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Diamond-carbide-silicon composite ,,skeleton”“ as a promising material

for X-ray optical substrates
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The paper proposes the use of diamond-carbide-silicon composite ,,Skeleton“® coated with amorphous silicon
as substrates for multilayer X-ray mirrors for powerful synchrotron radiation sources (3+ and 4th generation). The
surfaces with the following parameters were obtained using standard deep polishing methods: flatness at the level
of RMSyg, = 54.2 nm; effective roughness oy ~ 1.0 nm; high-frequency roughness 02x2 ~ 0.1 nm.
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Introduction

With the development of powerful synchrotron radiation
sources (3+ and 4th generation), as well as free electron
lasers [1-3], the problem of precision X-ray optical elements
resistant to large (up to several kW) radiation and thermal
loads has become acute. Currently, it is believed that
single-crystal silicon can be considered primarily as a
substrate material for mirrors operating under such powerful
radiation beams [4-6]. Other materials, including silicon
carbide and metals (copper, aluminum, beryllium), are
significantly inferior to it in terms of their thermal and
physical characteristics [7,8]. Monocrystalline diamond
has the best characteristics for these properties, however,
due to the complexity of obtaining this material with
dimensions of tens of centimeters, it is mainly used as
crystal monochromators, X-ray beam splitters and refractive
lenses [9-11], but not as substrates for multilayer X-ray
mirrors.

As for the surface roughness of monocrystalline silicon,
there is currently a proven polishing technique that provides
a surface roughness at the level of 0.1 nm [12], but significant
difficulties arise with shaping. Silicon, as a rule, is processed
on an ultra-precision micro milling machine with a diamond
cutter [13-15]. This technology is quite well developed, but
has a number of disadvantages. First of all, it is the forming
near-surface disturbed layer and increased roughness, in
particular, furrows are formed with a cutter pitch [13,14].
These defects are removed by chemical-dynamic etching,
however, with this method of processing, the surface shape
parameters often degrade.

As an alternative to crystalline materials, primarily
monocrystalline silicon, a diamond-carbide-silicon (DCS)
composite ,,Skeleton“® [16] can be considered. The DCS
structure ,,Skeleton“® is formed by diamond grains bound
into a single composite by a silicon carbide matrix. The ma-
terial is inferior in its physico-mechanical and thermophys-
ical properties only to monocrystalline diamond, however,
it allows forming a workpiece of almost arbitrary sizes and
shapes (,,net-shape”“-technology, due to the implementation
of chemical reactions in the volume of the workpiece). Thus,
the production technology makes it possible to produce,
among other things, a developed back side of the substrate
to increase heat transfer during liquid cooling. The use
of this material as substrates for X-ray optical elements
operating under powerful synchrotron radiation beams can
make it possible to switch from monocrystalline materials
that are difficult to process to the traditional technology of
finishing shaping and polishing used on amorphous blanks,
such as fused quartz, Zerodur, sitall, etc. This approach
combines mechanical lapping and grinding-polishing, as well
as finishing ion-beam correction of local shape errors.

As part of this study, the certification of surfaces obtained
during machining was carried out and the prospects for the
use of substrates based on DCS ,,Skeleton“®) as substrates
for X-ray optical applications were evaluated.

1. Measurement procedure

The surface roughness was certified using the atomic
force microscope (AFM) Ntegra Prima (NT-MDT). The
photographic image of the stand is presented in Fig. 1.
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Figure 2. Laser Interferometer ZYGO Verifier 4.

Frames from 2x2 were measured to 40x40 um. Based on
the measurement results, the PSD function (Power Spectral
Density) of the roughness was restored and the effective
roughness was determined by it. The PSD function —
the power spectral density function is determined by the
formula (1), and in fact is a roughness decomposition over
the frequencies of the spatial spectrum [17]:

PSD(v) = |F[z(p )], (1)

where z(p) — the height of the surface at the point

specified by the radius vector ( ﬁ), F — Fourier transform.
If L is the linear size of the scanning arca (AFM frame)
and N is the number of points (pixels), then the module of
the spatial frequency vector in which the PSD function is
calculated lies in the range from vpyin = 1/L t0o vmax = N/2L.

To switch to the language of roughness, the concept of
effective roughness (2) is used, which is an integral of the
PSD function in a certain range of spatial frequencies:

k= / PSD(v)dv. (2)

Vmin

In our case, the spatial frequency interval was
v €[2.5-1072-6.4-10' um~!].  This range covers the
entire spectrum of roughness with lateral dimensions from
40 um to 15nm, which affect both the imaging properties
of the optical element and the reflective characteristics of
multilayer X-ray mirrors.

