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In this work, the refractive index of beryllium in the photon energy range 20.4—
250 eV was experimentally determined. The initial data include measurements
of the transmittance of two free-standing Be films with thicknesses of 70 nm and
152 nm, as well as reflectometric measurements of similar films on a substrate.
Measurements were carried out at the optics beamline of the BESSY II
synchrotron radiation source. The absorption coefficient § was found directly
from the transmission coefficient of the films, and the real part of the
polarizability § was calculated from the Kramers—Kronig relations. A
comparison is carried out with results obtained 20 years ago at the ALS
synchrotron using a similar methodology.

1. Introduction

Beryllium is an important material in X-ray optics, with high
transparency in several spectral ranges. It is widely used as a
material for: windows of vacuum chambers, as it allows for the
output of X-ray radiation; refractive lenses of synchrotron
beamlines, as it allows for flexible control over beam focusing;
and substrates for X-ray optical elements with high elasticity
and thermal conductivity with a small mass (Beguiristain et al.,
2002; Chkhalo, Mikhailenko et al., 2019; ESRF, undated). Be is
one of the few transparent materials in the extreme-ultraviolet
wavelength range (EUV) at energies below the K-absorption
edge of 111.75 eV. For this reason (and also due to its rela-
tively high melting point of 1278°C for the bulk material) it
can be used in absorption filters (Chkhalo et al., 2016) and as
a component of highly reflective multilayer mirrors for a
number of spectral ranges: W/Be mirrors for 0.67-3.12 nm
(Akhsakhalyan et al, 2019), Mo/Be for 11.4nm (solar
astronomy and lithography) (Bogachev et al., 2016; Montcalm
et al., 1998; Skulina et al., 1995), Mo/Be/Si for 13.5 nm (solar
astronomy and lithography) (Chkhalo, Gusev et al., 2017), Be/
Al for 17.1-19 nm and 30.4 nm and Be/Si/Al for 17.1-19 nm
(solar astronomy) (Chkhalo, Pariev et al, 2017; Chkhalo,
Lopatin et al., 2019), Ti/Be for 25 nm (Chkhalo et al., 1995),
and Be/Mg for 30.4 nm (solar astronomy) (Polkovnikov et al.,
2019). Knowledge of the optical constants (the real and
imaginary parts of the refractive index) is necessary to simu-
late the optical properties and to carry out reflectometric
diagnostics of Be-containing optical elements. The most
accurate experimental measurement of photoabsorption in
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thin Be films in the energy range 40-250 eV was performed
by Soufli et al. (1999); these data are available from the CXRO
database of optical constants (http://henke.lbl.gov/optical_
constants/). Prior to this, measurements were performed in the
vicinity of the Be absorption edge, 110-170 eV (Haensel et al.,
1970), at individual spectral points (Barstow et al., 1983), while
the remainder of the soft X-ray (SXR) and EUV ranges were
described by calculations (Henke er al, 1993). However,
the processing of experimental reflectometric curves often
revealed significant discrepancies from simulation results
using CXRO constants in the low-energy region, and in
particular those describing Be/Mg mirrors at a wavelength of
30.4 nm (40.78 eV) (Polkovnikov et al, 2019). The reasons
for the discrepancy may be incorrect assumptions about the
structure and chemical composition of the contaminated
surface layer, errors in the thicknesses and roughness of the
internal layers, or the difference between real and tabulated
optical constants. To exclude the last factor, we decided to
measure the refractive index of Be in the EUV and SXR
ranges, in a similar way to Soufli e al. (1999). Among other
things, the availability of an alternative dataset obtained by a
similar technique increases the reliability of the tabulated
optical constants in the selected energy range.

In this paper, we followed the methodology developed in
the works of Delmotte et al. (2018) and Soufli et al. (2019). The
thicknesses of the films and oxide layers were determined by
EUYV reflectometry and checked by transmission modeling.
The method of free-standing film transmission measurements
over a wide range of spectral wavelengths was chosen to
determine the optical constants, since in this case the inter-
pretation of the measurement results does not depend on the
quality of the interfaces of the films, and the effect of surface
contamination (mainly oxidation) can be compensated in a
very simple way.

2. Experimental section
2.1. Deposition of Be films

The Be films were deposited in a specially certified
laboratory at IPM RAS, since Be is a highly toxic material.
However, only Be dust constitutes a threat to human health,
and its effects are cumulative; according to sanitary norms,
storage, research and long-term operation with Be-containing
films are not harmful to human health, and these activities do
not require special precautions.

