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Abstract. Progress in the fabrication technology of normal
incidence multilayer interference mirrors permits the tradi-
tional optical methods of microscopy, astronomy, and lithogra-
phy to be transferred to the vacuum ultraviolet (VUV,
wavelength: 10-200 nm) and the long-wavelength part of the
soft X-ray (SXR, wavelength: 2—10 nm) ranges. Due to the short
wavelength and properties of interaction with the substance, the
radiation of these ranges provides unique opportunities in nano-
physics, nanotechnology, and nanodiagnostics of matter. To use
the potential of a short wavelength in full, diffraction-limited
optical elements are required. Compared to traditional optical
elements, their accuracy must be at least two orders of magni-
tude higher. The article provides an analysis of the real capabil-
ities of traditional methods of making and studying precision
optical elements and reports on the methods of fabrication and
characterization of diffraction-limited optics for the VUV and
SXR ranges developed at IPM RAS. Examples of the use of
these optical elements for the tasks of extraterrestrial astron-
omy, X-ray microscopy, and lithography are given.

Keywords: multilayer X-ray mirror, diffraction-quality optics,
interferometry, aspherical surface, ion etching, roughness, X-ray
microscopy, astronomy, lithography

1. Introduction

Interest in vacuum ultraviolet (VUV) (wavelengths of 10—
200 nm) and soft X-ray (SXR) (wavelengths of 1-10 nm)
radiation is caused by several factors. The short wavelength
can, in principle, provide the nanometer spatial resolution
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required in microscopy and lithography [1, 2]. This spectral
range includes atomic transitions, radiation of impurity ions
in a high-temperature plasma, and the maximum of solar
corona radiation [3]. This is used for rapid and precise
chemical analysis of matter, including light elements, and
for plasma diagnostics in thermonuclear studies. The imaging
spectroscopy of the solar corona is the main method for
fundamental physical studies of the Sun. In the VUV range,
Earth looks ‘black’ from the space, and therefore atmospheric
noise (excluding lightning) and solar light do not hamper the
observation of even weak radiation in this spectral range from
objects in near space. The latter property is used in
hyperspectral instruments for remote probing of Earth and
in systems for tracing of moving objects in near space [4-6].
This far from complete list demonstrates numerous applica-
tions of VUV and SXR radiations in diverse fields of science
and technology.

However, a spatial resolution (8x) comparable to the
wavelength (1), dx &~ A, could not be achieved in the X-ray
range for a long time. This is related to the specific features of
the interaction of X-rays with matter manifested in physical
restrictions of the possibilities of optical elements. Because
the refraction optics cannot be used in the spectral range of
interest to us due to strong absorption, imaging can be
performed only with the help of mirrors and diffraction
optical elements (Fresnel zone plates).

The resolution of Fresnel optics is restricted by relatively
small numerical apertures NA < 0.1. Fresnel optics is
characterized by low geometrical and angular apertures, low
diffraction efficiency, and chromatic aberrations [7]. For this
reason, applications of Fresnel optics are restricted in fact by
microscopy [8—13].

Mirror X-ray optics, both grazing and normal incidence,
has had much broader applications in astronomy and litho-
graphy. The operation angles of grazing-incidence mirrors
are restricted by the total external reflection angle, and in the
SXR range they lie, as a rule, in the region of 3—6° [14]. The
spatial resolution of such mirrors is restricted by the relatively
low numerical aperture NA ~ 0.1 and strong aberrations of
mirrors for grazing incidence angles.
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Normal-incidence multilayer interference mirrors can
provide a fundamentally new possibility of achieving nano-
meter spatial resolution. Their use became possible due to
recent progress in the technology of deposition of multilayer
structures with a period equal to half the radiation wave-
length. Reflection coefficients in the wavelength region of
2.4-30 nm being obtained at present by various groups lie in
the range 10-72% [15-18], which can be used in various
imaging schemes.

The main problem preventing the achievement of a
resolution comparable to the radiation wavelength is the
extremely rigid requirements on the quality of substrates for
multilayer mirrors. Because the wavelengths of interest to us
are 1-2 orders of magnitude smaller than in the optical range,
the requirements on the roughness and accuracy of the shape
increase correspondingly. While in optics values at the level of
a few tens of nanometers are acceptable, in the SXR range, the
acceptable level is 0.1-0.2 nm. As analysis has shown (see,
e.g., [19, 20]), along with the ‘ultraprecision’ and ‘ultra-
smoothness’ of substrates for mirrors, some additional
requirements exist which complicate the fabrication of mir-
rors. In particular, the image quality depends on the rough-
ness (irregularities, surface defects) in a broad range (nine
orders of magnitude) of spatial frequencies (in the lateral
scale, from 1 nm to the mirror size). Low-frequency rough-
ness with lateral sizes of 1 mm-—1 m, as a rule, cause distortion
of the image as a whole. The resolving power most strongly
depends on the middle frequencies (lateral sizes from 1 um to
1 mm), because the waves scattered at these frequencies fall
into the Bragg reflection peak of a multilayer mirror and,
respectively, undergo interference amplification, as well as
specular reflected waves. This leads to a strong blurring of the
image edges. The waves scattered from a high-frequency
roughness propagate outside the Bragg peak, their intensity
is low (the integrated intensity does not exceed a few percent),
and therefore they do not affect the resolution, but only
reduce the image brightness. The specific feature of optics for
the SXR and VUYV regions is that the number of mirrors in a
setup should be minimal, because reflection coefficients are
often considerably lower than unity, while laboratory radia-
tion sources are relatively weak. Therefore, to achieve a high
resolution and large vision fields, aspherical mirrors should
be used. Note that classical ellipsoids, paraboloids, and
hyperboloids, i.e., second-order surfaces, are unsuitable in
this case, and higher-order aspherics should be used [21-24].

Thus, the fabrication of the necessary optical elements
required the revision of the possibilities of conventional
methods of metrology and processing (polishing, aspheriza-
tion) the surface of optical elements, as well as the adaptation
of methods for solving these problems or the development of
new methods satisfying requirements on diffraction-quality
optics for the VUB and SXR ranges.

In this paper, we describe approaches developed in these
three areas. We present the results of our studies and
examples of applications of such optics for studying the
solar corona, for remote probing near-Earth space, and in
microscopy and lithography in the VUV and SXR ranges.

2. Methods for measuring shapes of mirror
surfaces and aberrations of optical systems

Errors in the surface shape are conventionally called long-
wavelength roughnesses with the lateral size ranging from the
diameter of an object under study to 1 mm. The long-

wavelength roughnesses of optical elements and aberrations
of optical systems are traditionally measured with interfero-
meters comparing wavefronts reflected from the object under
study and a reference one [25]. The absolute measurement
accuracy of commercial interferometers, despite the high
relative measurement accuracy (up to 4/1000—4/3000 for
the root-mean-square deviation (RMSD) parameter [26])
rarely exceeds 1/20—1/50. The reasons are the imperfection
of commercial reference standards; their deformation during
mounting into instruments and due to gravitation; the aging
of metal holders followed by the redistribution of mechanical
stresses; the propagation of the working (reflected from the
object under study) and reference wavefronts through optical
elements of the interferometer, where an uncontrollable phase
incursion occurs; etc.

To achieve the required measurement accuracy, the ‘ideal’
interferometer should not use references and should provide
‘self-calibration’. The idea of referenceless interferometry was
put forward by V P Linnik back in the 1930s [27], who
proposed using a spherical wave appearing upon diffraction
of light from a small hole in an opaque screen (film) as the
reference wave. The simplest calculations performed within
the framework of the scalar diffraction theory for a super-
conducting material show that within diffraction peaks (in the
case of A/d > 1, where d is the hole diameter, one peak is
observed, while for 1/d < 1, several peaks are observed) the
phase front remains ‘perfectly’ spherical, despite the strong
angular dependence of the radiation intensity. Interfero-
meters of this type were called point diffraction interfero-
meters (PDIs). The self-calibration of PDIs can be performed
by the interference of coherent waves from two closely spaced
holes [28].

