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An analysis is made of the state of the art of x-ray lithography and x-ray optics. The principles of
design and configurations of projection x-ray lithographic systems are considered. An analysis is
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INTRODUCTION

The progress in microelectronics industry is indissolu-
bly related to the progress in microminiaturization, which
makes it possible to form over 10° components in one inte-
grated-circuit chip. Reduction in the size of electronic com-
ponents can be demonstrated by the following examples. In
1960 a board of 10X 12 cm dimensions carried 3-4 logic
circuits, whereas now hundreds of thousands of such circuits
are carried by a chip whose area is a few square millimeters.'
Since 1970 the number of components in one integrated-cir-
cuit chip has increased by a large factor and it is forecast to
approach 10° per crystal by the year 2000. This reduction in
the dimensions of transistor components has greatly reduced
the response time of the electronic circuits and the cost of
calculations (Fig. 1).? These factors are among the causes of
the boom called modern industrial revolution.

The key stage in the manufacture of microelectronic
integrated circuits is lithography. Modern lithography rep-
resents a number of stages and technological processes,
which are related in a complex manner:?

1) exposure equipment determines the resolution, the
precision of register, and the cost;

2) the resists govern the productivity and quality of the
images;

3) development of the resist determines the tolerances
and quality of the images;

4) etching or explosive lithography governs the toler-
ances and quality of the images;
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5) metrology provides the monitoring of the param-
eters;

6) control of contamination influences the yield of ac-
ceptable components.

In the modern mass production of integrated circuits
the major cost of lithographic equipment is that of the opti-
cal exposure apparatus. An increase in the degree of integra-
tion of microcircuits is setting increasingly stringent require-
ments in respect of the resolution, which must be ensured
reliably during exposure (Fig. 2). An additional stimulus
for the development of lithographic exposure systems capa-
ble of submicron resolution will be provided by the appear-
ance of ultrafast microelectronics based on high-tempera-
ture superconductors, which will make use of conventional
superconductor components (Josephson junctions) with
characteristic dimensions of ~0.01 um, as well as hybrid
semiconductor—superconductor circuits.>¢

Obviously, the resolution §, in the exposure stage is
limited by the diffraction of the radiation used to illuminate
a resist. The resolution of an objective, determined for two
opaque objects which are barely distinguishable in an Airy
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FIG. 1. Reduction of the cost, by microminiaturization, of one function 4
performed by different types of integrated circuits (Ref. 2): 7) conven-
tional integrated circuits; 2) hybrid circuits; 3) bipolar circuits; 4) metal-
oxide-semiconductor structures; 5) submicron circuits.
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FIG. 2. World trends in the design of lithographic equipment* (& is the
resolution and M is the capacity of memories).

disk, is determined by the Rayleigh criterion:
S8a=kA/N,, n

where A is the wavelength of the radiation used in the expo-
sure process and N, is the numerical aperture of the objec-
tive. The coefficient k0.3 applies to resists forming an im-
age in the upper surface layer, k>0.5 applies to multilayer
resists, whereas k>0.75 and k> 1.1 are typical of single-layer
resists and those deposited on reflecting surfaces.” It is clear
from Eq. (1) that the resolution improves when we use radi-
ation of shorter wavelengths and optics with a larger aper-
ture.

Unfortunately, an increase in the numerical aperture
N, reduces strongly the depth at which the image is sharp

DF = +A/2N%, (2)

increases the complexity of the optical components, and
makes them more expensive. For these reasons, extensive
use of optical exposure systems characterized by
N, >0.3-0.4 is unlikely.

It therefore follows that progress in modern submicron
lithography will require development of methods for expo-
sure using radiation of wavelengths 4 < 10 nm (Table I, Fig.
2). Moreover, the use of high-energy x-ray radiation for ex-
posure purposes will minimize the influence of small parti-
cles on the image quality. It is known that particles of d < 0.5
pum dimensions are a major problem in submicron photoli-
thography because of the high sensitivity of this technology
to submicron contamination of the template and resist (Fig.
3). In the case of x-ray radiation, such particles (with the
exception of those made of heavy elements) are transparent
because of their weak x-ray absorption. This reduces greatly
the number of defects in integrated circuits and makes it
possible to relax the conditions that must be satisfied in the

TABLE I. High-resolution lithography.?

Radiation Energy, keV A, nm
Electron beam 2-100 0.1

Ton beam 10-300 0.1-0.5
X-ray irradiation 0.15-3 0.4-10
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FIG. 3. Normal minimum (d,,) and critical (d,) dimensions of defects or
particles in memories.®

extensive “clean rooms” where fabrication takes place.

A comparison of the attractions and competitiveness of
the various methods for submicron radiation lithography of
integrated circuits (utilizing electron beams, ion beams, or
x-ray radiation) leads to the conclusion that x-ray radiation
is preferable for the following reasons. X-ray lithography is
characterized by a higher productivity than lithography by
electron or ion beams and, consequently, the intrinsic cost of
integrated circuits is then lower. An important advantage is
the absence of the proximity effect, caused by the back-
scattering of electrons, typical of electron-beam litho-
graphy. This makes it possible to use relatively thick resist
films in x-ray lithography. Finally, as mentioned already,
the problem of surface contamination of the template and
resist is much less acute in x-ray lithography.

However, in spite of very optimistic forecasts (see, for
example, Ref. 4) the adoption of the new technology of man-
ufacture of submicron integrated circuits based on x-ray ex-
posure has raised the problem of x-ray radiation sources
which do not yet satisfy the requirements of mass manufac-
ture of integrated circuits, because the available sources are
expensive and suffer from low intensities and a short service
life.

1.X-RAY SOURCES USED IN LITHOGRAPHY

The work on the equipment needed in x-ray lithography
has been proceeding along two directions: the development
of compact synchrotron sources with systems to ensure coin-
cidence and replication (steppers) and the development of
x-ray lithographic equipment with point x-ray sources.

Synchrotron sources have a number of advantages,
which is the reason for the intense work in various establish-
ments, scientific centers, and organizations on the develop-
ment and use of synchrotron sources in microelectronics.*'°
The main advantages of synchrotron radiation are its small
angular divergence and high intensity (100-200 mW/cm®
on the surface of a plate), which ensure that high-quality
images can be formed and the x-ray lithographic productiv-
ity is high. The latest report from Japan describes an ultra-
compact Aurora storage ring with a diameter of 1 m. This
ring is fitted with 16 steppers.!!

