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High-gradient aspherization of substrates with thin-film Al/Si coatings
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The paper discusses the issues of film aspherization. A multilayer Al/Si structure has been proposed as an
aspherizing coating. It was applied to a spherical surface. By selecting the ratio of materials in the period, a
state was searched in which stresses in the multilayer structure were minimized. At the same time, the period of
the structure of 9—10nm corresponds to the mirrors of normal incidence for the wavelength range of 17—19nm,
which are of interest to solar astronomy. Using precision shaped diaphragms, an aspherical coating profile with a
maximum height difference of ~ 1.3 um microns was formed between the magnetron and the substrate.
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Introduction

The issues of aberrations and their minimization are
of fundamental importance for optical systems of imaging
optics. The mirrors of optical circuits should have an
aspherical surface shape rather than a spherical one due
to the presence of spherical aberrations. The presence
of aberrations affects the resolution of the optical device,
which includes considered elements. This effect can be
illustrated by the example of mirrors for orbiting solar
telescopes TEREK (1988) [1], TEREK-K (1994) [2,3],
SPIRIT (2001) [4] and TESIS (2009) [5,6].

The TEREK space telescope used spherical mirrors. The
angular resolution was 10arc.sec. (corresponding to a
linear resolution over the Sun’s disk of about 10 thousand
kilometers). The TEREK-K space telescope already uses
aspherical toroidal mirrors. The resolution was 5 arc.sec.
Aspherization of the mirrors to the shape of a paraboloid
of rotation made it possible for the SPIRIT telescope
to achieve an angular resolution of 3arc.sec. and for
the TESIS telescope — 1.7arc.sec. (corresponding to
a linear resolution over the Sun’s disk of the order of
1 thousand kilometers). Thus, the aspherical shape of the
mirrors of imaging optical systems significantly increases
the resolution and, one can say, is a necessity.

Only spherical blanks are produced when machining
substrates with acceptable accuracy. They can be formed
into an aspherical shape in two ways. The first technique
involves etching of the surface of a spherical billet with
accelerated ion beams [7]. In this case, areas that protrude
above the desired profile are removed from the surface of
the optical element. The second approach is the vacuum
deposition of a thin-film coating. It was used, for example,
to create aspherical mirrors of the SOHO solar telescope [8].
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Each of these methods has advantages and disadvantages.
For instance, the ion beam etching forms a blank without
application of additional materials to its surface. Such a
substrate can then be subjected to chemical treatment (for
example, to clean the surface of dirt) no risk of destruction
or damage to the aspherizing coating. At the same time,
there are a number of materials (for example, beryllium)
whose surface cannot be treated with ion beams without
development of roughness [9]. Then the natural solution is
to apply the film aspherization technique.

This raises the question of choosing aspherizing coating
materials. They should, first, have good adhesion to
the substrate material to prevent the coating from peeling
off from the substrate. Second, aspherizing films should
maintain a low surface roughness. The latter requirement
is associated with the need to subsequently apply a multi-
layer reflective coating to the substrate. The roughness of
the substrate and the reflective coating should have low
values of no more than a few angstroms to ensure high
X-ray reflection coefficients.

An aspherizing boron-based coating was proposed
in Ref [8]. Its thickness was 350nm. It was also noted
that when the boron film exceeds the thickness of 300 nm,
it begins to peel off from the substrate. The authors applied
an additional layer of tungsten for better adhesion of the
boron film to the substrate.

A multi-layer aspherizing coating based on Mo/Si [10]
was proposed for the mirrors of the SPIRIT telescope.
Since the reflective coating was also a Mo/Si multi-layered
structure (MLS), but with a different period, this resulted in
a simplification of the technological process. The thickness
of the aspherizing film was about 300 nm.