Because PDIs are complicated in operation, we will
additionally discuss this issue below. These interferometers
gained acceptance only in the mid-1990s in connection with
the problem of projection lithography at a wavelength of
13.5 nm. The subnanometer measurement accuracy of the
PDI was first demonstrated in [29], where the reference
spherical wave was produced by the diffraction of light at
the output of a single-mode optical fiber with the polished
end. However, because of the relatively large diameter of the
fiber core d~ 4 pm, the operating aperture of the inter-
ferometer proved to be extremely small, which greatly
restricted the further development of PDIs of this type.

Instead, PDIs with a hole as the source of a spherical wave
were developed [30-33]. This was facilitated by advances in
microlithography making possible the fabrication of high-
quality submicron holes. However, theoretical studies and
practical applications of interferometers of this type revealed
a number of physical and technological factors restricting the
measurement accuracy and the field of applications.

Fundamental factors affecting aberrations of a wave
diffracted from a hole in a metal screen include the interac-
tion of secondary waves with the material of the hole, which
are manifested, in particular, in the propagation of light
through the edges of the hole within a skin-layer thickness,
and excitation of plasmon—polaritons. The roughness of the
edge of the hole and polarization effects also affect aberra-
tions of the generated wavefront. These effects are described
in more detail in [31, 34, 35].

The operation of PDIs is complicated by the high
sensitivity (in fact, at a level of several hundred nanometers)
of aberrations of the diffracted wave to the accuracy of
combining the axes of a focused laser beam and the hole and
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Figure 1. Electron microscope images of a source of the reference spherical
wave based on a single-mode optical fiber with a subwavelength exit
aperture.

to the aberrations of lenses focusing laser radiation on the
hole [31, 36]. The problem is also complicated by the fact that
these factors, especially the first one, are poorly controllable
in practice. As a result, despite the high measurement accuracy,
PDIs for industrial applications were not yet created for more
than 20 years.

To minimize the problems considered above, we are
developing diffraction reference wave interferometry based
on a source of the reference spherical wave proposed in [37].
The source is based on a single-mode optical fiber with a cone
metallized over the generatrix and a subwavelength exit
aperture (Fig. 1). This approach [38] is based on the fact
that, to perform precision measurements, even upon increas-
ing the exit aperture, not only low aberrations but also the
optimal wavefront intensity, when the output wave intensity
is already sufficient for the reliable operation of a detector
and only a single mode is emitted, are important. Aberrations
of the diffracted wave and errors introduced by a detecting
optical system are measured in a direct Young experiment,
which allows us to assign this method to the class of so-called
ab initio methods. At present, this source has record low
wavefront aberration [39].

Because gravitational distortions of the shape are impor-
tant at this accuracy level, optical elements should be tested in
the operation position with respect to Earth’s gravitational
field. We developed a series of interferometers with different
optical table lengths and different orientations of optical axes.
Figure 2 shows photographs of three interferometers. The
optical table length of the largest interferometer is 4.8 m. For
systems with a large focus, it is necessary to use wavefront
correctors or steering mirrors requiring special calibrations.

The main feature of interferometers is the broad use of
fiber optic technologies. Beamsplitters, polarization control-
lers, delay lines, transmission channels, and phase modulators
are fabricated using fiber optic technologies. In fact, an
interferometer consists of one (or two, if necessary) source
of a reference spherical wave and a video camera for record-
ing interference patterns. A laser and other optical elements
can be placed at a large enough distance and connected with
spherical wave sources by optical fibers. This feature of the
interferometer offers unique possibilities to researchers. The
interferometric part can even be placed inside small-size
instruments, in vacuum chambers, where optical aberrations
should be directly controlled. Measurements can be per-
formed in different climatic rooms, were the maximum
temperature is limited only by the operation conditions of
the video camera.

Applications of these interferometers for many years have
demonstrated their high technical characteristics, reliability,
and simplicity in operation, and the possibility of building

Figure 2. Photographs of (a) a horizontal interferometer with a
900 x 1450-mm optical table, (b) a horizontal interferometer with a
900 x 4800-mm optical table, (¢) a vertical vacuum interferometer for
measuring components up to 450 mm in diameter and the radius of
curvature up to 1400 mm.

such instruments for industry. At present, we are completing
the creation of the world’s first industrial point diffraction
interferometer free of external reference. The interferometer
is quite compact (600 x 400 x 300 mm in size) and can
operate at both orientations of the optical axis with respect
to Earth’s gravitational field.

3. Roughness measurement methods

As mentioned in Section 2, it is suitable to divide roughnesses
by the degree of influence of their different lateral scales on
the resolution of optical systems into two ranges: mid-
frequency roughness with the lateral size of 1 pum—1 mm and
high-frequency roughness with the lateral size of less than
1 pm. The mid-frequency roughness is traditionally measured
with white light interferometers (WLIs) [20, 40]. The high-
frequency roughness is measured with atomic force micro-
scopes (AFMs) [41]. Despite broad applications of the WLI
and AMF methods and good agreement between their results
in the overlap of their operation ranges (see, e.g., [42, 43]), a
strong discrepancy between the results of measurements by
these methods was pointed out in some papers [44, 45]. The
reasons can be quite different. For example, when silicon
plates were etched by argon ions, micrometer and submicro-
meter pores appearing on their surface increased the surface
roughness by an order of magnitude. However, this did not
affect the roughness measurement results because of the
limited lateral resolution of the WLI [46].

In addition, the results of WLI measurements are affected
by the noise of a piezoceramic scanner and mechanical
vibrations and, of course, by the quality of the reference,
which also has its own roughness [47]. Obviously, the
influence of systematic WLI errors on the results of roughness
measurements increases with improving quality of the
surfaces under study.

Figure 3 presents power spectral density (PSD) functions
for the roughness of fused silica substrates with different
effective roughnesses gy obtained by integrating the PSD
function: o = 1.40 nm (Fig. 3a), 0.33 nm (Fig. 3b), and
0.24 nm (Fig. 3c). Red curves correspond to the AFM, the
2 x 2-pm frame, circles to the AFM, the 40 x 40-um frame,
the thick black curve to the WLI, and the curve with squares
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Figure 3. (Color online.) Power spectral densities (PSDs) of the rough-

ness for silica plates with the effective roughness (a) oerr = 1.40 nm,
(b) oerr = 0.3 nm, and (¢) oerr = 0.24 nm.

to diffusion X-ray scattering (DXRS). One can see from the
figure that, while for a substrate with g = 1.40 nm the
results of measurements by these two methods in the overlap
region of their operation ranges are in good agreement, the
discrepancy becomes more and more noticeable with
improvement in the polishing quality, up to the disappear-
ance of crossings (Fig. 3c).

The WLI and AFM methods are not ab initio methods. In
the WLI case, the reference surface is used, which introduces
some uncertainty into the results of measurements. In the

AFM, the measure of the distance from a probe (cantilever) to
a surface is their interaction force, and therefore the results of
measurements depend on a poorly controllable cantilever
rigidness, which can lead to systematic errors in the roughness
measurements. To minimize errors in the roughness measure-
ments of supersmooth surfaces for X-ray applications, we
completely excluded WLIs.

To measure the roughness in the spatial frequency range
under study, we can use the DXRS as the ab initio method
[48]. The theory of this method was developed in Refs [49, 50].
Important for practical applications of the DXRS method is
the following. First, a direct relation exists between the
angular intensity /() of diffusion X-ray scattering and the
PSD(v),

2
i) = hjm(1 — &)1(po)1(9)]
202 sin ((+/COS (p( COS @

where /2 and / are the height and width of the detector slit, 4 is
the radiation wavelength, #(¢) is the Fresnel radiation
transmission coefficient, ¢ is the substrate material permit-
tivity, and ¢, and @ are the angles of incidence and scattering
measured from the surface. For isotropic surfaces considered
in most cases, the spatial frequency and angles are related by
the expression

PSD(v), (1)

1
V== |cos® —cospgl. (2)
A
The roughness is quantitatively described by the effective
roughness in a certain range of spatial frequencies v from vy,
tO vmaX’

0 = J PSD(v)dv. (3)
Vmin

Therefore, the results of roughness measurements are

considered reliable only when the results of AFM and

DXRS for flat test samples completely coincide (see Fig. 3).