However, in view of the high cost of construction of a
synchrotron facility (which exceeds 100 million rubles) and
of its operation, facilities of this type can be used effectively
only in large scientific-technical centers. Moreover, the use
of a synchrotron as a radiation source in industry is hardly
justified because in this case the industrial process of micro-
circuit fabrication will be governed entirely by the period of
failure-free operation of just one component of a very com-
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TABLE II. X-ray sources.

Laboratory, Wavelength,  Sizeof  Output power General description
organization Country Type of source nm source, mm Or energy of class of sources
Hewlett—Packard USA electron-beam 0.44 1.5 34 uW/sr total cost 100
NTT Japan electron-beam 0.71 3 1 mW/cm? 200 thousand dollars,
Micronix USA electron—beam 0.44 3.5 used probably up to
Perkin—Elmer USA electron-beam 0.70 1.5 1989, intensity up to
SRIME USSR electron-beam 1.33 3 0.1 mW/cm? 1 mW/cm?, efficiency
~0.01%, source size
several millimeters
Micronix USA plasma total cost 350400
Physics Intern. Pixi  USA plasma pinch 0.7 250 J/pulse thousand dollars,
(1 Hz) intensity to ~ 10 mW/cm?
source size 0.1-1.0 mm,
efficiency 0.15-3.7%
Karl Suss LSX-10 Germany plasma 0.7-1.2 250 J/pulse
(1 Hz)
Perkin-Elmerand ~ USA plasma pinch 0.74 15 mW/cm?
Maxwell Industries (10Hz)
NTT Japan plasma 09-14 1 10 mW/cm?
Hitachi Japan plasma focus 100 J/pulse
SRIME, FIAS USSR plasma pinch 1-2 1.0 10 J/pulse
(5Hz)
Rochester UsA laser-plasma 0.1 35 J/pulse intensity in excess of
University and (neodymium 10 mW/cm?, source size
Exxon Research laser) less than 0.1 mm,
efficiency 10%
Varian Associates USA laser- 0.1 20 mW/cm?
plasma
Osaka City Japan laser- hollow
University plasma gold target
Rutherford England laser-plasma
Laboratory (excimer laser)
IAE USSR laser-plasma 1-2 0.1 10 J/pulse
(excimer laser 0.5-1.5 (10-20 Hz)
AUSTRIPTREM USSR laser-plasma 1-2 0.1 10 J/pulse

(neodymium
laser)

Note. Soviet research institutes: SRIME is the Scientific-Research Institute of Molecular Electronics; FIAS is the Physics Institute,
Academy of Sciences of the USSR; IAE is Institute of Atomic Energy; AUSRIPTREM is All-Union Scientific-Research Institute of
Physicotechnical and Radio Engineering Measurements.

plex facility and that component is the synchrotron. There- oped by many organizations and enterprises. Tables II and
fore, the development designed to construct alternative I1I show at a glance the trends in the development of x-ray
sources of x-ray radiation, which would make it possible to lithographic equipment and point sources. We can see that
use x-ray lithography in industry, is exceptionally important the development of such sources occurred in three stages.
and urgent. These are point sources of x rays being devel- These stages or generations are characterized by specific

TABLE III X-ray lithographic equipment.

Maker, model

Country  Source

NTT SR-1

TCSF XPWS 301
SRIME KBTEM
Bell Labs. Micronix

Japan
USA
USSR
USA

Perkin-Elmer XLS-1000 USA

Nikon SX-5

NTT

(modernized SR-1)
Karl Suss
XRS-200, LSX-10

Japan
Japan

electron-beam
electron-beam
electron-beam
electron-beam
electron-beam
electron-beam
plasma

Germany plasma

Hampshire Instruments USA

XRL-5000

Matsushita Electrical

Industries (MEI)

Japan

laser-plasma

laser-plasma

Precision
Minimum of register, Productivity,

A, nm size, um pm boards/h Ref.
0.71 0.5 0.1 15
1.33 0.2 0.05 15
1.33 0.5 0.15 2
0.44 0.5 0.1 10 15
0.7 0.5 0.1 10 16
0.71 0.5 0.1 6 17

0.9-1.4 0.5 0.05 20 18
0.7-1.2 0.05 17
0.25 0.1 25-50 12
0.2 13

Note. Here, SRIME KBTEM represents KBTEM system developed at the Scientific-Research Institute of Molecular Electronics.

101 Sov. J. Quantum Electron. 22 (2), Feb. 1992

Artyukov et al. 101



types of x-ray sources which in the final analysis determine
the resolution and productivity of x-ray lithographic equip-
ment.

The first generation is represented by electron-beam
sources with a resolution of ~0.5 um, the second are plasma
'sources with a resolution ~0.5-0.3 um, and the third are
laser-plasma sources with a resolution better than 0.3-0.2
pm. The resolution of the equipment is determined primar-
ily by the dimensions of the source, which influence the
smearing of the image edges. Productivity is governed by the
efficiency of the sources and also by the distance from the
source to the resist, which in turn affects the resolution.

We shall describe more fully the capabilities of third-
generation equipment by considering the XRL-5000 unit
made in the USA. The source is a solid-state laser, the x-ray
radiation flux density is 10-20 mW/cm? in the wavelength
range 0.8-2.0 nm, and the peak for this flux is at 1.4 nm (Ref.
12). The resolution and productivity of the unit are 0.25 um
and 25 boards/h, respectively. Similar apparatus was con-
structed in Japan in 1989 by Matsushita Electrical Indus-
tries (MEI).}3

There is considerable interest in the development of x-
ray sources utilizing excimer lasers, which will make it possi-
ble to construct high-power sources. An example is the re-
cently developed (at the Sandia National Laboratory, USA)
source of soft x-ray radiation.'* A KrF laser operating at a
pulse repetition frequency 100 Hz and with an energy of 1.5
J/pulse made it possible to reach a flux density of 2.2

mW/cm? (with the peak value 8.3%X 10> W/cm?) at

A=124nm (Al /A ~1.6%).

2.SHADOW X-RAY LITHOGRAPHY USING POINT SOURCES

Experiments on x-ray lithography began about 20 years
ago,'® but the first reports of commercial apparatus ap-
peared only in the last few years and it must be stressed that
these are still prototypes. In spite of the very optimistic fore-
casts mentioned above, x-ray lithography is not yet used
widely in industry. One of the main reasons is the insuffi-
ciently high power of the point x-ray sources.

