Technical Physics, 2024, Vol. 69, No. 8

12

Insertion device for EUV-lithography at fourth-generation SR facility
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Introduction

The miniaturization of microelectronics components en-
ables the production compact low-power devices. One of
the most promising areas for microelectronics is extreme
ultraviolet lithography, which allows the creation of high-
precision and high-density components. An important
condition for the implementation of EUV-technology is
the properties of the radiation source. There are vari-
ous sources, including gas discharge, laser-plasma, liquid-
jet-plasma sources, etc. The development of synchrotron
radiation (SR) sources, namely the emergence of the 4th
generation facilities with ultra-low-emittance storage rings,
has resulted in them once again being able to successfully
compete with conventional sources.

High photon flux density, the ability to produce spectrally
narrow lines, and low angular divergence of radiation
constitute a number of the advantages of 4th generation
SR sources. In addition, the 4th-generation SR facility
SKIF being under construction in Russia will have an
emittance of ~ 75pm -rad [2], which makes it extremely
promising for EUV lithography applications. On the one
hand, the properties of the source enhance the capabilities of
high-precision X-ray optics with a large numerical aperture
(NA ~0.3) [3]. Tt is quite possible to achieve nanometer
spatial resolution using such optics. On the other hand,
the reduction of the size of the source allows increasing
the power density in focus and thereby reducing the
exposure time. Furthermore, the coherent flux of the fourth-
generation SR source is comparable to the total photon flux

of the third-generation SR source, which leads to improved
spatial resolution.

First of all, to design a synchrotron radiation (SR)
facility appropriate for EUV lithography tasks, it is essential
to select a light-generating insertion device, optimize its
parameters, and obtain the final radiation characteristics.
APPLE-II and Delta type undulators were considered in this
paper in the modes of linear and circular light polarization,
their parameters were optimized, and their spectral and
power characteristics and angular divergence of radiation
were compared. An equally important part of this work is
the assessment of the coherent properties of the SR, which
opens up the possibility for the subsequent design of the
X-ray optical path of the experimental (and technological)
station.

1. Requirements for insertion device

The fourth generation SR sources have high radiation
brilliance, which, in particular, causes high thermal loads on
the optics. At the same time, the quality of optics is crucial
for achieving high spatial resolution parameters in EUV
lithography. A solution that allows for a spatial separation
of radiation by harmonics is the generation of radiation
with circular polarization. In this case, the fundamental
harmonic of the undulator spreads along its axis, and all
other harmonics spread in a cone around this axis, which
fundamentally reduces the thermal load on the optics. On
the other hand, in some cases it would be useful to receive
linearly polarized radiation beams on the axis, which leads
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Figure 1. Permanent magnet undulators: ¢ — magnetic structure of the APPLE-II type undulator; » — view of the end of the APPLE-II
type undulator, where the vacuum chamber is marked in red; ¢ — magnetic structure of the Delta type undulator; d — view of the end
of the Delta type undulator, where the vacuum chamber is marked in red.

to the need to change the type of polarization of the
generated radiation. The most technologically advanced
and widely utilized type of insertion device for polarization
switching is the APPLE-II undulator, which has proven
itself at the 4th generation MAX-IV facility. A Delta-
type undulator is another option worth considering [5]. It
should be noted that it is also desirable that the spectral
width of the undulator harmonic corresponds to the spectral
bandwidth of the focusing mirrors used.

2. Optimization of insertion devices

In general, APPLE-type insertion devices consist of four
magnetic arrays that can be longitudinally shifted relative
to each other, thereby controlling the polarization of the
emitted radiation. Each array contains repeating periods
with four different magnet orientations. Various models
of APPLE-type undulators differ in the shape of magnetic
arrays and their mutual arrangement, as well as the direction
of magnetization in periodic blocks. All these factors, in

turn, affect a number of design parameters, for example,
the device and shape of the vacuum chamber, which can be
both inside and outside the insertion device.

The APPLE-II type undulator (Fig. 1,a) consists of four
parallel magnet arrays arranged in pairs above and below
the vacuum chamber. Thus, the vacuum chamber is always
located inside the insertion device and takes an elongated
(traditional) shape in cross section (Fig. 1, b).