Some deviation of diffusion scattering curves in the right

parts of Figs 3a, b is caused by detector noise.

Because expression (1) is valid only for small grazing
incidence angles (the limitations of this method are described
in more detail in papers mentioned above), the method can be
used only for studying flat surfaces. The imaging optics, as a
rule, are curvilinear, and for this reason the DXRS method is
used in fact for AFM calibration (testing the operation
correctness).

We developed a special stand for AFM measurements of
high-aperture and curvilinear substrates. A special feature of
the stand is that the local normal at each point of the surface
under study is set along a probe axis, thereby providing the
maximum range of spatial frequencies of the roughness in
which measurements are performed [51]. By changing the
stand configuration, we can study various optical elements
and also normal and grazing incidence optics (Fig. 4).

The DXRS method has another limitation [52] which
should be taken into account in studies. In the presence of a
damaged surface layer (which appears upon mechanical
grinding—polishing and ion bombardment), scattering from
the volume inhomogeneities of this layer can even exceed
scattering from the surface roughness, resulting in an
erroneous interpretation of measurements. A simple method
for detecting this layer is described in [46].

The problem with measuring mid-frequency roughnesses
is limitations in the long-wavelength part of the spatial
frequency spectrum of roughnesses. For the DXRS, these
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Figure 4. Photographs of a stand for AFM roughness measurements:
(a) normal incidence and (b) grazing incidence substrates.

limitations appear in the frequency region vy, ~ 0.02 um~!
and are related to the difficulty of separating the diffusion and
specularly reflected components of X-rays near the mirror
reflection peak (¢, =~ @) (see relation (2)). In the AFM case,
limitations are caused by piezoscanner nonlinearity near
Vmin = 0.05 um~!. To expand considerably the mid-frequency
spectrum of roughnesses down to vy, ~ 0.001 pm~!, use of
point diffraction interferometry was proposed [53]. Because
the surface profile in interferometry is often represented by
the expansion in Zernike polynomials [54], in [55] the relation
was obtained between the number of Zernike polynomials
and the maximum spatial frequency that they describe on the
surface.

Thus, we can summarize the results of this section as
follows. To adequately characterize the roughness of X-ray
optical elements, measurements should be performed in a
broad range of spatial frequencies, and the numerical values
of the roughness should be presented indicating the range of
spatial frequencies in which these values were obtained.
Otherwise, the roughness data offered by manufacturers and
researchers often have no physical meaning, because varia-
tion in the integration range of the PSD function can change
the value of the effective roughness in a broad range. The
results of WLI and AFM measurements of supersmooth
surfaces should be confirmed at least on test flat samples by
measurements using ab initio methods such as DXRS and
PDI. We recommend not using WLIs at all for measuring the
roughness of supersmooth surfaces.

Thus, the results of measurements can be considered
reliable only when all the methods give the same result in the
overlap region of their operation ranges.

At the Institute of Physics of Microstructures (IPM), RAS,
a facility of equipment and experimental methods is being
developed for reliable roughness measurements in the spatial
frequency range of 1073—10> ym~! with a subangstrom
accuracy. A few hundred samples from various manufac-
turers in the world were investigated by these methods, and
the results of these studies convincingly demonstrated the
features of these measurements and confirmed the correctness
of our recommendations presented above.

4. Fabrication and shaping
of ultraprecise substrates

The existence of adequate methods for measuring the rough-
ness and shape of supersmooth and ultraprecise substrates for
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Figure 5. Roughness PSDs for fused silica substrates fabricated by
different manufacturers: for substrate processed by the standard
DGP + CMP method (squares), manufactured at Edmund Optics
(asterisks), and manufactured by the improved DGP + CMP method
with a final polishing by 600-eV Xe ions (circles).

X-ray mirrors permits the improvement of available methods
and development of new methods for fabricating substrates.
The first stage of substrate fabrication includes a deep
grinding—polishing (DGP). For fused silica and optical
ceramics with a low linear expansion coefficient (glass
ceramics, ULE (Ultra-Low-Expansion), and Zerodur), the
typical effective roughness in the frequency range of 0.025-
60 um~! is oer = 1.1—1.4 nm. The use of chemical-mechan-
ical polishing (CMP) reduces the effective roughness to
oeif = 0.3—0.4 nm. Note that these values are almost two
times worse than the results of leading foreign manufactures
(Edmund Optics, Zeiss, Thales).

Researchers at IPM, RAS and the Lebedev Physics
Institute, RAS developed an improved DGP-CMP process
which provided polished fused silica and ULE ceramics a
roughness in the spatial frequency range of 0.025-60 pm~! at
the level oor = 0.2 nm, which is not inferior to the world’s best
achievements. Moreover, the final polishing by 600-eV xenon
ions provided a roughness g.¢ = 0.14 nm taking AFM noise
into account.

Figure 5 presents the corresponding PSD roughness
functions. Squares show the PSD function of a fused silica
substrate processed by the standard DGP-CMP method,
asterisks correspond to the PSD function for a fused silica
substrate fabricated at Edmund Optics, and circles show the
PSD function of a substrate processed by the improved DGP—
CMP process and a final polishing by 600-eV Xe ions. After
polishing by xenon ions, the effective roughness was 0.17 nm
and 0.14 nm taking into account AFM noise. This polishing
level is sufficient for fabricating diffraction quality substrates
for the SXR range.

In using ion polishing, it is necessary to pay attention to
the appearance of a broken surface layer 3-4 nm in thickness
[46] caused by ion implantation and producing distortions of
the near order of atoms of the substrate material.

A key problem at the moment is the relatively low quality
of the shape of commercial substrates. Figure 6a shows
interferograms and the reconstructed maps of deviations of
the surface shape from a sphere for a silica substrate with
NA = 0.3 fabricated at an optical plant. These data are
typical for commercial samples. The bend of interference
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Figure 6. (Color online.) Interferograms and maps of the deviation in the surface shape from a sphere for a silicon substrate with the numerical aperture
NA = 0.3: (a) substrate fabricated at an optical plant, (b) same substrate after mechanical grinding by the method developed at IPM, RAS.

Figure 7. (a) Setup of a modified PDI imposing no restrictions on the
reflection coefficient of a sample: /— He—Ne laser; 2—controller for
producing two coherent spherical waves and controlling the polarization,
phase, and intensity of both waves; 3./ and 3.2—sources of reference
spherical waves; 4 — surface under study; 5— optical part of the detector
system; 6 —digital video camera; 7— computer. (b) Photograph of the
modified PDI.

bands caused by surface aberrations is seen with the naked
eye. The surface parameters are: the RMSD =36 nm
(=~ A/18) and the range between the upper and lower points
is 160 nm (= A/4). These parameters are two orders of

magnitude inferior to requirements on the diffraction quality
optics in the X-ray range.

At IPM, RAS, an optical laboratory was created for the
final refinement of the shape of substrates by mechanical
grinding. The operative metrology of the surface shape was
performed with a modified PDI not requiring the metalliza-
tion of the component under study. A photograph and the
setup of the interferometer are presented in Fig. 7. This setup
does not use the plane mirror applied in traditional ones for
studying spherical substrates with the help of PDIs[31, 39] for
redirecting the reflected operation wavefront carrying infor-
mation on the surface shape to a detector. In this PDI setup,
the reference spherical wave from one source is directed onto
the component under study (3.7 in Fig. 7), while the second
source (3.2), coherent with the first one and turned through
180° in the direction of the detector system, forms the
reference wavefront. Because the maximum contrast of the
interference pattern is achieved for equal intensities of the
operation and reference fronts, a component under study in
traditional PDIs should be covered with a reflection coating.
This highly complicates and elongates the measurement
procedure (to 1-2 days), whereas upon the final smoothing
of the component surface, the polishing duration up to the
next measurement of the surface shape can be less than half an
hour. In the proposed DPWI scheme, the intensity, polariza-
tion, and phase shift of two coherent waves are controlled
with the help of specially developed controller 2.