We shall illustrate this by considering the example of x-
ray tubes. Before discussing the energy parameters, we shall
first deal with the spatial resolution problem. All the equip-
ment discussed in the preceding section is intended for con-
tact lithography with a gap (Fig. 4). The obvious require-
ment in this case is that the scattering spot associated with
the half-shadow and diffraction does not exceed a certain

s

FIG. 4. Schematic diagram showing shadow exposure.
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size set by the resolution, for example, s < 0.28, where 8 is the
required minimum size of a component in a crystal. This
leads to the following conditions:

L>5ah/8, (3)
1 <0,618%/5h, “4)

where % is the gap between the template and the resist
(which usually amounts to 2040 um). The conditions (3)
and (4) determine the minimum distance from the source to
the resist and the maximum wavelength.

According to the estimates of Ref. 20 the modern x-ray
tubes ensure [ when the condition of Eq. (3) is obeyed ] an x-
ray flux density not exceeding 107> W/cm? on the resist
surface. In the case of chip-by-chip exposure if the sensitivity
of theresist is ~0.1 J/cm?, this means that one chip requires
an exposure of 100 s and one board (with ~ 100 chips) needs
10* s = 3 h. The lowest productivity acceptable in industry is
30 boards/h, i.e., the required productivity is at least 100
times higher than that possible using these sources, so that
the forecasts in respect of x-ray tubes should be regarded as
overoptimistic. (These requirements are somewhat more re-
laxed in the case of laser plasma and pinch.)

Consequently, a drastic increase in the power of the
sources or of the efficiency of their utilization is required.
Let us return back to x-ray tubes. We shall begin now from
the total power of the radiation emitted by such a tube within
a solid angle ~ 27, which is P, ~1 W. A flux (power) den-
sity can be created on the surface of a resist so as to ensure
that the industrial type of exposure (g, ~0.1 W/cm?) can
be achieved collecting at least one-tenth of all the output
power on the surface of a chip of 1 X 1 cm dimensions.

It therefore follows that the problem is the development
of a point source with a diameter ~ 10% — 3 10> ym and
capable of delivering the highest possible flux density to an
area of 1 X1 cm dimensions; moreover, near the target sur-
face the divergence of the beam should be fairly small
(a =3X%1073) so as to avoid distortions in the shadow ex-
posure method. If there are no optical components between
the source and the resist, then the last requirement means
that we have to place a chip at a distance of L ~50-100 cm
from the source, which gives the flux density on a resist
amounting to g~ P,/47L *. Hence, it is clear that the x-ray
radiation power reaching the crystal P=qs, =s,P,/47L*
represents only (1-3) X 10~° of the total power of the
source. We are then faced with a natural question: is it possi-
ble to increase this fraction by x-ray optics.

3.X-RAY OPTICAL COMPONENTS

The following types of x-ray optical components are
known: grazing-incidence optics with one reflection, graz-
ing-incidence optics with multiple reflections (using mirrors
for the whispering modes), multilayer normal-incidence op-
tics, diffraction components (zone plates), Bragg—Fresnel
optics, and x-ray waveguides. In x-ray lithographic applica-
tions the first three types of optical components are the im-
portant ones.

1. The traditional grazing-incidence optics is used in x-
ray apparatus and in synchrotrons, as well as in microscopes
and telescopes, usually employing the Kirkpatrick—-Baez or
Wolter configurations. If we define the efficiency v of the

optics as the fraction of the radiation transmitted from a
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point source to the surface of a chip, then in the case of the
grazing-incidence optics with one reflection the order of
magnitude of the efficiency is v~82=|1 —¢| (6, is the
critical angle) i.e., it falls rapidly at short wavelengths. On
the other hand, if the optics is used, the efficiency is generally
independent of the distance L between the source and chip.
The relationship between the maximum efficiency of the
grazing-incidence optics and the optical constants of the re-
flecting coating [ = Re(1 — ¢), ¥ = Ime] is considered in
greater detail in Refs. 21 and 22. The results of Ref. 22 can be
used in preliminary estimates, whether it is desirable to use
an x-ray concentrator in contact x-ray lithography and also
in selection of the reflecting coating. For example, in the
A =~4.4 nm range the use of a nickel reflector makes it possi-
ble to collimate up to 2% of the radiation power (in the 0.8—
1.2 nm range the efficiency of a rhuthenium reflector is
v = 0.2%) arriving from a point source. Actual figures may
be considerably less because of the need to ensure a uniform
illumination of a chip and a specific angular divergence of
the radiation [see Eq. (3)]. The final answer to the question
of the effectiveness of utilization of an x-ray concentrator in
contact lithography can be provided by numerical modeling
of the ray paths (see Sec. 6).

It should be pointed out that the use of concentrators of
radiation for other purposes (for example, optical pumping
of x-ray lasers) was considered in Refs. 22 and 23. The re-
quirements are then less stringent, because there is no need
to ensure a certain angular divergence of the pump radiation
in the active medium. We are not aware of any experimental
work on the use of x-ray concentrators in contact litho-
graphy and optical pumping of x-ray lasers.

2. When grazing-incidence whispering-mode mirrors
are used, a ray reflected from the mirror returns to it at an
angle less than the critical value. In this way an x-ray beam is
distributed along the reflecting surface and seems to form an
envelope around it. Calculations and measurements have
shown®*?’ that whispering-mode mirrors with a suitably se-
lected material of the reflecting coating can rotate beams by
angles ¥ = /2 with an efficiency 20-80% throughout the
soft x-ray range. Itis shown in Ref. 28 that whispering-mode
mirrors can be utilized not only in rotation of narrow paral-
lel beams, but also in collimation of radiation of point
sources.

A suitable reflector has the shape of a logarithmic spiral
and is an x-ray variant of ideal optical concentrators used in
solar energy conversion.’’ Multiple reflections by ideal con-
centrators play a fundamental role. Only such reflections
can ensure the maximum efficiency (amounting to about
100% in the visible range) of transmission of radiation from
extended sources to objects. In a spiral x-ray collimator the
losses are entirely due to the absorption of radiation in the
reflecting coating. The efficiency of such a collimator is

v=[l+exp(—En))/2(2+E), E=2Im(l—e)~"/2 (5)

Equation (5) gives only the ultimate capability of grazing-
incidence reflecting optics. It can be used as the starting
point in the selection of the material and shape of the reflec-
tor. More realistic values are obtained when x-ray concen-
trators are modeled by the method of ray tracing.