Surface flatness measurements were investigated using a
ZYGO Verifire 4 laser interferometer (ZYGO Corporation).
The photo of the interferometer is shown in Fig. 2.

According to the measurement data, the surface parame-
ters were calculated: PV (Peak-to-Valley — span of heights
on the surface) and RMS (standard deviation of the surface
from the plane).

2. Measurement results

As experimental samples, 4 plates with a diameter of
40mm were proposed for the study, the composition of
DCS ,,Skeleton“®): diamond — 60 vol.%., SiC — 34 vol.%,
Si — 6vol.%. The high hardness and wear resistance of the
composite extremely complicate its mechanical processing,
including grinding and polishing. To solve this problem,
a thin (about 0.5mm) coating of amorphous silicon was
formed on substrates made of DCS ,Skeleton“®. This
coating lends itself well to polishing and, due to its small
thickness, should not reduce the thermal characteristics of
the substrate. Thus, the total thickness of the sample was
4.5mm. All samples showed similar parameters, both in
terms of surface roughness and flatness. Fig. 3 shows typical
AFM surface frames (sample SK2).

Fig. 4 shows the curve of the PSD function of the surface
roughness of the sample SK2, constructed according to
AFM measurements.

As you can see, there is a gap in the curves of PSD
functions constructed from frames of different sizes, which
is explained by a sharp increase in the roughness value
when scratches hit the frame with an increase in its size.
The integral value of the effective surface roughness was
oor = 0.8nm over the entire range of spatial frequencies
v €[2.5-1072-6.3 - 10! um~!]. The main contribution to
the roughness value is the presence of a large number of
deep (depth ~ 10nm) scratches, the areas between the
scratches (frames 2 x 2 um) show good surface smoothness
(022 ~ 0.1nm).

Fig. 5 shows the measurement screen from the ZYGO
interferometer.

The maximum height span was more than 0.75um,
with a root-mean-square error of the surface shape of
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Figure 3. AFM SC2 sample surface frames: ¢ — frame 2 x 2, b frame 10 x 10, ¢ — frame 40 x 40 ym.
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Figure 4. PSD-surface roughness functions of the SK2 sample, constructed from AFM data. oer = 0.8 nm.
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Figure 5. Results of measuring the shape of the surface of the SK3 sample. PV = 0.76 um, RMS = 104.3 nm.
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Figure 6. 90% of the sample surface SK3, PV90% = 287 nm,
RMS90% = 60.1 nm.

more than 100nm. The maximum ,blockage” in flat-
ness is observed at the edges of the sample, while in
the central region (90% of the surface level from the
maximum) the surface characteristics are much better:
PV90% = 287 nm, RMS90% = 60.1 nm, however, macro-
scopic defects (scratches, potholes) are manifested (Fig. 6).

The spread of parameters across all four samples
was:. Oer = 0.8—1.1 nm, PV90% = 240—-290 nm and
RMS90% = 50—60 nm. Such a small spread of surface
roughness and flatness parameters indicates a proven tech-
nology that allows to obtain surfaces with the parameters
indicated above.

Conclusion

The measurements carried out show high quality of high-
frequency roughness (0252 ~ 0.1nm), which is at the level
of values obtained on standard substrates for multilayer
X-ray mirrors made of materials such as fused quartz,
sital, ULE, Zerodur. However, the average frequency
roughness (0u9x40) is at the level of 1.0nm, which does
not allow using surfaces prepared using this technology
as substrates for multilayer X-ray mirrors. (The effec-
tive roughness in the entire range of spatial frequencies
v € [2.5-1072-6.3 - 10! um~!] should not be worse than
0.3nm.) The main contribution to the value of the rms
roughness of the mid-frequency range is made by numerous
scratches with a width of about 100 nm and a depth of up
to 10 nm.

The flatness of the surface is also noticeably inferior to the
parameters obtained using traditional optical technologies
(lapping allows you to obtain a surface with a height
difference of PV < 100nm and a standard deviation of
the surface shape from the plane / sphere RMS < 10 nm).
Nevertheless, the roughness values at the level of 1 nm allow
us to hope that the use of lapping methods with finishing
superpolishing developed in the work of [18], and precision

correction of shape errors, including ion-beam methods [19],
will allow to obtain roughness and flatness at an acceptable
level for X-ray optical applications.
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