Figure 6b shows the interferogram and the surface map of
the same substrate after finishing the surface shape that we
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performed by grinding for one week. One can see that our
method for finishing optical surfaces provided an improve-
ment in the component precision only for two weeks of
processing by a factor of 6.8 in the RMSD parameter,
RMSD = 5.3 nm (= 1/120), and the maximum difference in
the profile heights by a factor of 6.1, down to 26 nm (= 1/24).
This result was achieved by processing the unloaded compo-
nent. The component grinding process was corrected by
performing precision PDI measurements of the component
shape through short time intervals (less than 1 h) with a time
lag sufficient for the complete thermalization of the compo-
nent.

Due to controllability of the technological process, ion-
beam etching is more and more often used for the final
processing of precision optical parts. It was first used for
aspherization of initially spherical substrates for astronom-
ical mirrors [56, 57]. Due to increased requirements on the
roughness of substrates, many papers appeared devoted to
the study of the influence of ion-beam etching parameters on
the morphology and roughness of surfaces of various optical
materials [58—66]. Fused silica of different types, optical
ceramics (glass ceramics, ULE, and Zerodur), and substrates
made of crystal materials and metals were investigated. Based
on these studies, the following practically important conclu-
sions can be made. First, the smoothing of the high-frequency
roughness with lateral sizes of 1-2 um and smaller is observed
for substrates made of fused silica, optical ceramics, and some
crystals. The optimal energy of ions depends on the material
and kind of ions and lies in the range from 400 to 1000 eV. The
optimal angles of incidence of an ion beam for polishing
amorphous materials lie in the range of 0—40° from the
normal, while the optimal angle for crystal materials can be
substantially different [67-69]. Second, the ion polishing of
metal substrates, except using special technologies (see, e.g.,
[70-72]), as a rule, causes a strong degradation of the surface
shape [73].

Another problem, which is solved using small-diameter
ion beams, is the correction of local errors of the surface
shape. This technology is required for manufacturing sub-
strates with a subnanometer RMSD. At present, both
specialized and commercial setups are being developed for
these purposes [74-77]. Depending on the ion source type
chosen, the setups can be used either only for aspherization
and ion polishing [74, 75] or for correction of local errors [76,
77].

At IPM, RAS, a universal setup was developed to solve all
these problems. Figure 8 shows external and internal views of
this setup. Component / for processing is mounted on a five-

Figure 8. Photographs of the setup for the ion-beam processing of optical
components (a) outside and (b) inside. /— processed component, 2—
five-coordinate scanning platform, 3— wide-aperture HF ion source, 4 —
incandescent cathode source, 5— small ion source.

coordinate scanning platform 2. The ion polishing and
aspherization of substrates is performed using a wide-
aperture high-frequency source 3 or incandescent-cathode
source 4 (most often used with hydrogen beams [70]). Local
errors are corrected with the help of a small ion source 5. The
setup and influence of the ion beam size on the roughness
frequency spectrum, which can be removed by this method,
are described in more detail in [78].

5. Applications of developed optical devices
in science and technology

Methods for the metrology and fabrication of precise optical
elements developed by the authors of this paper allowed the
development of instruments with unique characteristics for
various scientific and technological applications. In this
paper, we consider four applications: the study of the solar
corona, the VUV range monitoring of near space, SXR
microscopy, and X-ray lithography.

5.1 Optical elements for solar corona studies

Historically, the first applications of imaging optics were
cosmic missions for studying the solar corona in the VUV
range developed at the Lebedev Institute, RAS. Multilayer
mirrors and absorption filters were developed and fabri-
cated at IPM, RAS. Participation in these studies began in
1988 with the Fobos station [79], then KORONAS-I [80],
KORONAS-F, and the last KORONAS-Foton [82] project
(KORONAS is the abbreviation of Complex Orbital Near-
Earth Observation of Solar Activity (in Russian)). Telescopes
were built using the Ritchey—Chrétien scheme. The aspheriza-
tion of the surface of substrates was performed by the
deposition of multilayer mirrors with the period gradient
along the surface [83]. Figure 9 illustrates the dynamics of the
resolving power of optics fabricated by us from mission to
mission. It can be seen that the resolution improved with each
subsequent mission, and the Tesis telescope already had the
nearly record resolution of 1.7 seconds of arc.

At present, we are involved in several solar projects being
developed at the Lebedev Institute. The most complicated
and interesting from the point of view of manufacturing
optics is the Arka project [84]. A primary aspheric telescope
mirror 250 mm in diameter will provide the record-high
angular resolution (= 0.1 seconds of arc) for resolving
structures down to 70 km in size on the Sun. To achieve the
required resolution, the admissible error in the shape over the
RMSD parameter should not exceed 1-2 nm. Aside from the
difficulty of fabricating such a mirror, a number of problems
appear which must be solved during its development. First,
the mirror should be put in a metal mount without deforming
its surface. Second, the mount with the mirror should be
installed into a telescope, also without deformations. Third,
during the launching of the spacecraft, fixture systems should
withstand huge overloads, up to 1000 g without any plastic
deformations in the system of fixing the mirror in the mount.
Fourth, during imaging, the mirror temperature can vary in a
broad range, up to £25°, and image quality must not be
impaired. And finally, the most difficult challenge is the
necessity of taking into account the mirror deformation
caused by gravitation on Earth, which disappears in the
space flight.

Figure 10a shows a photograph of a primary mirror in a
mount for the Arka telescope. The mirror in the mount is
suspended on six plates over a circle under the interferometric
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Figure 9. (Color online.) Solar corona images obtained in different years in the VUV range illustrating the resolution improvement from mission to

mission.

Figure 10. (Color online.) (a) Photographs of the model of a primary mirror for the Arka telescope in a holder. (b) Calculated map of the surface
deformation caused by the component weight. (c) Measured map of the ‘weight’ deformation for the model of a primary mirror.

all-operation control block. The control guarantees minimal
deformations of the surface shape during assembly. To
minimize thermoinduced deformations produced by the
linear expansion of materials, the mount and all fixture
elements are made of a special titan-niobium TV-36 alloy
with a thermal linear expansion coefficient of about 5 x 1077,
as for fused silica.

During the fabrication of the mirror, its shape is controlled
with the horizontal direction of the optical axis. Figure 10b
shows the calculated map of the surface deformation caused
by the component weight. The deformation has an astigmatic
form with the RMSD = 4.0 nm and the maximum height
difference (MHD) of 21 nm, which exceeds by almost four
times the admissible error of the mirror shape. In this project,
we plan to exclude this deformation by creating a mirror
surface profile with the opposite sign. Correspondingly, in the
case of zero gravity, the gravitational load will disappear and
the mirror will ‘straighten out’. The realization of this idea is
illustrated in Fig. 10c showing the measured deformation map
of the weight of the primary mirror model. The deformation
parameters are: the RMSD = 4.5 nm and the MHD = 25 nm.

This deformation is separated from the total error of the
component shape by the rotation method described in [22].
The measured values slightly differ from the calculated ones,
which is related to a rather large error in measuring the model
mirror surface. The accuracy of these measurements can be
improved. Thus, the methods developed for assembling the
primary mirror into a mount and measuring gravitational
distortions demonstrate the possibility of realizing the Arka
project with specified characteristics. A detailed description
of all the aspects of the mirror fixture in the mount and
assembling in the telescope can be found in [85].