The magnetic structure of the Delta type undulator
(Fig. 1,¢) can be considered as a combination of two
identical planar undulators rotated by 90° relative to each
other around the beam axis. On the other hand, it can also
be considered as a kind of APPLE-III type structure. The
specific shape of the magnet arrays makes it possible to
reduce the magnitude of the vertical gap and, accordingly,
increase the amplitude of the magnetic field. The vacuum
chamber inside the Delta type insertion device has a circular
cross section (Fig. 1,d), however, since both the magnitude
of the magnetic field and the polarization change due to the
longitudinal shift of the magnetic arrays|[6], it is also possible
to place an insertion device inside the vacuum chamber.
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Figure 2. The dependence of the peak magnetic field on the ratio of the vertical gap to the period for an APPLE-II type undulator in
the case of circular and linear polarization. The points on the graph correspond to the results of numerical simulation. The quality of the
approximation is characterized by the criterion R?, the value of 1—R? is given for ease of interpretation.

40SH NdFeB with residual magnetization B, =1.26 T
was selected as the material of undulator magnets as one
of the most technologically advanced, affordable materials
with resistance to degradation under ionizing radiation
conditions [7] .

In order to optimize these devices for the tasks of
EUV lithography, it is necessary to formulate requirements
for the wavelength of fundamental undulator harmonic,
considering the possibilities of optics and at the same
time targeting for the maximum photon flux at operational
energy. An instance of high numerical aperture optics
for EUV lithography is the Schwarzschild lens, which is
based on normal incidence multilayer mirrors. The most
important advantage of such mirrors is the ability to capture
the entire useful harmonic of radiation from an undulator
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with dE/E of the order of 1%. One of the ways to
achieve high spatial resolution in EUV is to reduce the
wavelength of the radiation. At the same time, however,
it should be noted that beamline optics are required to
effectively reflect this radiation, since several mirrors are
always used in optical systems for EUV lithography. At the
moment, the technology of sputtering of multilayer coatings
allows producing X-ray mirrors of normal incidence over
a wavelength range up to 3nm [8]. Nonetheless, a more
conservative variant with an 11 nm wavelength (112.7eV)
is taken as the main one in this work, and the insertion
devices’ parameters are optimized for it.

For this purpose, a magnetostatic calculation was per-
formed, which allows moving from the magnetic structure
and design features of undulators to a set of parameters



1128

XXVl International Symposium ,Nanophysics and nanoelectronics*

APPLE-II
T T T T T T
1 K === Kyertical
U Khorizontal = — Kcircular _
8t =
e
. =z
w6 %
4+ prd i
Py
> 5
/,(//
(U ! ! ! ! L]
0.01 0.02 0.03 0.04 0.05 0.06
Ay M

Delta
U T T T T T
—K =~ Keircular
-—K
10F linear Lo
A
\ //
8t //' -
< 6F // .
4t // 1
2 B // -
o
7
Il 1 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06
Ay M

Figure 3. Optimization of the period length of APPLE-II type undulators (left) and Delta (right) at a fixed wavelength of the fundamental
harmonic 11 nm. Solid line shows the dependence corresponding to equation (3); dashed and dotted lines represent the dependencies
corresponding to equation (2) in the circular and in linear, specifically, horizontal and vertical radiation polarization modes.

Table 1. Characteristics of the APPLE-II insertion device used
for magnetostatic calculation

Horizontal gap
between a pair
of magnetic arrays, mm

30 30 0.1

Width of magnetic | Height of magnetic
blocks, mm blocks, mm

related to radiation generation. The parameters used in the
simulation are given in Table 1. The magnetic field was
computed for an APPLE-II type undulator using the finite
element method in the OPERA 3D [9] program.

The magnitude of the peak magnetic field in APPLE
undulators is related to the relative distance between the
lower and upper pairs of magnetic arrays (with vertical gap)
and is determined by the relation [10]:

B = aexp[b(g/4u) + c(9/4)?], (1)

where B — peak magnetic field on the undulator axis, g —
vertical gap value, 4, — undulator period length, a, b, c —
numerical coefficients.