However, the Mo/Si MLS used in this case has a number
of significant drawbacks. Firstly, unaccounted for internal
coating stresses which are quite significant reaching several
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hundred MPa as shown in Ref. [11], will inevitably lead
to distortion of the final shape of the mirror surface. It
is estimated that the deformation of the substrate in this
case can reach 20—30nm. These values significantly exceed
the Marechal criterion for diffraction quality optics: shape
deviations from a given surface of not more than 1/14.
A = 2—-30nm in the case of optics in the X-ray and vacuum
ultraviolet wavelength ranges. Stress-free (with zero internal
stresses) state of the Mo/Si film is possible only at a
significant thickness of molybdenum, which is accompanied
by the development of roughness [12]. Secondly, there
is no selective chemical etchant for Mo/Si that does not
simultaneously destroy the surface of a quartz or silicon
substrate. Thus, it is not possible to restore the substrate
in the event of an unsuccessful synthesis process (remove
deposited materials from it without consequences for the
optical surface).

The authors replaced the Mo/Si MLS with an alternative
Cr/Sc structure. They selected the ratio of Cr and Sc,
which provides compensation for internal reflections. The
substrate roughness did not develop with the deposited
film. In addition, Cr/Sc dissolves in a weak solution of
hydrochloric acid without any consequences for the quartz
or silicon surface, i.e. an aspherizing coating based on Cr/Sc
simultaneously acts as a sacrificial layer when it is necessary
to restore the substrate. The total range (difference between
maximum and minimum) of the aspherizing film heights
was 130 nm.

The film thickness was at the level of 0.1—0.3 um in all
film aspherization examples described above. We studied
materials for higher gradient aspherization (with a height
difference of more than 1 um) in this paper. The following
requirements were applied to all of them:

a) maintaining a low surface roughness;

b) stress-free state;

¢) high film growth rate.

Al/Si MLS is proposed as the basis for aspherizing
coating. First, the aluminum sputtering coefficient, and
hence the film growth rate, is high. Secondly, it is known
from previous studies in Ref. [13] that the Al/Si MLS has
a low interlayer roughness (at the level of 0.6 nm), ie., it is
possible to expect a corresponding surface roughness.

Another important advantage of the Al/Si MLS over other
aspherizing coating compositions is the possibility of using it
as a reflective coating for the wavelength range 17—19 nm,
ie. it will be possible to limit the use of two magnetron
sources such as with aluminum and silicon targets when
fabricating aspherical mirrors optimized for this range.

Internal stresses in Al/Si films have not been studied
before.

Figure 1 shows the calculated dependence of the film
coating thickness on the radial coordinate of a substrate
with a diameter of 110 mm.

The maximum film thickness D = 1332nm is 38 mm
from the center of the substrate. The thickness decreases to
422 nm at the edge of the central hole. The thickness drops
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Figure 1. Experimental distribution of the thickness of the
aspherizing coating as a function of the radial coordinate of the
substrate.

to 24nm at the edge of the substrate. This is a significant
gradient. Such values have not yet been achieved in practice.

1. Experimental method

Film aspherization is achieved by depositing a thin film
with a thickness variable over the substrate area on the
substrate surface. Deposition methods, generally speaking,
can be different. The magnetron sputtering method is the
simplest method in terms of precise control of the thickness
distribution. At the same time, it is poorly suited for sputter-
ing dielectric materials because the direct current sputtering
of such targets is impossible in principle, and sputtering
in a high-frequency discharge has low film growth rates.
Accordingly, these rates make it difficult to obtain coatings
with large (in units-tens of micrometers) thicknesses and,
accordingly, thickness differences. Sputtering of dielectric
targets with a neutralized ion beam can be considered as an
alternative to high-frequency discharge.

The above methods were combined in the magnetron
and ion-beam sputtering system for multilayer structures
designed and created by IPM RAS [14].