Deposition was carried out by direct-current magnetron
sputtering at the facility, pumped out to a residual pressure
of 4 x 107> Pa. The working pressure of argon during the
deposition was 0.11 Pa, and the chemical purity of Ar was
about 99.99%. The target materials were disks of diameter
150 mm and thickness 5 mm. The chemical purity of the bulk
Be target, according to specification, is 99% (in atomic
concentration). Main impurities are: O, 0.7%; C, 0.09%;
Fe, 0.04% (in atomic concentration). The process utilized
270 W of power for the Be target and 160 W for the Mg target.

The films were deposited on a Si wafer with a diameter of
100 mm, with a microroughness of less than 0.2 nm. Be was
sputtered on top of a 152 nm-thick magnesium sacrificial layer.
After deposition, the substrate was divided into several parts.
For the manufacture of free-standing films, the sacrificial
Mg layer was dissolved in acetic acid, while for reflectometric
measurements we used films on the substrate.

2.2. EUV and SXR measurements

Reflectivity and transmissivity measurements were carried
out in the EUV and SXR regions using at-wavelength
metrology equipment, with an 11-axis reflectometer end-
station on the optics beamline of the BESSY II synchrotron
radiation source (Schéfers et al, 2016; Sokolov et al., 2016).
The reflectometer is located at the end of the optics beamline
and is designed specifically for metrology of the optical
elements in the SXR and EUV ranges at working wavelengths.
The range of wavelengths available at this station is 0.62—
124 nm (10-2000 eV). The monochromatization of the beam
was carried out with a SX-700 monochromator with a
replaceable flat grating (which could be switched between two
installed gratings of 1200 and 150 lines mm ). The spectral
resolution E/AE = 2000-5000, the setting accuracy of the
wavelength was 0.02%, and spectral impurities were less than
0.01%. Polarization was variable, from linear to elliptical. The
energy scale was calibrated along the edges of the absorption
of thin-film filters and along the absorption lines of gasses.
To suppress high orders, a four-mirror system operating in
the field of total external reflection was used (a high-order
suppressor or HiOS). The reflectometer was equipped with
an 11-axis goniometer, with an angle setting accuracy of 0.02°.
The size of the incident beam in this experiment was about
0.6 mm x 0.25 mm (width x height). The active area of the
detector of 4 mm x 4 mm was sufficient to receive specular
reflection and most of the scattered part of the reflected beam.

Measurements of the spectral and angular reflection curves
from films on substrates were carried out with a grating of
1200 lines mm~'. The transmission coefficient of the films was
measured in the energy range 14-630 eV, but only part of this
range (20.4-250 eV) was used to extract optical constants; the
reasons for this are discussed below. For measurements in the
range 14-110 eV, a grating with 150 lines mm ' was used and,
for the range 36-630 eV, 1200 lines mm ™' was used. In the
intersection area, the data were stitched. Calibration was
performed at the absorption edges of the Al, Mg, Si, Be, B, Fe,
Ti, Cr and Cu thin-film filters. The HiOS mirrors used were
uncoated bulk Si or had a coating of C or AlF;; the grazing
angle for these was 3-40°, depending on the energy. Absorp-
tion filters were not used in the measurement process.

3. Beryllium thin films

The thickness of the Be films and the thickness of the BeO
oxide layer, which forms on the surface in normal conditions,
were determined from the results of measurements of the
reflection and transmission coefficients. The reflection curves
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Figure 1

Schematic structure of samples on substrates and free-standing films. The
Mg layer thickness shown here is nominal, and the thicknesses of Be and
BeO are determined according to the reflectometry of the samples on the
substrates and transmission measurements of free-standing films.

were measured for Be-on-Mg films on the substrate. Thus, the
study involved four samples, which are schematically shown
in Fig. 1. Samples marked PR150film and PR152film are free-
standing films corresponding to the PR150 and PR152 samples
after dissolving the Mg layer in an aqueous solution of acetic
acid. After dissolving the Mg layer, the Be films were caught
on frames with a through-hole of diameter 8 mm. As revealed
by subsequent measurements of the transmission spectra, no
jumps were observed in the region of the Mg L, ;-absorption
edges (49.5-49.9 eV), meaning that there was no residual Mg
on the free-standing samples.