3. Recent years have seen particularly rapid progress in
the development of multilayer x-ray mirrors. They have a
number of important advantages over grazing-incidence op-
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tics. First of all, they are spectrally selective, which is due to
the interference nature of the reflection process. The width
of the band where the reflection coefficient differs from zero
is of the order of A4 /A4 ~ 62, but it may be varied by suitable
selection of the materials and by altering the ratio of the
layer thicknesses; typical values are A4 /A~10"'-10">. In
contrast to the grazing-incidence optics, a multilayer mirror
can operate also under normal-incidence conditions. In this
case the multilayer coating period is related to the wave-
length by the Bragg condition:

2d=nh, (6)

where 7 is the diffraction order. Since the thickness of a ma-
terial layer cannot be less than several atomic radii, it is clear
that the condition (6) determines the minimum wavelength
at which multilayer optics can be used. However, an even
more stringent condition is set by the optical quality of the
reflecting coating:

.6 < 1/20, (7)

where ¢ is the height of the surface microirregularities. If the
condition (7) is disobeyed, then the major part of the radi-
ation is not carried by the specular component, but is con-
centrated in the diffuse scattering. At present the condition
(7) limits the range of applications of normal-incidence
multilayer optics to wavelengths of 6—4 nm.

Multilayer mirrors are used widely in many cases be-
cause they are easy to make, “fiexible,” and often less expen-
sive than grazing-incidence mirrors. Variation of the period
of the structure, the grazing angle, the composition of the
layers and their thickness, makes it possible to impart specif-
ic properties of a multilayer mirror. A multilayer coating
deposited on a spherical substrate has focusing properties. It
can be used as a radiation concentrator and also in image
formation. It is the latter that has made it possible to consid-
er the possibility of developing projection x-ray lithography,
i.e., the transfer of a pattern from a template to a resist by an
x-ray optical system.

4.PROJECTION X-RAY LITHOGRAPHY

Investigations of contact (with a gap) x-ray litho-
graphy in the last decade or two?® have revealed a number of
shortcomings of such lithography, which hinder greatly its
rapid adoption by industry. These shortcomings include
above all the low efficiency of utilization of the energy of a
point radiation source (v~ 10~*~10~?) and the problem of
a template, related to its high cost, small thickness, and high
sensitivity to thermal and mechanical loads. Moreover, the
spatial resolution of this method is limited to ~0.3-0.3 um
and a further increase in the degree of integration as well as a
possible use of other components (high-temperature super-
conducting electronics, single-electron electronics, etc.)
have made it necessary to search for other lithography meth-
ods. Although the use of x-ray concentrators may solve the
problem of a radiation source, the other problems are diffi-
cult to resolve because of the inflexibility of contact litho-
graphy.

Projection x-ray lithography largely avoids these prob-
fems®® and particularly the problem of a template, which
can be made reflecting (i.e., massive) or thicker (because of
the greater depth of sharpness in the region of an object) and
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spatially separate from a resist. Moreover, this lithography
makes it possible to extend the range of applications to the
spatial resolution § ~0.01-0.1 um.

The selection of the type of the optical components for
projection x-ray lithography is determined by the require-
ments of high energy efficiency and spatial resolution. Al-
though grazing-incidence systems of the Wolter type can, in
principle, ensure a high spatial resolution, they require an
exceptionally high precision of fabrication and alignment of
the components. The precision in their fabrication achieved
so far makes it possible to reach resolutions in the range § ~ 1
pm, whereas attainment of § ~0.1 um is a difficult technolo-
gical task.>* The small numerical aperture and the low effi-
ciency of the diffraction optics also makes it difficult to use it
in projection lithography. Grazing-incidence whispering-
mode systems considered as radiation concentrators are, in
principle, highly efficient, but an image cannot then be ob-
tained at all. Therefore, the most promising are multilayer x-
ray mirrors.>?

In the simplest multilayer system there is only one fo-
cusing mirror (Fig. 5), as described in Ref. 30. Calculations
show that the configuration in Fig. 5 makes it possible to
reach a high spatial resolution (8§ = 0.01-0.03 um) and ad-
mits the use of an efficient concentrator (v~ 1-20%). How-
ever, two problems are encountered in this configuration: it
is necessary to place a coincidence stage or table in such a
way as not to interrupt the rays and a sufficient field of view
(based on the chip size) must be ensured. The first task can
be performed by cutting a plate into long strips 1 cm wide (of
chip size). These strips can be located one behind the other
and can be scanned only in a plane parallel to the axis or they
can be placed on a tooth-like cassette (Fig. 5) of a stepper,
whose plane is parallel to the extreme ray 4B from the tem-
plate to the focusing mirror. The whole lithographic cycle
then occurs in the usual way, but a plate is replaced by a
cassette with fixed exposed strips. One cassette can carry any
number of strips and the number is limited only by technolo-
gical and cost factors.

The solution of the second task is governed by the need
to ensure the necessary spatial resolution. For example, if a
spherical surface is used as a focusing mirror, the resolution
is given by

8=ClxKNH/(1—1/M?)]'"* (8)
where C is a coefficient governed by the shape and dimen-

sions of the mirrors; A is the wavelength; M is the reduction
coefficient (M > 1); H is the linear size of the field of view in

FIG. 5. Projection x-ray lithography with one mirror: 1) x-ray source; 2)
reflecting template; 3) imaging mirror with a multilayer coating; 4) plates
carrying a resist; 5) stepped cassette.
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the image plane; x = §,/8, is the ratio of the diffraction
resolution to the geometric one; X is the ratio of the geomet-
ric resolution, measured at some intensity, to the total size of
the scattering circle (defined by the outer rays). It follows
from Eq. (8) that the size of the field of view depends very
strongly on §, so that it is possible to reduce greatly the size
of the resolved objects only by a strong reduction of the field
of view. The value of 6 is minimal for the diameters and radii
of curvature of a mirror. For example, if H = 1 cm we have
6=03um (M=10— o, A =44 nm, x=1, K=0.5).
Calculations carried out using the ray tracing program (Sec.
6) show that the correct selection of the mirror parameters
can reduce K to ~0.1-0.2, but this increases slightly the
value of C, so that in practice a spherical mirror can be used
for the exposure of a chip of 1 X1 cm size only in the range
6>03 um (if M>1).

The best resolution in such a field of view can be
achieved using either nonspherical mirrors or multicompon-
ent focusing systems. The simplest two-component system is
one composed of two spherical mirrors. Successive reflec-
tion from these mirrors (which are concave and convex)
makes it possible to minimize the spherical aberration and
coma while retaining relatively large apertures and fields of
view.