It is necessary to approximate the results of numerical
simulation of the peak magnetic field from the parameter
/Ay to determine the unknown dependence coefficients.
To accomplish this, the peak magnetic field with a fixed
period along the axis of the insertion device was calculated
at various vertical gap values by averaging modulo the local
extremes of each field component.

The dependence of the peak field on the period of
the undulator with calculated coefficients a, b, ¢ is shown
in Fig. 2. As depicted in the figure, a high field value on
the undulator axis is achieved by increasing the period of

the magnetic structure at a fixed gap. However, an increase
of the period of the magnetic field results in a decrease of
the number of poles, since the length of the undulator is
limited by the length of the storage ring’s straight sections
The reduction of the number of poles ultimately decreases
the generated photon flux.

Thus, it is necessary to strive to minimize the vertical
gap while taking into account the design features of the
undulator, and to optimize the magnetic period with a
fixed gap. There is a design limitation associated with
the presence of a vacuum chamber inside the device for
APPLE-II type undulators. A minimum gap value of § mm
was selected for SKIF after a number of discussions and
consultations in the Budker Institute of Nuclear Physics of
the Siberian Branch of the Russian Academy of Science.

When optimizing the parameters of the insertion device,
it is convenient to consider the deflection parameter defined
by the equation

K =elyB(4)/(2amecC), (2)

where e — electron charge, me — electron mass, ¢ — speed
of light, B(1,) — peak magnetic field associated with the
undulator period by the relation (1).

On the other hand, the constructive interference condition
links the parameter K with the undulator period.

Mim = Au/(2p%)(1 + K?/2), (3)

where An — the wavelength of radiation at the mth
harmonic of radiation, and y — the Lorentz factor.

A graphical representation of these two types of relation
is shown in Fig. 3. The intersection of the curves uniquely
determines the optimal value of the period length, which
was 50 mm for an undulator of the APPLE-II type.
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Figure 4. Spectra on the axis of APPLE-II and Delta type undulators in circular and linear polarization modes with fundamental

harmonic energy 112.7 eV.

The coefficients of the ratio (1) for the Delta undulator
with N40SH magnet material were calculated in the original
article [5], devoted to the description of the insertion device
design. The optimal period length for the Delta type
undulator was 40mm after optimization performed in a
similar way. At the same time, the option of intra-vacuum
placement of magnetic poles was considered, in which the
minimum gap value is 5 mm.

3. Characteristics of the generated
radiation

The spectral characteristics of the radiation generated
by the optimized devices were calculated using the code
SPECTRA [11]. The value calculated in the previous
section was chosen as the undulator period, the length

Technical Physics, 2024, Vol. 69, No. 8

of the magnetic structure was assumed to be 5m which
is the maximum possible length for the undulator in the
straight section of the storage of SKIF facility (the length
of the rectilinear straight section is 6m). The storage ring
parameters are listed in Table 2.

The calculated spectral densities of the photon flux on
the axis at a fixed energy of the fundamental harmonic
E; = 112.7 eV and envelopes of the angular spectral density
of the photon flux for undulators of the APPLE-II and
Delta types are shown in Fig. 4 and 5. It should be
noted that the fundamental harmonic of radiation propagates
along the axis of the undulator in both linear and circular
polarization modes, whereas all other harmonics in the
circular polarization mode have their maxima off-axis, and
the intensity of their radiation on the axis is significantly
lower (Fig. 4). At the same time, the first harmonic has
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polarization modes.
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Figure 6. Source sizes and angular divergences at a distance of 30m from the source in an incoherent approximation for APPLE-II
and Delta undulators.
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Table 2. Parameters of the storage ring of SKIF facility [12] used in radiation modeling

Energy Beam | Circumference, Natural Horizontal Vertical
of electrons, | current, emittance, | beta function in the center | beta function in the center
GeV mA m pm-rad straight section, m straight section, m
3 400 476 75 15.6 237

the highest spectral angular density of the photon flux,
and the photon flux density in the circular polarization
mode is twice as high as in the linear polarization
mode.

The angular spectral density of the photon flux of the
Delta type undulator is higher than that of the APPLE-II
type undulator (Fig. 5) in the entire range of the first
harmonic energy tuning due to the smaller vertical gap.
However, it can be seen that undulators of both types are
quite suitable for generating radiation in a wide range of
soft X-rays (from 100 to 1500—2000¢eV) and can be used
to solve other problems.