The thicknesses of the ‘pure’ Be core layer and the natural
surface oxide BeO film were determined by reflectometric
reconstruction. Based on the results of reflectometric
modeling, it was found that the interlayer roughness in the
structures on the substrate was about 4.5 nm (the root-mean-
square value). This large value is apparently due to the

roughness growth in the thick ‘sacrificial’ layer of Mg. The
difference in the thicknesses of the Be layer for the samples on
the substrate and the free-standing films is associated with the
appearance of an oxide film on the reverse side. At nominal
densities of p(Be) = 1.848 g cm > and p(BeO) = 3 g cm >, the
formation of 2.6 nm BeO requires about 1.5 nm of ‘pure’ Be.
Hence, the Be layer between two BeO layers in free-standing
films is 1.5 nm thinner than the Be layer between BeO and Mg
in the films on the substrate.

Figs. 2(a)-2(d) show the angular and spectral reflectivity
curves for ‘thick’ (PR152) and ‘thin” (PR150) films with the
fitted model curves. The simulation was carried out using the
Multifitting software program (our development, in prepara-
tion for publication). Both samples were reconstructed
simultaneously, with the imposed condition that the thickness
and density of the BeO oxide layer were the same for both
films. Modeling the transmission curves of free-standing films
(firstly in the region of the K-edge of oxygen) with the same
oxide layer confirmed the consistency of the parameters used.

4. Transmittance of Be thin films

The transmission curves of free-standing PR150film and
PR152film were measured in the range 14-630 eV, as shown
in Fig. 3. However, due to the rapidly decreasing intensity of
the probe beam towards the region of low energies and the
increasing absorption of Be, the dynamic range of the optics
beamline endstation did not allow us to measure transmission
below ~107°. For PR150film, the smallest energy value at
which the signal noticeably exceeds the noise is 18.5 eVat T >~
45 x 1073, and, for PR152film, the lower bound is 20.4 eV
with T~ 9 x 10~* The main features of the curves are the
structures of the of Be K-, C K- and O
K-absorption edges. It is important to
note that, in spite of the fact that C and

O are present in the studied samples in
certain quantities, they are also present
on the surface of the optical elements of
the synchrotron beamline. Since this
spectrum is present in both the incident
and transmitted beams, the spectrum of
the beamline optics should be compen-
E sated after dividing the transmitted

signal by the incident signal. A neces-
sary condition for this is the mono-

chromaticity of the incident and
transmitted beam, i.e. low intensity of
high orders and scattered radiation.

E If the main diffraction order of the
grating falls within the region of strong
absorption, then, after the beam passes
the polluted beamline optics, the degree
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Figure 2

Angular and spectral reflection curves from films on substrates. In (@) and (b) the wavelength is

fixed; in (c) and (d) the grazing angle of the probe beam is fixed.

of monochromatization drops sharply,
and in practice the beam has significant
spectral impurities. The resulting trans-
mission spectrum of the sample in this
area is correspondingly distorted. In our
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Reduction in the signal at the detector when measuring the incident and
transmitted beams in the vicinity of the C K-absorption edge.

case, strong suppression of the main order by the beamline
optics occurs in the region of carbon absorption. Fig. 4 shows
the signal from the detector when measuring the spectrum in
the vicinity of the C K-absorption edge. The intensity of the
main diffraction order corresponding to the monochromated
beam decreases by a factor of ~10-200 in the region 280-
310 eV and exceeds the noise level by a factor of only 10-100.

Fig. 5 shows the ‘differential’ spectrum, which corresponds
to the amount of material (and its chemical composition) by
which the two free-standing films differ. This spectrum is the
ratio of the transmission spectra Tprisz/Tpriso. Since it is
assumed that the surface layers containing the majority
of the contamination are the same for both samples, this
‘differential’ film consists of ‘internal’ Be and has a thickness
d(PR152film) — d(PR150film) = 1502 nm — 68.7nm =
81.5 nm. As can be seen from Fig. 5(a), compared with the
spectra in Fig. 3(a) the edge of oxygen in the ‘differential’
spectrum has almost disappeared. This means that both the
PR152film and PR150film samples contain a small total
amount of oxygen throughout the entire thickness. Incomplete
compensation may be associated with the difference in the