5.2 Modified Schmidt—Cassegrain scheme

of an all-reflecting UV and VUV telescope

In the last decade, the expanding applications of space
technologies have resulted in the development of new-
generation systems for remote sensing of Earth (RSE) and
near-Earth space [4-6]. Such systems are used to solve a
variety of problems for studying natural resources, in
agriculture, in cartography, in environmental monitoring,
for special control of Earth’s surface, etc.
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Until recently, spectral images were mainly recorded in
the visible and IR wavelength ranges. However, due to the
expanding scope of problems, the interest of developers has
extended to the UV range and even the VUV range, in which
Earth is virtually ‘black’. This permits the observation of
rapidly flying objects even in daytime, both by the scattering
of solar radiation at the 121.6-nm Hy , line and by molecular
lines of atmospheric gases excited by moving hypersonic
objects [5]. These ranges, especially the VUV range, are
characterized by the following features. First, the absorption
and strong dispersion of optical constants of materials
resulting in chromatic aberrations restrict the choice of the
basic optical scheme of a telescope to mirror systems (ref-
lectors). Second, because radiation intensities are extremely
low, wide-aperture optical elements are required, and the
number of mirrors in the setup should be minimal to minimize
losses.

Modern RSE systems use several reflector schemes. One
of them is the Cassegrain system, consisting of a primary
concave parabolic mirror and a secondary convex hyperbolic
mirror. The field of view covers a few minutes of arc at a
relative aperture of 1:3—1:5 [86]. The most popular is the
modification of the Cassegrain system, the Ritchey—Chrétien
system, in which the primary and secondary mirrors are
hyperbolic. The field of view of the Ritchey—Chrétien system
can be increased to 1° with the angular resolution of 2" [87].
Such systems are convenient for use in long-focus instruments
(the objective length can be a few times smaller than the focal
distance), which makes them one of the most popular
solutions for astronomical instruments such as the Hubble
telescope [88]. These systems are rarely used in wide-aperture
objectives because of the difficulty of fabrication and
alignment and an increase in central screening. In practice,
the Ritchey—Chrétien systems with a relative aperture of more
than 1:4 are rarely used.

A system consisting of four spherical mirrors (two
objective mirrors and two aberration correctors) eliminates
the field aberrations of the system to a considerable extent
and provides an angular field of view of up to 3° [89].
Significant disadvantages are the presence of three large
(and therefore massive) mirrors that are complicated to
fabricate and difficult to align, signal losses on additional
mirrors, and considerable (up to 25% in the area) central
screening. The low technological effectiveness of this system
significantly impedes its application in VUV and UV
instruments in space.

In on-board instruments in the visible spectral range, an
off-axis mirror system, called in the literature the mirror
Cooke triplet, has found applications and was mounted, for
example, on the Topsat (Great Britain) [90] and EO-1 (USA)
[91] satellites. The attractive feature of the mirror Cooke
triplet is the field of view enlarged to 12—14° in the sagittal
direction, which provides coverage of a large region without
additional scanning. In this case, the field of view in the
meridional direction is 1—2°. For large relative apertures,
residual aberrations essentially increase. The system also has
a large size: the total area of the second, third, and fourth
mirrors is approximately three times larger than the entrance
pupil area.

A partially off-axis three-mirror system representing a
modified Cassegrain system supplemented with a ternary mir-
ror —a corrector of field aberrations —and a plane mirror is
called a Korsch system. The system has an intermediate image
and a real exit pupil [92]. The main image can be used only

partially (the central part is excluded) because of the overlap
with the intermediate image. Nevertheless, the effective field
of view can be increased to 3—4°. The maximum relative
aperture is 1:3.5. The disadvantages are the large size along
the optical axis and the restriction of the relative aperture,
complicated aspherical mirror surfaces, strict requirements
on the alignment accuracy, and the impossibility of observa-
tions at the center of the field of view. Nevertheless, the
Korsch scheme is widely used in RSE systems, for example, in
the Pleiades and Kompsat 3 telescopes [93].

Our analysis of optical systems with second-order asphe-
rical mirrors showed that the four-mirror Korsch objective
and the mirror Cooke triplet are the most convenient for use
in high-resolution VUV and UV instruments with a field of
view exceeding 1°. However, these systems are extremely
complex, because they require the fabrication of large
aspherical mirrors and precise alignment. Therefore, the
problem of searching for new telescope systems surpassing
the known ones in field of view and resolution and having the
minimal number of surfaces remains urgent.

This problem has been at issue for many decades. Thus,
Baker [94] proposed to supplement the Schmidt camera [95]
with a secondary convex mirror. This scheme was called the
Schmidt—Cassegrain telescope. The field of view of the system
increased to 3° due to an aberration corrector in the form of a
plane mirror with the axially symmetric fourth-order asphe-
rical profile, while the shape of mirrors in the Cassegrain
objective simplified to spherical. However, such a scheme
with a reflection corrector was not realized for a long time
because of the difficulty of a no longer axially symmetric
aspherical corrector profile.

Due to the recent development of ion-beam methods for
precise processing of optical elements, in particular, the
possibility of fabricating higher-order aspherical surfaces, it
became possible to realize the required setups. The one with a
reflection aberration corrector, which was called the ‘mod-
ified Schmidt—Cassegrain scheme’ was first developed and
realized in [96]. The optical setup of the telescope is presented
in Fig. 11 and its main parameters are listed in Table 1. One
can see that the telescope provides a subsecond resolution
with a field of view of £1.5°, which is 3—4 times bigger than
the field of view of the Ritchey—Chrétien scheme. Along with
technical characteristics, the proposed telescope scheme has a
number of advantages making it very promising for hyper-
spectral instruments due to its low cost, technological
effectiveness, and simple alignment due to the use of
spherical mirrors in the objective. The allowance for the
decentering of mirrors and the corrector is a few tenths of a
millimeter, which can easily be achieved in practice. The main
difficulty for traditional methods of mechanical shaping of
optical elements is the fabrication of a planoid with the
asphericity profile described by sixth-order Zernike polyno-
mials and containing both axially symmetric and nonsym-
metric components with a maximal aspherization depth of
about 5 pm. However, with the use of ion-beam processing
methods, this problem becomes routine.

Based on the considered scheme, the experimental proto-
type of a two-channel telescope for the UV and VUV ranges
was constructed and, to determine the angular resolution of
the telescope over the entire field of view, a wide-angle col-
limator was developed based on the ‘Schmidt camera’ with a
planoid mirror for aberration corrections. The collimator has
a subsecond resolution in the field of view of 3°. The field
curvature was corrected with the help of a convex spherical
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Figure 11. (Color online.) Optical scheme of a telescope based on the
modified Schmidt-Cassegrain scheme. Beams entering the telescope at
angles of 1.5°, 0, and —1.5° are shown by different colors. The main
parameters of the telescope are presented in Table 1.

mire (a plate with a special pattern deposited on it). The
collimator and the method of telescope attestation are
described in detail in [97].

Figure 12 presents photographs of the optical part of a two-
channel telescope connected with a collimator. Figure 12b
shows mire images at different field points recorded in the
telescope image plane, which showed that the resolution in
the field of view proved to be better than 1.3 seconds of arc,
which is close to the theoretical limit of 1”.

Thus, it is shown that ion-beam methods for shaping
optical elements allow us to fabricate precise aspherical mir-

Table 1. Calculated telescope parameters.

Parameter Value
Entrance pupil diameter D, mm 180
Effective focal distance F, mm 584.156
Relative aperture D/F 1:3.25
Image diameter, mm 30.4
Angular field of view 2w, deg 3.0
Angular resolution in the field of view, sec. of arc <1
Field curvature in the image plane Plane field
Distance between a planoid 747.00
and the primary mirror, mm
Distance between mirrors, mm 178.425
Distance between the secondary mirror 258.425
and the image plane, mm
Diameter/primary mirror curvature radius ratio 190/645.20
Diameter/secondary mirror curvature radius ratio 86/644.40

rors with unique characteristics, thereby improving the
traditional schemes of telescopes and collimators and creat-
ing new ones that could not be realized earlier.