An example of such an optical system is the Schwarzs-
child objective (Fig. 6) used in x-ray microscopy (a variant
of a similar optical system used in x-ray projection litho-
graphy is the Cassegrain objective’® ). The advantages de-
scribed above and the simplicity of the optical system have
made it popular in a number of designs used in x-ray projec-
tion lithography in the USA and Japan. For example, the
Schwarzschild objective, composed of multilayer W—-C mir-
rors, had been used to form a structure 0.5 gm thick in an
experiment at a wavelength of 12.4 nm with a fivefold reduc-
tion of the size of the reflecting mask.*'

The main shortcomings of systems of the Schwarzs-
child type is the high precision needed in setting the mirrors
in the longitudinal ( ~0.1 zm) and transverse ( ~1') direc-
tions, as well as the need to allow for the strong distortion.
The shortcomings of the Schwarzschild objective have stim-
ulated a search for other two-component systems more suit-
able for projection x-ray lithography. It may be that optical
systems optimal for different ranges of  will be developed.

The trend to ensure the minimum diffraction-limit res-
olution has determined the selection of the minimum per-
missible (by the multilayer optics) wavelength for projec-
tion systems. At present this is A.;, = 4 nm. The reflection
coefficient reached in practice is relatively low (R~10%),
compared with the theoretical limit R = 40-60%, so that
each reflecting surface reduces the productivity of a litho-

FIG. 6. Schwarzschild objective: 1) source; 2) reflecting template; 3)
multilayer spherical mirrors; 4) plate; 5) condenser mirror.
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graphic system by an order of magnitude. This makes it nec-
essary to optimize first of all the systems in which use is
made of a single-component focusing objective.

The search must not be limited to the x-ray optical sys-
tems described in the literature and one of the important
current tasks in projection x-ray lithography is to find an
optimal system. It therefore follows that projection x-ray
lithography provides an opportunity of achieving a high res-
olution and, consequently, a high degree of integration in
combination with efficient utilization of radiation from an x-
ray source, which eases greatly the task of making and using
a template. Moreover, the increase of the wavelength from
A =0.8-1.2 nm (in contact lithography) to A~4.4 nm
should increase by almost one order of magnitude the sensi-
tivity of resists and to relax requirements in respect of the
radiation source. This justifies the work expended in looking
for the solution to the problem in question.

5. MULTILAYER X-RAY MIRRORS

In this section we shall discuss two problems in modern
multilayer x-ray optics, which are of fundamental impor-
tance for the development of projection x-ray lithography.
One is the fabrication of short-period normal-incidence mir-
rors for the range of wavelengths A < 4.4 nm and the other is
an increase in the time and radiation stability of the mirrors,
which is an essential precondition for the use of multilayer
optics in mass manufacture of microcircuits. Since there is
little information on these problems in current literature on
multilayer x-ray optics, we shall consider them in greater
detail. Both problems are important not only in the case of
point sources, but perhaps even to a greater extent when
synchrotron radiation is used.

Theoretical calculations show that at any wavelength in
the soft x-ray range it is possible, in principle, to make multi-
layer mirrors with the normal-incident reflection coefficient
of at least 40%. The best experimental results are obtained in
the spectral range A = 13—-18 nm because mirrors have been
synthesized®>** with the reflection coefficient exceeding
50%. The situation deteriorates at shorter wavelengths. For
example, at A =4.4 nm the best reported reflection coeffi-
cient® of the mirrors intended for resonators in soft x-ray
lasers is 12—15%, which is 4-5 times less than the maximum
theoretical value. The greatest difficulties are encountered at
even shorter wavelengths (4 < 4.4 nm), which are of special
interest in x-ray lithography, because in this case the reflec-
tion coefficient of multilayer mirrors does not yet exceed a
few percent (for near-normal incidence).

The selection of the pairs of materials for multilayer
mirrors in the wavelength range A < 4.4 nm is not so obvious
as in the case of longer wavelengths (1 >4.4 nm), where
extensive use is made of mirrors containing carbon
(4.4 <A <12.4nm) and silicon (4 > 12.4 nm) as the weakly
absorbing components. At wavelengths 2 <4 <4 nm these
substances have high absorption coefficients, so that the cal-
culated reflection coefficients of such mirrors are low: 10-
30% (Fig. 7). The reflection coefficients of mirrors contain-
ing beryllium are approximately twice as high, but the tech-
nology of synthesis of multilayer structures containing Be is
not sufficiently advanced.*® Mirrors containing Ca, V, Sc,
and Ti as the weakly absorbing components are described in
Ref. 37. These materials have low absorption near the L
edges, which are located exactly in the wavelength range
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FIG. 7. Reflection coefficient of multilayer mirrors in which one compo-
nent is Ni, determined for the short-wavelength soft x-ray range; the sec-
ond component of the structure is: /) C; 2) Be; 3) Sc; 4) Ti; 5) V; 6) LiF;
7) LiH.

A ~2-4 nm. In narrow spectral intervals the reflection coef-
ficients of such structures can reach 40-60%.

The highest reflectivity is exhibited by the mirrors
which contain substances with minimal absorption, such as
LiH or LiF. For example, the reflection coefficients of an
Ni~LiH structure exceed 50% throughout the wavelength
range A <4.4 nm and reach 90% at A ~0.6 nm. Such high
reflection coeflicients are providing a stimulus for the devel-
opment of the technology of deposition of thin LiH and LiF
films. However, no experiments have yet been carried out.

It should be stressed that the effectiveness of multilayer
optics in the case of broadband soft x-ray sources is governed
by the reflection coefficient fR(A)/dA integrated over the
spectrum and not by its peak value. At shorter wavelengths
the integral reflection coefficient falls strongly because of a
reduction in the discontinuity of the permittivity at the inter-
faces between the media when the wavelength is reduced.
For example, at A =~ 10 nm the maximum integral reflection
coefficient is about 0.2 nm, whereas at A =~ 5 nm it is only 0.02
nm (Ref. 38).

The minimum period of multilayer coatings is governed
by the technological feasibility of preparing continuous ul-
trathin films used in a structure and it is governed by the
island growth of films evaporated by electron-beam or mag-
netron methods. Considerable progress has already been
made. For example, it is reported in Ref. 39 that a multilayer
W-B, C mirror with a period of about 0.7 nm was construct-
ed. Record values were reported for Nb-Ti (period 0.6 nm)
and PbSe-FeB (period 0.23 nm) structures.*>*! It should be
stressed that the latter structure was not intended for x-ray
optics.

