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investigated on the basis of two-dimensional diffraction equations for slowly varying amplitudes. The boundary
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Multilayer mirrors for reflecting extreme ultraviolet

(EUV) radiation are used in EUV--thography [1] and in

astronomy [2]. When calculating the reflection of soft

EUV-radiation from multilayer mirrors, one-dimensional

diffraction equations for slowly varying amplitudes, re-

current relations and a matrix approach are used. The

comparison of the results obtained using the above methods

is presented in [3]. All these methods are related to

one-dimensional soft X-ray diffraction and assume that the

incident radiation is a plane wave, which is unrestricted

in space. However, in experimental measurements, the

incident beam is always restricted by the presence of slits

and collimators. The influence of the transverse size of the

incident beam on the reflection coefficient of EUV-radiation

from multilayer mirrors has not been studied. Using

the formalism of X-ray diffraction of spatially restricted

beams [4] the angular distribution of the reflected intensity

of EUV-radiation from a multilayer mirror was studied. In

contrast to [4], in this paper, the boundary functions are

considered in the Fresnel approximation.

To describe the dynamical diffraction of a spatially re-

stricted EUV-beam from a multi-layer mirror, a rectangular

coordinate system was introduced. In it the x and y axes

of which are parallel to the input surface, and the z axis

is directed into the depth of the mirror and x0z is the

diffraction plane. The scheme of reflection of a restricted

beam of EUV-radiation from a multilayer mirror is shown

in Fig.1. The size of the incident beam is restricted by a

slit S1 of width w1. Before it hits the detector the reflected

wave is limited by a slit S2 of width w2. The distance from

the entrance slit to the multilayer mirror is equal to LS1. The

slit S2 is located at a distance LS2 to the position-sensitive

detector or the analyzer−detector system.

To study the reflection of EUV-radiation from a mul-

tilayer mirror, two-dimensional equations of dynamical X-

ray scattering were used [5,6]. Applying the formalism of

diffraction of spatially limited beams [4] , the system of two-

dimensional equations is transformed into one-dimensional

equations that have an analytical solution in Fourier space.

The amplitude of the reflected wave of EUV-radiation

E1(qx , qz ) has the form

E1(qx , qz ) =
a1 f
2π

+∞
∫

−∞

dκ
exp(iξ lz ) − 1

Q
Yin(κ)Yex(κ − qx),

(1)

where ξ =
√

ψ2 − 4 f 2a2
1, ψ = 2a0 − (2κ − qx ) cot θB − qz

is the angular parameter, f — which reduces the reflection

coefficient of EUV radiation from multilayer mirror-due to
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Figure 1. Schematic representation of the reflection of a spatially

restricted EUV-wave from a multilayer mirror with a period d. E0

and E1 are the amplitudes of the incident and reflected beams.

PSD is position sensitive detector.
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Figure 2. Boundary functions in Fourier space for incident EUV-radiation with a wavelength of 12.93 nm. Beam width w1 = 1000 µm

(a) and 100 µm (b). The distance from the slit to the multilayer mirror LS1 = 100mm. Curve 1 corresponds to the geometrical optics

approximation, curves 2 and 3 refer to the Fresnel approximation for the real and imaginary partsYin(κ), respectively.

defects in the multilayer structure, lz is the thickness of the

multilayer mirror In solution (1), the rest of the parameters

are written as Q = ξ1 exp(iξ lz ) − ξ2, ξ1,2 = (−ψ ± ξ)/2,
a0 = πχ0/(λ sin θB), a1 = Cπχ1/(λ sin θB), where λ is the

wavelength of EUV-radiation in vacuum, C is the polar-

ization factor (C = 1 for σ -polarization and C = cos 2θB

for π-polarization), θB is the Bragg angle for a multilayer

mirror with thickness dt,b of alternating layers in the

mirror period d = dt + db . The reflection coefficient of

EUV-radiation from the multilayer mirror depends on the

Fourier coefficients of polarizability in the direction of

transmission and diffraction

χ0 =
χtdt + χbdb

d

χ1 =
χt − χb

π
sin

(

π
dt

d

)

,

where χt,b is Fourier-coefficients of polarizability of the

upper (t) and lower (b) layers of the period multilayer

structure.

In the case of a triple-axis diffraction scheme, the reflec-

tion intensity depends on the an-gular position of the sample

ω and the detector (analyzer)ε. They are related to the

projections qx and qz of the vector q = Q− (2π/d)n by re-

lations qx = (2π/λ) sin θB(2ω − ε), qz = −(2π/λ) cos θBε,

where Q = k1 − k0 is the diffraction vector, n is the normal

to the surface of the multilayer mirror, k0,1 are the wave

vectors of the incident and reflected X-ray waves. Solution

(1) contains the boundary functions of the incident Yin(κ)
and reflected Yex(κ − qx) EUV-beams in the Fourier space.

Slit-limited propagation of an electromagnetic wave is

commonly distinguished at different distances from the

slit. At short distances (near zone), geometric optics

is valid. At large distances from the slit (far zone)
there is a Fraunhofer diffraction field. In the transition

region between geometrical optics and the Fraunhofer zone,

Fresnel diffraction is considered. Since there are no clearly

defined boundaries between these zones, it is customary

to speak of diffraction in the approximation of a specific

region, the size of which depends on the wavelength of

the electromagnetic radiation, the size of the slit and the

distance from it.