The working chamber is a cylindrical volume with a
height of 500 mm and a diameter of 800 mm. Magnetron
sources are evenly distributed along the perimeter of the
bottom of the working chamber. They are sources of the
planar type. The magnetic field of the arched configuration
contributes to the formation of an annular erosion zone
on the target surfaces (the inner diameter of the ring is
95 mm, the outer diameter is 115mm). This configuration
allows for simple application of coating on substrates
with a diameter of up to 120mm with an uniform or
predetermined distribution and the coatings can be applied
on substrates with the diameter of up to 200 mm with the
use of a number of process techniques.
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Magnetron power sources are stabilized DC units de-
veloped by IPM RAS. They allow varying the discharge
current within 100—2000 mA at voltages from 100 to 500 V.
,Balzers* units with a frequency of 13.56 MHz are used
for high-frequency sputtering of targets. Typical values
of electrical power are in the range of 150—250W in
the synthesis process.

Figure 2 shows the installation diagram For a better
understanding of the technological process (without ion
sources, since only magnetron sputtering was used in the
work).

The substrate is mounted with the working surface facing
down on a rotating disk located above the magnetrons.
When the disk rotates, the substrate passes over the working
magnetrons. This allows applying layers sequentially one
after the other. A full period of the structure is sputtered
out in one complete rotation of the disk. By changing the
speed of the substrate passage (the angular velocity of disk
rotation) over the magnetrons, it is possible to adjust both
the ratio of layer thicknesses in the period and the value of
the period itself.

The characteristic film growth rates for magnetron sput-
tering at direct current are 0.1—1nm/s, depending on the
target material and on the electrical power applied to it.
These rates are 5—10times lower for a high-frequency
discharge. The growth rates of Si and Al films were ~ 0.14
and 0.55 nm/s, respectively, in our experiments.

The cycle of work for creating a multi-layer coating
includes a procedure for ensuring the necessary distribution
of the thickness of the layers of sprayed materials over the
substrate area. Shaped precision diaphragms are located
above each magnetron to ensure either uniformity or a
given distribution of the coating over the substrate area. By
changing their shape, it is possible to control the distribution
of the flux density of the substance entering the substrate.
The accuracy of controlling the period distribution over the
mirror area is of the order of 0.5% of the period value.

Such shaped diaphragms were used for aspherization
of films of the mirrors of the SPIRIT and TESIS solar
observatories. It is important to note that the technology

Substrate |

Target -

Magnetron—

Pumping

!
Cooling system

Figure 2. Magnetron sputtering installation diagram.
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allows ensuring differences with a large range of heights.
The thickness of the coating over the substrate area can vary
by an order of magnitude at distances of tens of millimeters.
It is difficult to ensure such a sharp height difference within
units of millimeters by other methods.

The procedure for creating a given material thickness
distribution is iterative. At the first stage, MLS is deposited
on super-smooth silicon wafers fixed on a metal surface with
a radius of curvature equal to that of the working substrate.
After sputtering, small-angle X-ray diffraction measurements
are performed on a Philips X’Pert PRO diffractometer
(Philips Analytical, the Netherlands). Measurements and
subsequent processing of the results of small-angle X-ray
diffraction using the program ,,Multifitting” [15] allows de-
termining most of the MLS parameters (period, individual
material thicknesses in the period, roughness, etc.). The
obtained real thickness distribution over the substrate area
is compared with the calculated one. If necessary, the shape
of the precision diaphragms is corrected and re-sprayed
with subsequent measurements. The final stage involves
sputtering of the ,,working™ structure onto the ,,working"
substrate.

It is important that the aspherizing coating has a
minimum value of internal stresses S (stress). It is
necessary to adhere to the generally accepted terminology
for unambiguity. Stresses in a film (solid or multi-layered)
can be tensile, when the film seems to try to contract on the
substrate — the force counteracts compression, ,stretches™
film and is directed from the center of the substrate to
the periphery. In this case, it is customary to assign the
sign ,plus® to S. Stresses can also have a compressive
character when forces are directed from the periphery to
the center. Then it is customary to talk about negative
stresses and assign ,minus® to S. The film + substrate
system has a concave character with the sign ,,plus™ it has a
convex character with the sign ,,minus® with the film curved
outwards.