When calculating in detail the radiation characteristics of
insertion devices such as APPLE-II and Delta, it should
be taken into account that it is already possible for
third-generation sources to reach the diffraction limit in
the vertical direction, and ignoring the wave properties
of radiation can result in errors [13]. Moreover, wave
properties should be taken into account when considering
radiationfrom forth-generation SR sources.

Even so, as a zero approximation, it is possible to simulate
radiation without reckoning for coherent properties in order
to obtain estimated characteristics. This approach is based
on the model implemented in the SPECTRA software. The
final emittance and energy spread of the radiation is taken
into account in this approach by convolution of the Gaussian
distribution of electrons in the beam with the distribution
of the radiation intensity of one electron, neglecting the
interference of electron fields [11].

The ability to estimate the coherent fraction is also
implemented in SPECTRA. The horizontal and vertical
»coherent fractions“ for optimized insertion device are
presented in Table 3.

Figure 6 shows the characteristic sizes and angular
divergences of the radiation beam at a distance of 30m
from the source in an incoherent approximation for APPLE-
IT and Delta type undulators calculated using SPECTRA.
In the presented and subsequent calculations, a circular
aperture with a diameter of 60 corresponding to the
first harmonic of radiation (+3c relative to the center
of the beam, with the full width at half maximum
FWHM = v8In20 ~ 2.3550) was used. For ease of
comparison, maxima of the intensity distribution are set to 1,
and the FWHM value for each of the distribution projections
is indicated.

High coherent fraction (Table. 3) allows for the use of a
fully coherent approximation, in which radiation is emitted
by a single electron with zero emittance. Figure 7 shows the

Technical Physics, 2024, Vol. 69, No. 8

Table 3. The coherent fractions of optimized insertion devices

Insertion Horizontal Vertical coherent fraction
device coherent fraction

APPLE-II 0.58 0.92
Delta 0.56 0.89

radiation beam sizes and angular divergences at a distance
of 30 m from the source in the one-electron approximation,
calculated also using SPECTRA.

It is necessary to take into account the partial coherence
of the radiation for a more accurate calculation. A
number of methods are used for modeling partially coherent
radiation. These approaches, are based, for example, on
the decomposition of the transverse coherence function
into fully coherent Gauss—Schell modes (decomposition by
Hermite polynomials) [14]. However, in the case when
the coherent fraction is high, this consideration has serious
drawbacks due to the functions describing the behavior of
undulator radiation at the source and in the far region are
not Gaussian in nature. Far-field electric radiation field
strength at a resonant frequency w of the fundamental
harmonic can be expressed as follows [13]:

E. (2o, 7. Ik, 0) = —weAy; LK/ (p2¢%20) expliwzo|0

— (l/20)|*/(2¢)]sinc[wL|8 — (/o) — mi[*/(4C)],  (4)

where 5, and 1y — deflection angle and coordinate of
the kth electron, 8 =r/z(, zy — the point at which the
radiation is recorded, L — the length of the undulator,

Asy = Jo(¢) — J1(&) and & = K2/(4 +2K?) — the longi-
tudinal coordinate.

The alternative method used in this work is as follows:
first, it generates the electron distribution within a single
electron bunch (in realization); next, it combines fields of
the form (4) from each electron in this realization; and at
last, the sum averages over all realizations. This approach
was implemented using OCELOT ([15] code. To obtain
information about the distribution of radiation intensity in
the source, the virtual source method is used, propagating
radiation from the far field region to the center of the
undulator. Then the expression for the imaginary source
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Figure 7. Source sizes and angular divergences at a distance of 30m from the source in the approximation of single electron radiation
for APPLE-II and Delta undulators in linear and circular polarization mode.

has the following form
— . LW
EL(0, 7. I, 8) = iweAyK/(2yc?) exp [I Er]k(m - lk)}

x [ —2Si(io|re — |/ (Lc))].
(5)
Ultimately, the complete information about the coherent
properties of radiation is provided by the cross-spectral
density or the transverse coherence function, which is
actually a correlation function of the field:

FL(I‘l,l‘z,(u,Z) = <E*(l‘1,(1),Z)E(I‘2,(1),Z)>. (6)

In the expression (6) (...) — averaging over an ensemble
of realizations of spectral amplitudes of a monochromatic
field E(r, w, z).