In concluding this section, we consider the outlook for
using beryllium for space systems. Due to its low density and
high rigidity, beryllium has already been in use for a few dozen
years for fabricating construction materials and mirrors for
space instruments [99-102]. Of the recent developments, the
James Webb Space Telescope with the primary mirror 6.5 m
in diameter should be distinguished, which should replace the
world renowned Hubble Space Telescope [103]. The polishing
and ion-beam processing of pure beryllium cannot provide
supersmooth surfaces because of its polycrystalline structure
[73]. This imposes fundamental restrictions on the possibility

Figure 12. (a) Photograph of the optical part of a two-channel telescope with a collimator: / — collimator, 2— 1st channel at wavelengths of 120-190 nm,
3—2nd channel at wavelengths of 200-380 nm, 4— CCD camera. (b) Mire images at different field points recorded in the telescope image plane.
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of precise aspherization and correction of local errors in the
shape.

In practice, to improve the polishing quality, beryllium is
covered with electrolytic nickel containing a large amount
(about 10%) of phosphorus, thereby forming a quasi-
amorphous layer on the surface. However, this is not
sufficient for obtaining the roughness required for short-
wavelength radiation. In [72], the possibility of ion-beam
processing of beryllium substrates with a nickel coating was
studied. It was found that at least the ion polishing of the
nickel coating does not develop a surface roughness and
allows one to perform the ion-beam precise aspherization
and correction of local errors on such substrates. The ion
polishing results [71, 72] suggest that beryllium mirrors with
improved characteristics operating in the short-wavelength
range for space applications will appear in the nearest future.

5.3 Soft X-ray microscopy

To understand the operation mechanisms of organic cells in
modern biological problems and to study the influence of
various diseases on them, it is necessary to see the details of
living cells with a resolution of a few tens of nanometers [104—
107]. Traditional diffraction-limited microscopy in the visible
region cannot be applied for studying structures with parts
smaller than 200 nm in the lateral direction and smaller than
700 nm in the axial direction [108]. Scanning electron
microscopy (SEM) allows one to see the details of cells with
a resolution of 0.3-5 nm [108, 109]. However, because of the
strong scattering of electrons and a decrease in the signal with
increasing sample thickness, it is necessary to cut samples into
thin sectional layers (< 300 nm), which leads to the damage of
tissues in cuts and prevents the well-defined combining of
section images and the reliable reconstruction of a three-
dimensional structure [110]. High exposure doses in SEMs
cause the decomposition of organic samples under the action
of the electron beam. In recent years, papers have been
published on the angular 3D SEM tomography of cells
without cutting samples. However, this approach can give
the 3D structure only for the surface of samples [110, 111].
The atomic force and scanning tunneling microscopy
provide nanometer resolution, but can be used only for
surface studies [112].

Over the last 30 years, soft X-ray microscopy (SXRM) has
been developed in the ‘water transparency window’ in the 2.3—
4.4-nm wavelength range. Soft X-ray microscopy is charac-
terized by the almost complete absence of scattering (five
orders of magnitude weaker than absorption [1]), the
resonance absorption of this radiation by carbon-containing
proteins, fats, and carbohydrates, and good transmission in
water (up to 10 pm). The advantage of SXRM over other
spectroscopic methods is that the tomography of ‘thick’ (10—
15 um) samples can be performed with a nanometer resolu-
tion without cutting them into thin layers and using exposure
doses much smaller than for SEM.

As an imaging element, Fresnel zone plates (FZPs) are
traditionally used, which provide a lateral resolution of several
tens of nanometers [10, 11, 107, 113, 114]. The use of a unique
FZP with an extreme zone 12 nm in width and partially
coherent illumination provided a resolution of about 10 nm
for the image of a section of a multilayer film structure [115].

Tomography methods with the use of FZPs gave 3D
images of objects with a resolution of 70—100 nm at the 20—
40-nm diffraction limit of FZPs [12, 105, 106, 116]. A
resolution of 70 nm was obtained by using highly monochro-

matic synchrotron radiation for cryogenically fixed samples
[104, 106, 116].

Because of the high reflection coefficients and operation
angular apertures of FZPs providing diffraction-limited
resolution at the nanometer level and an intense probe
signal, of special interest is the SXRM scheme based on a
wide-aperture mirror Schwarzschild objective (SO). For
example, for the typical numerical aperture NA = 0.3 and a
wavelength of 3.37 nm, the diffraction limit, according to the
Rayleigh criterion, is dx = 0.611/NA = 7 nm and the depth
of focus (DOF) = A/NA? = 37.5 nm, which allows one to
carry out z-tomography with a nanometer resolution for
reconstructing the 3D structure of samples. This requires the
development of algorithms for the z-tomography taking into
account strong absorption during the propagation of probe
radiation through the sample and conical, rather than quasi-
parallel, illumination of each point of the sample, as in the
case of low-aperture objectives. In the literature, until
recently, mirror SXR low-resolution or contact microscopes
were mainly considered [117-121]. The development of high-
resolution SXR microscopes based on the SO in the spectral
region of the ‘water transparency window’ was hampered by
the absence of commercial supersmooth substrates with a
shape accuracy at the level of 0.1-0.2 nm for fabrication of
multilayer optical elements.

Based on the new methods for fabricating high-precision
optical elements, researchers at IPM, RAS are developing a
microscope using a wide-aperture SO and z-tomography to
obtain 3D structures of samples with a resolution better than
50 nm and decreasing the exposure time of each frame from
several minutes to several seconds. The X-ray optical scheme
of the microscope is shown in Fig. 13 [122]. X-rays were

CCD

Lens
objective
Scintillator

Digital
detector
Schwarzschild
objective
Gas target
Focusing lens
Mirror
collector

Figure 13. X-ray optical scheme of an SXRM with an SO.
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obtained from a plasma produced upon interaction of a
tightly focused 1.06-pum, 1-J, 4-ns pulse from an Nd:YAG
laser (with a pulse repetition rate of 10 Hz) with a pulsed gas
jet. The gas contained carbon. The operation line was the
3.37-nm, C(VI) 1s—2p spectral line of fivefold ionized carbon.
The collector and objective mirrors had Cr/Sc coatings [123]
with a reflection coefficient at this wavelength of more than
10%.

The X-ray optical system has two magnification levels. At
the first level, the X-ray image of a sample is transferred with a
46x magnification on the entrance plane of a scintillator
(YAG doped with Ce ions). Soft X-rays are transformed in
the scintillator to visible radiation, which is collected by an
optical system on a CCD video-camera. The scintillator
surface and detector are located in the object and image
planes, respectively. Due to the strong absorption of SXRs in
the scintillator (the penetration depth is smaller than 1pm),
the resolution is not impaired. The detector was tested in [124]
and its resolution was 0.67 pm, which corresponds to the
calculated resolution on the sample of about 14 nm.

The two-stage magnification system chosen here signifi-
cantly simplifies the construction and alignment of the system
and reduces the number of mirrors in the objective, reducing it
to the well-known two-mirror Schwarzschild setup. In
addition, to study a sample in detail in practice, it is necessary
to investigate different scales of its components. In optical
microscopy, this is performed with the help of objectives with
various magnifications, which the two-stage magnification
system permits. The X-ray objective has a fixed magnifica-
tion, and the optical scheme of the detecting system allows
one to change objectives. In this case, only a slight alignment
of the CCD camera along the optical axis of the system is
required. The detector uses long-focus 1.96x,4.23 x, and 20 x
Mitutoyo Plan Apo objectives.

The field of view of the microscope is determined by the
CCD array size of 6.7 x 8.8 mm divided by the total
magnification of the microscope (90x, 195x, 920x) and is
from 7.3 X 9.5 to 74.5 x 97.5 pm?. Table 2 presents the
measured characteristics of the microscope.

