilayer La/B system in the

wavelength range 6.4−8.31 nm. The number of periods of

the multilayer system N = 200, the ratio of the thickness of

the strongly absorbing layer to the period χ = 0.46. The

maximum reflection coefficient is reached at a wavelength

of 6.62 nm and is 84%. The sharp decline in the reflection

coefficient after 6 nm is due to the K-edge of boron

absorption.

In the wavelength range 4.4−6.5 nm, Co/Cr-based sys-

tems have the highest reflection coefficients. Fig. 4 shows

the calculated graphs of the dependence of the reflection

coefficient and spectral resolution on the multilayer Co/C

system in the wavelength range 3.8−6.6 nm. The number

of periods of the multilayer system N = 300, the ratio of

the thickness of the strongly absorbing layer to the period

χ = 0.28. As in the previous case, there is a decrease in the

reflection coefficient when moving away from the K-edge of

the absorption of a weakly absorbing material, in this case

carbon. The maximum reflection coefficient is reached at a

wavelength of 4.4 nm and is 60%.

Fig. 5 shows the calculated graphs of the dependence of

the reflection coefficient and spectral resolution on the mul-

tilayer Cr/Sc system in the wavelength range 2.8−4.1 nm.

The number of periods of the multilayer system N = 400,

the ratio of the thickness of the strongly absorbing layer to

the period χ = 0.41.

The table shows the name of the structure, the wavelength

in nanometers corresponding to the maximum reflection,

the reflection coefficient and spectral selectivity of the

MXRM, as well as the reflection coefficients of 11 mirror

X-ray optical systems, expressed as a percentage. As can be

seen from the table, theoretically the maximum efficiency

(reflectivity) is observed for La/B optics at wavelengths of

6.6 nm. Beryllium-based optics are in second place. The last

column shows the spectral bandwidth of 11 mirror systems.

This column indicates the optimal emission band of the

undulator for the selected wavelength. If the bandwidth

is narrower than the bandwidth of the undulator, then this

means, accordingly, a decrease in the efficiency of such a

system.

3. Experimental reflection coefficients

Despite the rather high theoretical reflection coefficients

of multilayer mirrors in the considered wavelength range,

the reflection coefficients obtained at the moment are often

inferior to them. Interlayer roughness has the greatest

negative effect on reflection coefficients. For example, at a

wavelength of 3.12 nm, the theoretical reflection coefficient

Cr/Sc MXRM is 63%, while in practice the record reflection

coefficient is only 21−23% [15,16] and, due to the fact that

30 32 34 38 40

R
, 
%

40

10

20

30

70

0

λ, Å

50

0.6

1.0

1.2

δ
λ
/λ

, 
%

0.4

36

0.8

60

Figure 5. Calculated graphs of the dependence of the reflec-

tion coefficient (round symbols) and special resolution (square
symbols) on a multilayer Co/C system in the wavelength range

2.8−4.1 nm.
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X-ray optical characteristics of the most promising wavelengths

and materials for next-generation lithography

MXRM λ, nm R, % 1λ, nm R11, % 1λ11, nm

Mo/Be 11.31 76.14 0.29 4.99 0.1210

Ru/Be 11.43 78.66 0.27 7.13 0.2040

Pd/Y 9.60 62.28 0.23 0.55 0.1070

Sr/Rh 10.40 76.16 0.31 5.00 0.1501

La/B 6.60 83.92 0.03 14.54 0.0212

Co/C 4.40 60.48 0.02 0.40 0.0065

Cr/Sc 3.12 63.21 0.01 0.64 0.0060

the level of roughness already achieved is at the atomic level

and is about 0.3 nm, there is no need to wait for drastic

improvements.

Even worse is the real situation in the area of 4−6 nm.

With theoretical reflection coefficients of Co/C MXRM

about 60%, in practice about 17% [17] was obtained.

In these mirrors, the interlayer roughness is about 0.4 nm.

Even if it is possible to reduce the roughness to a record

0.3 nm, this will lead to an increase in the reflection

coefficient to less than 30%.

The situation is much better at a wavelength of 6.6 nm.

On mirrors La/B4With and La/B with antidiffusion layers,

reflection coefficients of 59−64% [5,6] were obtained. Since

the interlayer roughness in these structures is at the level

of 0.4−0.6 nm, there are prospects for further increase in

reflection coefficients.

At a wavelength of 9 nm, theoretically, the reflection

coefficient exceeds 60%, but in practice, the record re-

flection coefficient was 43% on the Rd/Y pair and in a

fairly short time degraded to 34% [18]. A larger reflection

coefficient, 56% (in neighborhood 11 nm), was obtained on

the Ru/Y/B4C structure in [19].

In the neighborhood of 11 nm beyond the absorption

edge of Be, the Rh/Sr structure theoretically has the

highest reflection coefficient, but experimentally on a close

Mo/Sr system, the reflection coefficient was about 45% and

degraded to almost zero within a few days [20]. Therefore,
the reflection coefficient at the level of 56% obtained on the

Ru/Y/B4C system was a record for this area.

In recent work [21], the structure of Ru/Sr/B4C was

first reported. At a wavelength of 10.3nm, a reflection

coefficient of 61% was obtained. The stability of the

reflection coefficient during three months of observation

was confirmed. Taking into account that this is the first

result, and the optimization of layer thicknesses has not been

carried out, higher reflection coefficients can be expected.

In front of the Be absorption edge at a wavelength

of 11.2 nm, multilayer mirrors Mo/Be [22,23] have record

reflection coefficients of 70.1−70.3%. Currently, a study of

Ru/Be MXRM has been initiated, which theoretically have

large reflection coefficients.

Conclusion

In this paper, the analysis of the capabilities of multilayer

X-ray optics in terms of providing high reflection coefficients

in the wavelength range of 3.1−11.4 nm is carried out. Both

theoretical and experimental values of reflection coefficients

are considered. On the short-wave side, the wavelength

range is limited to a wavelength of 3.1 nm, which is due

to the complete lack of prospects for obtaining reflection

coefficients of the MXRM of normal line incidence greater

than 20% at wavelengths shorter than 3.1 nm.

Theoretically, all the considered types of MXRM have

a sufficiently high reflection efficiency — from 60 to 80%.

As can be seen from the table, MXRM La/B, wavelength

6.6 nm have the greatest efficiency. They are followed by

Ru/Be MXRM, λ = 11.2 nm. In our opinion, the range of

9−10.3 nm is promising for lithography, where reflection

coefficients greater than 60% have been experimentally

obtained on the Ru/Sr/B4C structure. There are clear

prospects for increasing the reflection coefficient.

Wavelengths shorter than 6.6 nm, in our opinion, are not

of real interest for lithographic applications for two main

reasons. First-of all, there is no prospect of achieving

high reflection coefficients, even above 30%. Secondly,-the

spectral reflection band 11- of the mirror system is very

narrow, significantly narrower than the emission band of

the undulator, which further reduces the efficiency of such

systems.

The conducted research also made it possible to formulate

requirements for the width of the emission band of the

undulator for each of the considered wavelengths.
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