The main factor limiting the reflectivity of short-period
mirrors is the roughness of the interfaces between layers. It
follows from the Debye~Waller factor that the influence of
such roughness on the reflection coefficient is weak provided
the height of the irregularities does not exceed 4 /20 (in the
normal-incidence case).*? This means that, for example, in
the case of a mirror with a period 1.5 nm (reflecting normal
incident A =3 nm radiation) the interface irregularities
should be less than 0.15 nm in height, and if this height
reaches 0.4 nm, the reflection coefficient falls by a factor of
approximately 10. Island growth of films and interplanar

Artyukov et al. 105



irregularities are responsible for the fact that at present one
can speak of practical mirrors with the period /2 1.5 nm, i.e.,
in the case of normal-incidence optics mirrors are available
only for the soft x-ray range A > 3 nm.

We cannot exclude that new opportunities for the fabri-
cation of multilayer structures with ultrashort periods will
be provided by the use of epitaxial methods of growth of
crystal superlattices for the specific applications in soft x-ray
optics. For example, experiments have shown that the peri-
od of EuS-PbS superlattices can be just 0.6 nm. This value is
governed by the mismatch of the crystal lattices of the adja-
cent layers. Calculations show that near the M absorption
edge of Eu (A =1.1 nm) the reflection coefficient of such a
multilayer structure can reach 20%.

Epitaxial superlattices are particularly interesting be-
cause of the fundamentally different film growth mecha-
nism, which is atomic layer-by-layer and not of the island
type. This is the reason why mirrors with an extremely low
height of the interplanar irregularities may be prepared in
this way, i.e., such mirrors should have fairly high experi-
mental reflection coefficients, in spite of the far from optimal
optical constants of the substances in an epitaxial structure.
Naturally, final conclusions cannot be drawn about the po-
tential use of such structures in soft x-ray optics without
more careful theoretical and experimental investigations.

In addition to reducing the specular reflection coeffi-
cient, interface irregularities give rise to scattered radiation.
This effect may be much more important in the case of multi-
layer normal-incidence objectives, which are proposed for
projection x-ray lithography systems with submicron reso-
lution. If the reduction in the specular reflection simply re-
duces the efficiency of an x-ray optical system, then the scat-
tered radiation may limit the spatial resolution. In fact, the
angular width of the scattering indicatrix is A /7a for normal
incidence (here, a is the correlation radius of the heights of
the irregularities). Therefore, the size of the scattering spot
on the surface of a resist is of the order of AF /7a, where Fis
the focal length of the objective. If the intensity of the scat-
tered radiation is low, then this is the minimum spatial reso-
lution. At A ~4 nm, a ~ 10 gm, and F~ 3 cm, the best resolu-
tion is about 4 um. Consequently, submicron resolution is
attainable only if the intensity of the scattered radiation is
low, i.e., if the height of the interface irregularities does not
exceed a few tenths of a nanometer. The modern technology
of superpolishing of substrates of complex shape and of syn-
thesis of multilayer structures give hope that this require-
ment will be satisfied.

It therefore follows from consideration of multilayer x-
ray optics that the longer the wavelength of the radiation
used, the higher the efficiency of the x-ray optical systems
and the lower the intensity of the radiation scattered by the
interface irregularities.

It follows from modern ideas that the structure of inter-
layer interfaces, their quality, and stability are extremely im-
portant for time, thermal, and radiation stability of multi-
layer x-ray mirrors. Multilayer mirrors for the soft x-ray
range, consisting of ultrathin layers of different materials,
are as a rule nonequilibrium thermodynamic systems with a
tendency for a gradual change in the optical characteristics
with time. The instability of multilayer structures is particu-
larly important at elevated temperatures and under the ac-
tion of high radiation fluxes. For example, after annealing of
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FIG. 8. Reflection of 20-period Mo-Si ( /) and MoSi,-Si (2) mirrors with
a period of ~ 8 nm, plotted as a function of the annealing temperature T’
(annealing period 1 h).

mirrors consisting of Mo-Si, W-Si, and W-C layer pairs at
600-700 K for 1-2 h, the reflection coefficients fall by a fac-
tor of 20-30, which implies a practically complete degrada-
tion of these mirrors (Fig. 8).

There is a whole range of mechanisms responsible for
ageing of multilayer mirrors: sintering of planar layers be-
cause of the diffusion of atoms along the interfaces; diffusion
mixing of neighboring layers forming liquid or solid solu-
tions and compounds; deformation and cracking of multi-
layer coatings because of relaxation of stresses in the multi-
layer mirror—substrate system; there are also other
mechanisms. We can avoid or at least weaken the destructive
effects of such mechanisms by selecting the substances to be
used in multilayer mirrors with the following points in mind.
The pairs of materials should be in thermodynamic equilib-
rium at their interfaces, they should have the highest possi-
ble melting point, their thermal expansion coefficients
should be equal, they should wet one another, they should
not undergo phase structural or phase transitions under the
influence of external agencies, etc. Finally, the optical con-
stants of the materials should be such so as to ensure high
reflection coefficients in the required range of wavelengths
in the soft x-ray range. It is obvious that it is hardly possible
to satisfy all these requirements simultaneously. In the selec-
tion one should therefore try to satisfy at least the most im-
portant of these.

Experiments have shown that the approach to a ther-
modynamic equilibrium at the interface between two materi-
als can increase greatly the thermal stability of multilayer
mirrors. We shall discuss this problem in greater detail by
considering an Mo-Si mirror. A thermodynamic equilibri-
um at the interface between two phases is possible only if
these phases are neighbors in the phase diagram of the binary
system of alloys, i.e., if they are adjacent in the following
series of molybdenum-silicon compounds: Mo, Mo,Si,
Mo Si;, MoSi,, Si. Therefore, a thermodynamic equilibri-
um between pure Mo and Si is impossible, because Mo ad-
joins the silicide Mo, Si, and Si is next to the silicide MoSi, .
Moreover, formation of molybdenum silicides at the inter-
faces in an Mo-Si mirror is unavoidable.