The most obvious methods for measuring stresses are
based on the following property. The substrate will bend
if the film is deposited in a stressed state on the surface
of the substrate. This bending can be measured, and
the corresponding stress is calculated from the results of
measuring the curvature of the system using the Stoney
formula [16]:

s — E dszubstr ( 1 _ 1 ) (1)
6(1 - U) dim  \ Rafter Roefore ’

where E and v is the Young’s modulus and Poisson’s ratio
of the substrate material, dg,pstr and dgyy, is the substrate and
film thicknesses, Rpefore and Rafer are the radii of curvature
of the substrate before and after film deposition.
Otherwise, the methods differ only in the approaches
to determining the radius of curvature of the substrate.
For an overview of these methods, see [17]. The radii
of curvature of the substrates in our experiments and
consequently the internal stresses were determined using
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of the reference surface embedded in the interferometer.
Measurement on an interferometer allows determining the
deviation of the profile of the measured substrate from the
profile of the reference. The transmission reference plane
acts as a reference, the size is about 100 mm, the reflection
coefficient is 4%, the shape accuracy is better than 1/20,
A = 555nm. The stated absolute error of determining the
profile using this device is 10 nm.

Surface roughness was estimated using a specialized
test bench based on atomic force microscope Ntegra
(NT-MDT) [19].

The shape of the substrate surface after the film aspher-
ization procedure was studied using an interferometer with
a diffraction comparison wave [20], built on the basis of
a unique reference spherical wave source — narrowed to
sub-wave dimensions of an optical fiber.

2. Results and their discussion

Before proceeding to the procedure of forming an as-
pherization profile, it is necessary to determine the optimal
parameters of the structure from the point of view of
internal stresses. More precisely — the ratio of materials
in the period. A number of Al/Si structures with 40 periods
were synthesized for this purpose. MLS differed in the ratio
of materials in the period. On average, the selected structure
periods are about 9—10nm. These values correspond to
multilayer normal-incidence mirrors for the spectral range
of 17—19nm.

This range is of interest for problems of solar astronomy.
The lines of radiation of FeIX-FeXII ions formed at a plasma
temperature of 1.3—1.6 MK fall within this range. Multi-
layer mirrors based on Al/Si in the considered spectral range
have a high spectral selectivity of A2 = 0.4nm [13]. This
property makes them promising for solving spectroscopic
problems of solar physics. Since solar telescopes belong
to imaging systems, it becomes very important to take into
account internal stresses that lead to elastic deformations
of substrates, so the results of our study are important not
only for aspherization problems, but also for creating solar
telescopes focused on the spectral range 17—19 nm.

Figure 3. Dependence of internal stresses in multilayer Al/Si films
on the value 8 = d(Si)/d.

The following table shows the results of a series of
experiments with MLS having a different ratio of materials
in the period. Here d — period of the structure,
B = d(Si)/d — fraction of the silicon layer in the period,
S — internal stresses in the film, o.¢ — surface roughness,
oAl — interlayer roughness at the Si-on-Al interface, og; —
interlayer roughness at the Al-on-Si interface.

Figure 3 graphically shows the dependence of internal
stresses on the value 8 for greater ease of perception.

Internal stresses of the Al/Si MLS are compressive. A
close to linear relationship is observed in the range of
values from 0.20 to 0.68. It is possible to expect that the
value of s will be close to zero at 8 = 0.15, but in practice
an inflection and an increase of compressive stresses is
observed. The lowest value of s = —39MPa is observed
at f = 0.20.

It is interesting to note that the maximum reflectivity of
the Al/Si MLS falls on the value 8 = 0.50 according to
the data provided in Ref [13]. s = —322MPa is a rather
significant value in this case that can lead to significant
elastic deformations in accordance with Fig.3 and the table.
This circumstance should be taken into account when
fabricating mirrors for solar telescopes. The method of
deposition of ,anti-stress* multilayer coating can be applied
for compensating deformations caused by Al/Si MLS. It
should have a tensile character of internal stresses. A Cr/Y
film with a higher proportion of chromium in the period
may be suitable as such an MLS [13].