Table 2. Microscope parameters for three objectives.*

Objective numerical aperture NA 0.14 0.28 0.55
Magnification of the detector 1.96 4.23 20
optical system ()

Spatial resolution of the detector, 33 1.0 0.65
pum

SO magnification (x) 46

Microscope magnification (x) 90 195 920
Field of view on a sample, umz 74.5%x97.5 | 34.5x45.1 | 7.3x9.5
Microscope spatial resolution, nm 71 22 14

* All the parameter values, except the microscope spatial resolution, are
experimental.

Tomography will be performed by moving a sample along
the vertical (z-axis) with the help of piezoceramics. In this
case, it is advantageous to have a projection objective with a
large numerical aperture, because the DOF and spread along
the optical axis are proportional to NA~2. This approach to
z-tomography operates well in the case of NA > 0.1 because
of a small DOF. On the other hand, as follows from calcula-
tions, beginning with NA = 0.3, a further increase in NA up

to 0.4, 0.5, etc. leads to a noticeable increase in the fifth- and
seventh-order coma, which is not compensated by the surface
aspherization in the field of view of more than 10 um, and the
resolution decreases. Thus, the optimal numerical aperture of
the objective was chosen to be NA = 0.3.

For biological applications, the 3D structure of samples is
to be determined. In SXRM based on FZPs, for which small
numerical apertures and long-focus objectives are typical, this
problem is solved using angular tomography, when the
sample image is recorded on a detector for each angle of the
sample (projection ). Three-dimensional images are recon-
structed from such a set of projections with the help of
efficient available algorithms and software packages. How-
ever, there are a number of restricting factors, in particular,
the angular range in which the projections can be obtained;
the number of projections; and displacements related to the
deviation of the rotation axis from the sample center, which
restrict the resolution of the 3D structure by values of 70—
100 nm for the lateral resolution of the SXRM restricted by
the width of 40—50 nm of the last zone of FZPs used [116, 124].

Because the DOF in SXRMs with a wide-aperture
Schwarzschild objective is about 40 nm, the 3D structure of
samples in these microscopes can be reconstructed using a
considerably simpler z-tomography recording projections
corresponding to the displacement of the sample along the
optical axis of the microscope. Tomography of this type was
not used earlier in the X-ray range, and therefore the
development of the corresponding algorithm was required.

We used the algorithm and software developed for
z-tomography in visible range microscopy [108]. The specifi-
city of our problem is the presence of strong absorption. In
[125], a mathematical model was developed, and all the
aspects related to the z-tomography of samples in wide-
aperture SXRMs were analyzed.

Figure 14 illustrates the capabilities of the developed
method for the reconstruction of the structure of a model
cell. Figure 14a shows the specified distribution of the
absorption coefficient in a model cell, and Fig. 14b presents
the distribution reconstructed from the z-tomography data
using the developed model. The reconstruction takes into
account the absorption, slope of beams incident on each point
of the sample, and the point scattering function (PSF) of the
objective. The reconstructed distribution shows substructures
related to the PSF. When the PSF is approximated by the
delta-function, the reconstructed and model absorption
distributions perfectly coincide.

The inset in the lower left part of Fig. 14b shows an
enlarged part of the region demonstrating good resolution of
structures 40 nm in diameter with the contrast exceeding
50%. Thus, the optical scheme of the SXRM based on a wide-
aperture SO and the model for reconstructing the 3D
structure of strongly absorbing samples provide a resolution
better than 40 nm. At present, the construction of the
microscope is being completed and its adjustment has started.

5.4 Maskless X-ray lithography

Modern photolithographs provide a productivity of up to
200 semiconductor plates 300 mm in diameter per hour.
Despite the relatively large wavelength of 193 nm, using
immersion (193i), a spatial resolution of 42-32 nm was
achieved in a simple lithographic process (illumination and
the development of a photoresist) and down to 8 nm by using
multipatterning technology [126, 127]. The cost of this
complexity is the necessity of using many costly masks and
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Figure 14. Distributions of the absorption coefficient of a model cell (a) specified in modelling and (b) reconstructed from z-tomography data.

performing additional operations increasing the production
cost.

The number of masks and technological operations
drastically decreases on moving to a lower wavelength,
13.5 nm, in so-called Extreme Ultraviolet Lithography
(EUVL). It was shown in [128] that, beginning with a
resolution of 32 nm, the cost of the EUVL process becomes
lower than in the 193i technology. However, so far EUVL has
not received wide applications because of problems with the
productivity (= 125 plates per hour), the reliability of the
radiation source, and the protection of masks from contam-
inations [129, 130]. Nevertheless, the continued huge invest-
ments in EUVL from leading microcircuit manufacturers
such as Intel, Samsung, TSMC (Taiwan Semiconductor
Manufacturing Company), and the world’s leader ASML
(Netherlands) in lithography equipment manufacturing con-
vincingly indicate that EUVL is the next-generation litho-
graphy [131, 132].

It is assumed that EUVL technology will provide in the
near future a spatial resolution in microcircuits at a level of 2—
3 nm. At present, a last-generation scanner provides a spatial
resolution of 13 nm for single illumination and 9 nm for
double illumination. Therefore, to achieve a resolution of 2—
3 nm, it is necessary to solve a number of problems, the main
ones being the search for a shorter wavelength [133] and, of
course, diffraction-quality multilayer imaging optics. The
problems manufacturing these optical elements are similar
for X-ray microscopy and X-ray astronomy.

In Russia, EUVL studies are conducted proactively and
are mainly concentrated on investigations of individual
aspects of this technology [134-138].

The operation of projection lithography requires the
existence of a developed infrastructure, including equip-
ment, methods, and technology. One of the most compli-
cated and costly elements of the infrastructure is a diffraction-
quality objective and multilayer masks. A set of masks only
for manufacturing one chip can cost up to a few million
dollars. For this reason, because of the costly equipment and
masks and the complicated and costly infrastructure, projec-
tion EUVL becomes competitive only in mass production. In
other words, EUVL technology requires a global market. All
this together makes EUVL technology available only to
individual global players (Intel, Samsung, TSMC, Global
Foundries).

As a result, EUVL technology is not flexible, which forces
the manufacturers of electronic equipment to use commercial
microelectronic products in their instruments, even to the
detriment of the performance characteristics of their produc-
tion.

It is known from practice that markets of small- and mid-
serial production and mass production are approximately the
same as far as cost is concerned. Therefore, the search for new
instruments for nanolithography is extremely urgent. A
hypothetical ‘maskless’ nanolithograph should provide a
line topological standards provided by projection litho-
graphy beginning with 100 nm down to no less than 10 nm.
The productivity of such a nanolithograph can be 1-3 orders
of magnitude lower than in projection lithography. The cost
of the lithographic process should not strongly depend on the
production scale. It is also fundamentally important that the
lithograph cost be comparable to that of the industrial one-
beam electron lithograph. In this case, we can say that
nanoelectronics production will be accessible not only to
individual global companies but also to small companies.

‘Maskless’ lithographic methods include electron-beam,
ion-beam, and optical lithography and various probe meth-
ods of surface modification. All these methods are combined
by the programmable formation of topology on a substrate,
which can be corrected at any moment by a simple change in
scanning algorithms by electron/light beams, a probe, etc.
(see, e.g., [139, 140]).

The most universal and developed method is electron-
beam lithography, which satisfies almost all requirements on
the hypothetical lithograph mentioned above, except the
productivity decreasing by 6-7 orders of magnitude with
changing topology from the micrometer to nanometer level
[139]. The most promising one is assumed to be multi-beam
electron lithography. In principle, this technology can
provide a fundamental restriction of the resolution at a level
of 1 nm. The main problem with electron-beam lithography is
related to the interactions of electron beams, which cause
image blurring. Although multi-beam electron lithography
has already been studied for several dozen years, this problem
has not been solved so far. In particular, the best results were
obtained by Mapper Technology. The last-generation setup
operates with 65 thousand beams and supports technological
norms at a level of 28 nm. The elementary beam size is 25 nm,
and productivity is up to four plates per hour [141, 142].
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However, the ‘freezing’ of this issue suggests indirectly that
the authors encountered difficulties preventing the decrease in
topological norms.