The silicide MoSi, at the interfaces between the Mo and
Si layers had indeed been discovered under an electron mi-
croscope after annealing of an Mo-Si mirror at 700 K or
higher. Formation of molybdenum silicides increases con-
siderably the irregularities of the interfaces and destroys al-
most completely the reflectivity of Mo—Si mirrors. The ap-
pearance of the silicide MoSi, facilitates such layer
modification processes as migration of grains, dislocations,

Artyukov et al. 106




and other defects in polycrystalline Mo films and also crys-
tallization of amorphous Si films. Moreover, the specific vol-
ume of MoSi, is less than that of Mo and Si, so that the
annealing reduces the period of an Mo-Si mirror by 18%.

It follows from this discussion that mixing of the adja-
cent layers (i.e., degradation of a multilayer structure) can
be avoided if the pair MoSi, and Siis used instead of pure Mo
and Si. The former materials (MoSi, and Si) are neighbors
in the phase diagram and, consequently, the interface be-
tween them should be much more stable.

Itis, in fact, found that the reflectivity of MoSi,-Si mir-
rors falls only at temperatures exceeding 1000 K (Fig. 8).
Moreover, contrary to the behavior of a multilayer Mo—Si
structure, the reflection coefficient of an MoSi,~-Si mirror
(at A =0.154 nm) increases by a factor of about 1.5 as a
result of annealing at temperatures below 1000 K. In our
opinion this is due to a reduction in the height of the inter-
face irregularities. The use of annealing for smoothing out
the interfaces may prove particularly useful in the synthesis
of short-period structures. The change in the period of such
an MoSi,-Si mirror after annealing does not exceed a few
percent. Degradation of the MoSi,—Si structure at tempera-
tures above 1000 K is due to crystallization of amorphous Si
films, recrystallization of polycrystalline MoSi, films, and
transformation of MoSi, from the hexagonal to the tetra-
gonal structure. All these processes occur at high tempera-
tures and cause sintering of the MoSi, and Si layers, i.e., they
increased considerably the interface irregularities.

It follows that the much higher thermal stability of
MoSi,-Si mirrors compared with Mo-Si structures is the
result of an approach to thermodynamic equilibrium at the
interfaces between the two materials in each case. The maxi-
mum working temperature of MoSi,—Si mirrors exceeds
1000 K, which is much higher than that of Mo-Si mirrors
(up to 600 K).

Highly stable x-ray MoSi, -Si mirrors may replace Mo—
Si mirrors only if they have suitable optical characteristics.
A comparison of the theoretical maximum reflection coeffi-
cient R(A) and of the effective number of periods
Nz (1) ~A /AA that contribute to the reflection by Mo-Si
and MoSi,-Si mirrors was carried out for wavelengths
A > 12.4 nm using expressions from Ref. 38. It is clear from
Fig. 9 that in the range 4 > 15-20 nm the MoSi,-Si and Mo~
Si mirrors have practically the same values of R(1) and
N (4). Only near a jump in the photoabsorption of silicon
(at A =~12.4 nm) do the Mo-Si mirrors exceed the MoSi,-Si

R,°/a Ne_ff
80K~ 40
N\

FIG. 9. Maximum attainable reflection coefficients for normal incidence
in the long-wavelength part of the soft x-ray range (continuous curves)
and effective number of periods contributing to reflection (dashed
curves), obtained for Mo—Si (/) and MoSi,-Si (2) mirrors.
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FIG. 10. Maximum attainable reflection coefficients for normal incidence
of soft x-ray radiation on TaC-C (/) and HfC—C (2) multilayer mirrors.
For comparison, the figure includes the R(4) curve for an Hf-C mirror
(3), which was close to curve 2.

structures in reflectivity and the difference is 10-20%.

Experimental determination of the reflection coeffi-
cients of MoSi, ~Si and Mo-Si mirrors in the soft x-ray range
had been made for the normal-incidence case by the method
described in Ref. 43. The period of both mirrors was 7.5 nm
and the number of periods was 40. The measured reflection
coefficients were found to be 35% for an Mo-Si mirror (at
A = 14.3nm) and 52% for an MoSi,-Si mirror (at A = 14.5
nm). This was evidence of much smoother interfaces in the
case of the MoSi, -Si structure. Annealing of the MoSi,-Si
mirror at 500 K for 1 h did not change the reflection coeffi-
cient.

It was thus found that the optical parameters of the
MoSi,—Si mirror satisfied the requirements for practical use
in both respects: the value of the reflection coefficient and
the thermal stability.

Similar results were reported for multilayer WSi, -Si
and WC-C mirrors when once again the material pairs were
selected allowing for the requirement to approach a thermo-
dynamic equilibrium at the interfaces between the layers. In
our opinion, an even higher thermal stability can be expected
of HfC-C and TaC-C structures. Moreover, these two pairs
are not only in a thermodynamic equilibrium with one an-
other, but also have very high melting points. The reflection
coefficients calculated in the soft x-ray range for the HfC-C
and TaC—C mirrors are shown in Fig. 10.

The selection of the pairs of materials for the synthesis
of multilayer x-ray mirrors, based on the principle of attain-
ment of a thermodynamic equilibrium at the interface be-
tween the media, makes it possible to increase considerably
the thermal stability of the mirrors by reducing the destruc-
tive influence on a multilayer structure of such factors as the
diffusion and formation of chemical compounds at the inter-
faces between the layers.

We can therefore assume that the radiation loads on
multilayer x-ray optical components are not a serious obsta-
cle to the development of projection x-ray lithography. Ad-
ditional investigations may be needed in order to determine
the time stability of multilayer mirrors, which is important if
the x-ray optical components are to be made on a mass scale.

6. PROGRAM FOR NUMER!CAL MODELING OF RAY PATHS IN
SOFT X-RAY OPTICS

Calculation and analysis of the distortions contributed
by different optical systems is one of the main tasks in geo-
metric optics. It is a relatively simple task to estimate the
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distortions caused by diffraction of radiation by finite nu-
merical apertures, whereas calculations of geometric aberra-
tions are difficult and time-consuming. This is true also of
the optical systems for the soft x-ray range.

The low reflection coefficient of soft x-ray radiation of-
ten makes it necessary to use strongly nonparaxial systems
and low grazing angles. The geometric aberrations can be
reduced by employing systems with several reflecting sur-
faces of the Wolter, Baez, Schwarzschild, and other types.
The tasks of altering the direction of synchrotron radiation
and concentration of soft x rays can be performed effectively
by rotatable x-ray mirrors utilizing the whispering gallery
effect and involving a large number of reflections.