In the geometrical optics approximation, we do not take

into account distortions of the EUV-radiation wavefront as

it passes through the slit. For the boundary function of the

incident beam in the case of geometric optics, we obtain

Yin(κ) = Y 0
in(κ) =

sin[κw1/(2 sin θB)]

κ/2
.

In the Fresnel approximation, this function has the form

Yin(κ) = P(κ, LS1)Y
0

in(κ),

where

P(κ, LS1) = exp

(

−iλ
LS1κ

2

4π[sin θB ]2

)

is the propagator in the Fourier space [7].
The transmittance of the reflected wave by the slit S2 in

the Fourier space is equal to

Yex(κ − qx) = Y 0
ex(κ − qx) =

sin[(κ − qx )w1/(2 sin θB)]

(κ − qx)/2

in the case of geometric optics and

Yex(κ − qx ) = P(κ − qx , LS2)Y
0

ex(κ − qx )

in the Fresnel approximation, where

P(κ − qx , LS2) = exp

(

−iλ
LS2[κ − qx ]

2

4π[sin θB ]2

)

.
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Figure 3. Calculated RSMs from Mo/Si multilayer mirror with boundary functions in the case of geometric optics (a) and Fresnel

approximation (b). c — calculated qz -cross sections of RSMs from Mo/Si multilayer mirror with boundary functions in the case of

geometric optics (1) and Fresnel approximation (2).

Figure 2 shows boundary functions in Fourier space for

large and relatively small sizes of the spatially restricted

wave front of the EUV-radiation. In the case of a large

width of the incident beam, the boundary functions for

geometric optics and the Fresnel approximation coincide

(Fig. 2, a). For a 100 µm beam, there are noticeable

differences (Fig. 2, b).

Numerical calculations of the reflection of spatially

restricted beams from a Mo/Si multilayer mirror for

EUV-radiation with a wavelength of 12.93 nm are per-

formed based on solution (1). The multilayer Mo/Si struc-

ture had a period of 6.9 nm with a molybdenum content of

38.7% and silicon of 61.3%. The number of periods is 110,

which corresponds to the thickness of the multilayer mirror

lz = 0.76µm. The Fourier coefficients of polarizability

of molybdenum χMo = −0.138 + i0.0125 and silicon were

used in calculations χSi = −0.00324 + i0.00308.

Such a structure is ideally optimized for maximum

reflection coefficient [1]. The length of the primary Bragg

extinction is 0.095 µm. The Bragg angle is 69.55◦ . X-ray

maps of the angular distribution of the scattering intensity

in reciprocal space (reciprocal space maps, RSM) [8] and

their cross sections are calculated using solution (1).

Figure 3 shows the calculated RSMs of a Mo/Si multilayer

mirror with boundary functions in the case of geometric

optics (a) and the Fresnel approximation (b). The following

parameters of the diffraction scheme were used in the

calculations: the size of the incident and reflected beam

of EUV-radiation is 100 µm,; the distance from the entrance

slit S1 to the surface of the multilayer mirror and from the
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exit slit S2 to the position sensitive detector is 100mm.

The S2 slit is located in the near field of the reflected

beam (of the order of 20mm from the multilayer structure),
and geometrical optics is valid. Therefore, interference

distortions in the structure of the diffracted wave from due

to the spatial confinement of the EUV of -radiation to the

S2 slit are not considered. From, due to the shallow depth of

the primary Bragg extinction, the main contribution to the

reflected intensity comes from the region with the triangle

cross-section ABC of the multilayer structure. If there is no

slit S2, the detector receives the entire diffraction intensity

from the section with a parallelogram cross section ADEC .

However, the contribution to the reflection coefficient during

diffraction of the EUV-radiation in the region with the cross-

section of the BDEC figure is significantly small (Fig. 1).
Increasing the slit size S2 does not affect the qz -profile of

the RSM map cross section from Mo/Si multilayer mirror,

but it does change the appearance of the angular distribution

of the reflectance intensity in the reciprocal space, which

becomes asymmetric [9]. Calculations show that RSMs with

boundary functions in the case of geometric optics and the

Fresnel approximation differ significantly (Fig. 3, a, b). The

qz -cross sections of the RSMs are also different (Fig. 3, c).

It should be noted that in the case of geometric

optics, the qz -cross-sections of RSMs of spatially restricted

EUV-radiation completely coincide with the reflection pro-

file of a plane wave, independently of the beam size. In

the Fresnel approximation for wide beams, the calculated

reflection coefficients were found to be equal with the re-

flection coefficients for a plane wave. For beams of relatively

small sizes in the Fresnel approximation, a decrease in the

calculated reflection coefficients were observed (Fig. 3, c).

At present, soft X-ray diffuse scattering angular distri-

bution maps in reciprocal space [10] are used to analyze

defects in multilayer structure. However, the angular

distribution of the total scattering intensity is affected by

the specular component, which can be taken into account

using the approach presented.
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