Researchers at IPM, RAS are developing an alternative to
multi-beam electron lithography — ‘maskless’ X-ray litho-
graphy (MLXRL), first proposed in [143] at a wavelength of
13.5 nm. In MLXRL, the function of a photo mask is
executed by a chip with micromirrors controlled by electric
signals (Digital Micromirror Device (DMD)). In fact, this
technology is a complete analog of multi-beam optical
lithography [144], in which the refraction optical elements
are replaced by reflection optics. As in optical lithography, a
dynamic mask is stationary and a plate with a resist is scanned
along two coordinates. Because of the smaller wavelength, the
diffraction-limited resolution is automatically transferred to
the nanometer region. Although this is clearly a breakthrough
technology, the number of publications in this field is small,
and they are mainly theoretical [146—149]. The main problem
preventing the realization of this idea in practice is related to
the absence of DMDs reflecting X-rays.

The situation changed after the publication of paper [150]
where the deposition of a multilayer Mo/Si mirror ona DMD
with the reflection coefficient of 40% was demonstrated
(67%, upon deposition on supersmooth silicon witnesses
(plates)). This result demonstrates the fundamental possibi-
lity of creating the key element of a maskless X-ray
lithograph —a dynamic mask.

At present, a project is being laid out for the development
of DMD-based maskless X-ray lithography as part of the
complex program of the Ministry of Industry and Trade of
the Russian Federation, The Development of the Electronic
Industry in the Russian Federation in 2018-2027.

The project is urgent due to the challenges faced by our
country, in particular, the necessity to rapidly solve the
problem of developing the native technological base for the
production of integrated circuits according to the technolo-
gical norms 65-32/28-22-16/14 nm with the prospect of 7 nm.
From the scientific point of view, this is the development of
innovative solutions in the field of nanolithography satisfying
the modern trends of equipment availability, low operation
costs, and the weak dependence of the lithography process
cost on the production scale.

Experiments were performed with a DLP9000XBFLS
DMD (Texas Instruments) with a period of 7.56 um and
2560 x 1600 micromirrors [151]. At the first stage of studies,
experiments were performed at the operational wavelength of
13.5 nm. This is explained by the fact that the DMD pixel size
is almost 8 um; therefore, to achieve the nanometer resolu-
tion, a diffraction-quality objective reducing the object image
up to 103 times is required. This results in a low entrance
aperture of a projection objective leading to a relatively small
part of the radiation used from the radiation source. For
practical applications, it is necessary to increase both the
X-ray source efficiency and the reflection coefficients of
multilayer mirrors. It was shown in [145] that the efficiency
of using radiation from a source is inversely proportional to
its size. Typical sizes of X-ray laser-plasma sources are 100—
200 pum. In [152], a record-breaking small size (about 20 um)
tin ion radiation source emitting at a wavelength of 13.5 nm
was reported. The target material of the source is melted tin
rotating at a high speed. The tin rotation ensures also a weak
contamination of the optical elements produced by the
source. This approach can also later be used to develop a
radiation source with emission at shorter wavelengths.

Another factor in the choice of the 13.5-nm wavelength is
the record-breaking reflection coefficient, about 72%, achieved
with the help of multilayer Mo/Be/Si mirrors [138]. However,
the further search for shorter wavelengths has not ceased.
This concerns both radiation sources and new compositions
of multilayer mirrors [153—156].

The productivity of the lithographic process for an
experimental lithograph is expected to be about 200 cm? h~!,
which is already sufficient for small- and mid-sized mass
production.

In concluding this section, we consider the fundamentally
new method of maskless X-ray lithography proposed in
Ref. [157]. A dynamic mask used in this method is a chip of
microfocus X-ray tubes. The idea is based on the use of the
modern technology of pointed autoemission silicon nano-
cathodes with a control grid [158] and a thin film target
located at a distance of a few micrometers from the control
grid. A voltage of =~ 0.5—3 kV positive with respect to the
cathode is applied to the target. A negative blocking voltage
preventing autoemission is simultaneously applied to control
the electrodes. When the blocking voltage is removed, an
electron microbeam appears, bombarding the target in which
the X-ray voltage is generated. Because the target is thin, the
absorption depth in the SXR range will be a few tens or
hundred nanometers, and if the target is located very close to
the cathode, the size of the microbeam on the target and,
correspondingly, the X-ray pixel size can also be a few tens or
hundred nanometers. Thus, we have an array SX-ray source
with computer-controlled pixels.

Since in this scheme the functions of dynamic mask and
SX-ray source are combined in one device, the nanolito-
graphic setup is drastically simplified. The chip, the two-
mirror objective, and the plate with the resist on a two-
dimensional scanner remain [159]. For practical realization,
combining and autofocusing systems are also required.
Estimates show that, for the average autoemission current
density of 1 A cm~2, which was already obtained experimen-
tally in [158], 1 kV applied to a 100-nm-thick beryllium film
target and an electron-beam-11.4-nm characteristic Beg,, line
conversion efficiency CE ~ 10~* [160], the illumination
productivity can be expected at levels of 10-20 cm? h~!. This
simple method is of great interest to researchers and
manufacturers of microelectronic chips in small production
batches.

The main reserve for increasing the productivity is the
decrease in the radiation microbeam size (pixel). Also, the
chip size can be increased and thereby so can the electron
beam power.

An extremely important problem in projection EUVL is
the further decrease in the wavelength. As mentioned, e.g., in
Ref. [161], the peak and integrated reflection coefficients of
mirrors decrease with decreasing wavelength, and the conver-
sion efficiency of laser-plasma radiation sources decreases,
for example, from 5% at a wavelength of 13.5nmto 1.2-1.5%
ata wavelength of 6.7 nm [162]. In the case of X-ray tubes, the
conversion efficiency, on the contrary, increases with increas-
ing wavelength. For example, as shown in [159], the lasing
efficiency at a wavelength of 3.16 nm of the N, line is more
than an order of magnitude higher than that for the Beg,, line,
while the calculated lithograph efficiency, taking into account
the reflection coefficients of mirrors achieved at present, is
more than three times higher. In other words, both the
productivity and spatial resolution can be increased in the
future.
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Thus, maskless lithography provides the high productiv-
ity sufficient for practical applications, a high resolution, and
flexible technology. Due to a considerable simplification of
the X-ray source and all the infrastructure required for its
operation in a lithograph, the decrease in the number of
mirrors in the scheme, the dimensions, and the energy supply,
the technology becomes an order of magnitude cheaper than
projection lithography. The removing of masks drastically
reduces the cost of the lithographic process and its depen-
dence on the production scale. This nanolithography technol-
ogy becomes accessible not only to global players but also to
smaller research companies. In our opinion, the MLXRL is
perfectly suitable to the conditions of the Russian economy
(limited access to the world’s market, the concentration of
industry on unique products, first of all for the military-
industrial complex, and supercomputers). And Russian
researchers are leaders in this area, which is important.

6. Conclusions

For the last 1012 years, researchers at IPM, RAS have been
creating under laboratory conditions almost from the very
beginning advanced production technologies and metrology
methods for high-precision and supersmooth optical ele-
ments. The technology of shaping high-precision and super-
smooth optical elements is based on ion-beam etching. The
metrology of the surface shape and roughness is based on
methods which can be considered ab initio, which is
important, because no method using references, except for
specially developed ones and those based on ab initio
principles, can ensure the absolute accuracy of measure-
ments. All these developments were used in practice and
their efficiency for solving various problems, including some
traditional optical applications, was confirmed. The use of
such methods considerably broadens the class of realized
optical systems and considerably simplifies the fabrication of
precise aspherical surfaces, including high-order surfaces (up
to 10 or more orders). Measurement methods without
references can be used to fabricate and test shape and
roughness references for a variety of applications with
guaranteed accuracy.
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