amount of oxygen within the Be films of various thickness, and
is also possible due to slight differences in the thickness of the
surface oxides. Here we assume that the surface layers are
fully identical, and model the ‘differential’ spectrum together
with the individual spectra and reflectometric curves for both
samples. Assuming that the main impurities are carbon and
oxygen, the simulation showed that the chemical composition
of the film thickness is Be;C,O,, where x = 0.012-0.020 and y =
0.003-0.006, ie. 1.2-2% C and 0.3-0.6% O (atomic concen-
trations). The best-fit values of x and y are: x = 0.015, y = 0.004,
but C and O are intercorrelated in such a way that decreasing
of C can be compensated by increasing of O and vice-versa.
According to the specification of the Be target (where the
stated atomic concentration contamination of O is 0.7% and
of Cis 0.09%), we conclude that almost all of the carbon
contamination came to the Be film from the residual atmo-
sphere in the vacuum chamber. It is highly likely that the
direct source of carbon was the rubber seals and polymeric
thermal interface between target and cooling system. As for
oxygen, there can be two main sources of film contamination:
a contaminated target and residual water vapor in the
chamber.

The previously mentioned distortion of the spectrum in
the region 280-310 eV leads to the observed absorption level
in the region of the C K-edge being higher than the real
absorption associated with carbon impurities within the
sample. Due to this effect, a strong C K-edge is still observed
in the ‘differential’ spectrum, but transmittance modeling in
the region >310 eV does not show a significant amount of
carbon in the samples. Since the main goal of this work is to
determine the optical constants in the lower-energy region, we
used only the spectral region <250 eV for the reconstruction
of the refractive index, as this region does not contain strong
distortions such as an absorption structure artifact.

5. Determination of Be optical constants

The part of the ‘differential’ spectrum in the energy range
20.4-250 eV, as shown in Fig. 5, is the direct source of data
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for the imaginary part of the refractive index. The difference
spectrum is associated with the linear absorption coefficient of
Be, a, and the absorption of impurities, c,,,

T(E,x) = exp [ — x(x(E)] exp [— xac o, (E)], (@)
where a,, is considered to be known. We obtained 8 curves for
best-fit values x = 0.015, y = 0.004, and a set of curves for

x = 0.012-0.020 and y = 0.003-0.006, to show the uncertainty.
These data (for C and O absorption) are drawn from the
CXRO optical constants database (imaginary parts are down
to 10 eV). The thickness x = 81.5 nm is defined as the differ-
ence between the thicknesses of the studied samples,
PR152film and PR150film. In equation (1), the beam is
assumed to be monochromatic; when the high-order
suppression system based on four mirrors is taken into
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Figure 6

The absorption coefficient 8 obtained from the spectrum in Fig. 5 in accordance with equation (1),
and data from the CXRO database, on (a) a double logarithmic scale; (b) a linear scale; (¢) a linear
scale, zoomed beyond the absorption edge. The orange area shows the uncertainty (up to £5%)
associated with the C content in the range 1.2-2% and O in the range 0.3-0.6% (by atomic
concentration). The blue line for C, _ 0150y - 0.004 corresponds to the content of 1.5% C and 0.4% O
inside the Be film.

account, the contributions of the second
and higher diffraction orders can be
considered negligible in the target
range. The region in the vicinity of the C
K-edge, where the monochromaticity
condition is not satisfied due to
contamination from the beamline optics
and the strong absorption of the main
diffraction order, was excluded from
consideration. The refractive index n =
1 — § + i3, where the imaginary part § is
proportional

to «,

B(E) = Aa(E)/4. (@)

Depending on the proportion of C and
O in the film, an error bar for 8 was
obtained, as shown in Fig. 6 in orange.
The uncertainty associated with impu-
rities mainly affects the region up to the
absorption edge of Be, in the range 30-
111 eV. As can be seen from the figure,
all the main features of the absorption
curve obtained in the work by Soufli et
al. (1999) were also found in this study.
The differences are solely quantitative:
in the region of the beginning of the
absorption edge, i.e. 105.5-111.5 eV, the
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The total data set 8 used to calculate § with equation (3).

curve obtained in the present study has a much sharper
appearance, the absorption peak at 123.8-127.5eV is less
pronounced, and, in the range 20-28 eV, the values of 8 found
in the present work are 5-25% lower than those given in
CXRO.