Let us suppose that we need to compensate for deforma-
tions caused by an Al/Si mirror with a value S = —322 MPa,
a period of 9nm, and a number of periods60 (the total
coating thickness is 540 nm). It is possible to use the Cr/Y
structure with the chromium thickness in the period of
3.3 nm, and scandium thickness in the period of 2nm in
accordance with the data provided in Ref. [13]. In this case,
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S = +600MPa. 55 periods of such a Cr/Y MLS will be
required for compensation.

It is noteworthy that the sub-nanometer value of the
surface roughness is at the level of 0.8 nm for all studied
samples. The difference from this value of interlayer
roughness (from 0.6 to 0.9nm) can be explained by its
corresponding character as the interlayer roughness consists
of geometric roughness and mixing of materials at the
interfaces. It is possible to conclude based on the above
dependences that it is mixing that increases with a decrease
of B, and the geometric roughness remains approximately at
the same level.

It is important to note that a certain increase of surface
roughness takes place in the case of a noticeable increase of
the number of periods (to achieve a given value of aspher-
izing coating). In particular, the value of oer = 1.5nm was
observed in the experiment for a structure with 8 = 0.30
and 300 periods, while the interlayer roughness remains at
0.9nm. However, the reflection coefficient at a wavelength
of 17.7 nm will decrease from 40 to 24% if an Al/Si mirror
with a period of 9nm is applied to a surface with a
roughness of not 0.8, but 1.5nm.

It follows from the above dependences that the minimum
value of internal stresses has a structure with the value of
B = 0.20. This composition was chosen for the creation of
the aspherizing coating.

Since the synthesis of a full-fledged film with a maximum
thickness of the order of 1.3um takes up to two full
working days, the profile of the aspherizing coating was
derived with structures of much smaller thickness (with a
number of periods of 30 and a total thickness of about
300nm). To compare the obtained values of the film
thickness distribution with a given profile, they (coating
thicknesses and a given profile) were normalized by one and
compared on one graph. An example of such a comparison
is shown in Fig. 4.

-a Designed normalized profile
- —0— Intermediate distribution profile

1of
09}
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Figure 4. Example of comparison of the thickness of an
aspherizing coating and a given profile.
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The deviation of the obtained distribution profile from
the specified one was analyzed based on these data. The
precision orifices expand at the point where the resulting
profile goes below the specified one, and vice versa. As a
result, a configuration of precision diaphragms was obtained,
ensuring a thin-film coating profile close to the specified one.

At the final stage, an Al/Si multilayer structure with a
number of periods N = 160 was deposited on a concave
spherical substrate with a diameter of 108 mm and a surface
radius of curvature of R = 266.6 mm, ensuring a maximum
coating thickness of 1332 nm.

Figure 5 shows the initial (before aspherization) profile of
the surface deviation from the sphere (a) and the resulting
(after aspherization) profile (b).

The exact value of the height span is 1.566 um according
to the map in Fig. 5, b. It should be noted that the deviation
of the initial profile from the sphere was about 0.24 um
without taking into account small edge areas. Thus, it was
possible to obtain a surface profile close to the specified
one.

Conclusion

Multilayer Al/Si films with a period of about 9—10nm
and a different ratio of material thicknesses in the period
were examined in the result of the studies. The values of
internal stresses were determined. It was demonstrated that
the lowest value of —39MPa is achieved with the silicon
layer share in the period of 0.20. The internal stresses
will be about —300MPa for a structure with parameters
optimized for maximum reflectance in the spectral range
17—19 nm.

The values of surface and interlayer roughness were
determined. They are important to keep in mind for
the subsequent deposition of a reflective coating on the
surface of the aspherizing film. The surface roughness of
the Al/Si structure with 40 periods is about 0.8 nm, while
the surface roughness of the structure with 300 periods
increases to 1.5 nm.

A method of film aspherization using an Al/Si MLS with
a minimum value of internal stresses and with a height range
up to 1.3 um was developed.
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