Time-consuming analytic calculations which are in-
volved when dealing with such systems can be avoided and
their dominant characteristics can be found simply and effi-
ciently by relying on programs for numerical modeling of
ray paths. An important circumstance in the x-ray range is
that programs of this kind can be used to model the scatter-
ing of radiation by surface irregularities.

It should be pointed out that there are two approaches
to the writing of programs for numerical modeling of ray
paths. The first is the deterministic approach and it involves
attribution to each ray of a specific amplitude, which
changes as a result of passage through the optical system.
The process of reflection together with a change in the direc-
tion of propagation of a ray includes also a change in the
amplitude W: W = WR(8), where R(9) is the reflection co-
efficient at the point of incidence of the ray. The advantage of
this approach is the simplicity of description and the absence
of a statistical indeterminacy. However, the latter is also a
shortcoming: the deterministic approach is unsuitable for
the description of scattering of radiation by surface irregu-
larities.

From the latter point of view a more promising and
complete is the probabilistic approach: all the rays traveling
in an optical system are assumed to have the same amplitude
of unity and the ‘‘ray lifetime” is considered from the point
of view of probability: the probability of the appearance
(“birth”) of a ray is considered at a given point of a source
along a given direction, the probability of specular reflection
or scattering is then analyzed, etc.

In the probabilistic approach the radiation from a
source is modeled by a probability density function
p(x,3,2,2), where x, y, and z are the coordinates of the point
in a source from which a ray is emerging and a specifies the
direction.

The reflection of a ray is described as follows. Let R(8)
be the reflection coefficient for a ray incident at an angle &
and £, be a random quantity distributed uniformly in the
interval [0, 1] and found by a suitable random number gen-
erator for each reflection. The amplitude of a specularly re-
flected ray is then W=1 for R(8)>£, and W=0 for
R(0) < &.. The second case, when W = 0, corresponds to
extinction (“death”) of the ray. The use of the probability
density function corresponding to a given scattering indica-
trix I(6,) makes it possible to describe the scattering of
radiation on irregularities of the reflecting surface by the
probability p(0,@) «< I(6,p).

The shortcomings of the probabilistic approach are the
need to use a large number of rays to ensure an insignificant
statistical error (because the relative error in the determina-
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tion of the minimum element of an image is An/n =n—'72,

where n is the number of rays defining this element) and the
difficulties encountered in the determination of the neces-
sary probability density functions. A file of programs, writ-
ten and tested at the Lebedev Physics Institute, is based on
this probabilistic approach. We shall now consider the use of
these programs in greater detail.

A radiation source is represented by a thin disk or a
geometric point emitting isotropically forward half-space.
The programs allow for the possibility of an off-axial posi-
tion of a source and also for the matching of the angle of
emission from the source to the entry aperture of an optical
system in order to increase the efficiencyof illumination. A
shift of a point source makes it possible to analyze the resolu-
tion in the object field and, in the case of a source of finite
dimensions, to obtain real characteristics of its image.

In this file of programs the reflection is modeled ignor-
ing the scattering, but a real reflection coefficient is found
using the Fresnel formulas. The direction vector a of the
reflected ray is found from a = a;, + 2(a,,n), where a, is the
direction vector of the incident ray and n is a unit internal
normal to the surface at the point of incidence of the ray. The
presence of shadow and open stops is allowed for in these
programs.

A wide range of problems can be tackled when the re-
sults of the numerical modeling of ray paths are outputted
using four different methods.

1. In the first method the plane of a screen or a target is
split into a rectangular network of cells. The program gives
the number of rays n(x,y) reaching each cell. The function
n(x,y) obtained in this way represents the distribution of the
radiation flux over the screen area and it is then displayed as
a surface (Fig. 11) or used in tables.

2. In the second method the points of intersection of
rays with the plane of a screen are determined. A set of such
points makes it possible to judge visually the distribution of
the flux density (Fig. 12). This is particularly convenient by

b

FIG. 11. Distribution of the flux density over the area of a target: the
image of a point source is formed by a stopped-down spherical mirror at
different displacements of the source from the optic axis in the case of
smaller (a) and larger (b) diameters of the stop.
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FIG. 12. Positions of rays in the target plane.

way of illustration and in a qualitative estimate of the results.

3. In this case the projections of rays are imaged graphi-
cally on an XZ or YZ plane (Fig. 13), which reveals conve-
niently the characteristics of the caustic and makes it possi-
ble to determine more accurately the position of the image
plane.

4. In the fourth method, suitable for axisymmetric sys-
tems, the dependence of the flux density g(r) on the distance
rfrom the center of a screen (axis of the system) is plotted as
shown in Fig. 14, which makes it possible to reduce the sta-
tistical error.

This file of programs was used specifically to determine
and analyze the resolution and the caustics of x-ray optical
systems for projection lithography (Figs. 11 and 13) and the
homogeneity of illumination of a sample using collimating x-
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FIG. 13. Ray paths near the target plane.
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FIG. 14. Radiation flux density g(#) on a target plotted as a function of
the distance.

ray concentrators (Figs. 12 and 14). This made it possible to
investigate the properties of a large class of optical systems:
paraxial and experimental optics, grazing-incidence mirror
systems with one or several reflections, rotatable mirrors uti-
lizing the whispering gallery effect, etc., with any number of
optical components.

Further developments of this file of programs may oc-
cur along the following directions: 1) the main advantage of
the programs for numerical modeling of ray paths—which is
the ability to describe relatively simply the operation of opti-
cal systems—makes them suitable for numerical experi-
ments which should yield direct images of complex objects
and facilitate the optimization of the experimental condi-
tions; 2) the use of the probabilistic description makes it
possible to allow for the influence of the scattering of radi-
ation by irregularities of the reflecting surfaces on the imag-
ing and concentration performed by x-ray optical systems.

CONCLUSIONS

Optics has enriched x-ray lithography with two new
possibilities: lithography with reduction by x-ray optical sys-
tems and lithography utilizing reflecting templates. The
foremost task in the design of efficient systems and appara-
tus for projection x-ray submicron lithography is the con-
struction of high-quality x-ray optical components and ob-
jectives. The long-term stability of mirrors against the effects
of a plasma and x rays has not yet been investigated suffi-
ciently thoroughly and will present a problem in future. In
addition, the potential industrial use of projection x-ray lith-
ography equipment will depend on such factors as the pro-
ductivity, reliability, and service life of an x-ray source. Nev-
ertheless, the development of x-ray optics and improvements
in the technology of fabrication of x-ray mirrors open up new
vistas of extensive use of point sources in x-ray lithography.
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