It should be noted that in the general case of par-
tially polarized and partially coherent radiation, a matrix
consisting of cross-spectral functions of the electric field

components [16] should be introduced:

A (rxxm, r.2) Tylrm, Z>> ™

J(ry,rn,2z) =
(ri.r2,2) Fyx(l‘l,l‘z,Z) Fyy(l‘],l‘z, Z)

Faﬁ (1‘1, I, Z) = <E; (1‘1, i, Z)Eﬁ(l‘z, t, Z)>

In the case of linear polarization, there is one component
of the field and only one nonzero component of the
matrix (7). There are two perpendicular and uncorrelating
components of the field propagated independently in the
case of circular polarization. The case of circular polar-
ization can be considered similarly to the case of linear
polarization by representing them in the basis of left or
right polarization Er. = Ex £iE;.

Figure 8 shows the maximum normalized intensity
distributions of partially coherent radiation of one field
component, as well as the phase patterns at the source and
in the far region for APPLE-II and Delta undulators. The
figure also shows the FWHM values for all projections of
intensity distributions.

Technical Physics, 2024, Vol. 69, No. 8
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Figure 8. Normalized intensity distributions of a partially coherent beam for APPLE-II and Delta type undulators, their projections and
phase patterns at a virtual source and in the far zone at a distance of 30 m.

Figure 9 shows the unit-normalized distributions (mod-
ulus squared) of the cross-spectral density (6) together
with phase patterns for one component of the radiation
field generated by APPLE-II and Delta type undulators at
the source and in the far field region. These distributions
fully characterize the coherent properties of the generated
radiation.

The applicability of each method for determining the
radiation parameters can be concluded with knowledge
of the coherent fraction of photons and the FWHM

Technical Physics, 2024, Vol. 69, No. 8

values for each distribution in the fully coherent and
incoherent radiation approaches. Despite the fact that
each of the methods showed an insignificant difference,
it can be seen that in cases where the coherent frac-
tion is high, the results of calculating the radiation of
one electron closely resemble the calculated values for a
partially coherent beam; conversely, when the coherent
fraction is smaller, the results of incoherent calculation
are closest to the values of FWHM in partially coherent
radiation.
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and in the far field region.

Power density maps calculated using SPECTRA are
shown in Fig. 10. The power passing through the aperture
in the circular polarization mode for an APPLE-II type
undulator is 5.72W, and for a Delta type undulator —
6.12W. In the linear polarization mode, the power passing
through the aperture for an APPLE-II type undulator is
1.24kW, for a Delta type undulator — 2.32kW, while the
transmitted power of the operational harmonic in each of
the undulators is 2.53 and 2.58 W respectively.

The first optical element of the beamline receives high-
power radiation in the linear polarization mode, which
essentially results in difficulties in cooling and preserving an
undistorted wavefront. In the circular polarization mode, the
aperture transmits all the useful power of the first harmonic,
filtering out the parasitic power of higher harmonics that are
not used in experiments, which allows for further matching
of the thermal and optical properties of the beamline optics
for EUV lithography.

Technical Physics, 2024, Vol. 69, No. 8
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Figure 10. Power density maps for APPLE-II and Delta undulators in circular and linear polarization modes. The integral power P; and
the power Pa passed through the aperture 60y,y marked with a white border are indicated.

Conclusion

The paper describes the requirements for an undulator
that can be used for EUV lithography tasks at the 4th-
generation SR facility using the example of a SKIF. Variants
of usage of APPLE-II and Delta type undulators with per-
manent magnets are proposed. Based on the optimization
of the magnetic period length, the spectral characteristics,
as well as the parameters of the generated radiation in
the far region and at the source, were determined using
geometrical and wave optics approaches, which showed
quite consistent results. In addition, power density maps

Technical Physics, 2024, Vol. 69, No. 8

were obtained, the values of total and partial (apertured)
power were determined. It was shown that the circular
polarization mode is extremely promising for matching the
thermophysical and X-ray optical parameters of optics.
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