The Kramers—Kronig relations connecting the real and
imaginary parts of the complex-valued function can be applied
both to the dielectric permittivity and to the refractive index
(Nussenzveig, 1972, pp. 17-19). Accordingly, the real part of
the polarizability can be found using the equation

oo

ey = -2 [ 2P e )

x| E?—-E2 :

0

Finding § in the range 20.4-250 eV requires B values for a
wide range of energies {Emin, Emax)> Fmin <K 20.4 €V, E . >
250 eV. The following datasets were used: in the range 0.02—
4.2 eV, data were drawn from Raki¢ et al. (1998) and Poly-
anskiy (undated), calculated using the Lorentz-Drude model;

for 4.2-20.4 eV, data were drawn from Palik (1991); for 20.4—

250 eV, the data obtained in the present work were used,;
for 250-5950 eV, data from CXRO were used; and for 5950—
432945 eV, data from Chantler et al. (undated) were used.
These sources were also used by Delmotte er al. (2018) to
obtain the optical constants for Cr and by Soufli ef al. (2019)
for Pt. The combined B curve is shown in Fig. 7.

The result of applying the Kramers—Kronig relation is
shown in Fig. 8. The difference in the experimentally deter-
mined curves for 8 due to uncertainty arising from impurities
does not have any noticeable effect on the value of §, and Fig. 8
therefore shows only one curve for the present study.

One of the criteria for the correctness of the found values
of B in a wide spectral range is the relation (Rodriguez-de
Marcos et al., 2016)

o0
4me,

No = [ E'pE)aE @)
7n, h”e?
0

where Neg = Z* = Z — (Z/82.5)*" is the effective number of
electrons in an atom, 7, is the atomic density of the material, m
and e are the mass and charge of an electron, respectively, & is
the electric constant, and # is Planck’s constant. For Be, Z =4,
and Z" = 3.999. The closer the value of N, found by equation
(4) to the value of Z", the more consistent the set of values of
optical constants. This relation is called the ‘sum rule’.

The effective number of electrons is calculated as N cxro
=3.955 using the CXRO data and N = 3.928 using the optical
constants B found in the present study in the range 20.4-
250 eV. The limits of integration, as used in equation (3), were
0.02-433000 eV. The uncertainty of the absorption coefficient
associated with the uncertainty of C and O impurities leads to
values for N in the range 3.925-3.931. This variation is
significantly smaller than the difference from N.gicxro, and
we can therefore assume that over the whole range of 20.4-
250 eV the CXRO data are more consistent with the
combined wide-range § set. However, we can find out which
particular sub-range introduces the greatest error in the
integral estimate. If, in the calculation, we take the value for
found in the present work only for the region 28-250 eV, and

—— CXRO —— this study/
05 T T T T T T T T 0025 T T v T T T
0.024 B
(a) (b)
0.4 4 -
0.014 -
0.31 E
0.00
O 0.2 -
-0.014 B
0.14 g
-0.021 E
0.0
-0.03 T T T T T T T T -0.03 T T T T T
20 30 40 50 60 70 80 90 100 110 100 125 150 175 200 225 250

Photon energy, eV
Figure 8

Photon energy, eV

Polarizability § as defined in this paper (blue curve) versus tabulated CXRO data (red curve); (a) long-wavelength and (b) short-wavelength energy

ranges are presented separately.
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use the CXRO data in the region 20.4-28 eV, then N = 3.969.
This means that in the 28-250 eV region the values we found
turn out to be more consistent with the combined dataset
(shown in Fig. 7) than the CXRO constants, but the values we
found in the 20.4-28 eV range turn out to be less consistent.
From Fig. 6(a), the difference between our data and the
CXRO data can also be seen, and this increases with a
decrease in photon energy. Thus, according to the ‘sum rule’,
our data in the region 20.4-28 eV should be considered less
reliable, and the values from CXRO should be preferred.
There are also technical reasons for this that are associated
with a sharp decrease in the intensity of the monochromatic
beam when using a diffraction grating with 150 lines mm ™" in
the low-energy region. In addition to the low dynamic range
(about three orders of magnitude), there is a distortion of the
spectrum and an increase in the proportion of radiation with
shorter wavelengths; this has higher transmission through
the sample, which in turn leads to an underestimate of the
value of .

6. Conclusion

In this paper, the optical constants of Be were determined
by measuring the photoabsorption of free-standing films.
In addition to oxidized and contaminated surface layers, C
impurities of 1.2-2% and O impurities of 0.3-0.6% (in atomic
concentration) were found in the sample. Two free-standing
films with thicknesses 70 nm and 152 nm were studied for
transmission and two corresponding films (with Mg sacrificial
layers) on a substrate for reflection. Combining the obtained
value for the absorption 8 with data from the literature in the
range 0.02-433000 eV made it possible to find § from the
Kramers—Kronig relation, and also to check the obtained set
of constants for consistency with the combined set based on
the ‘sum rule’. Thus, the main result of this study is indepen-
dent confirmation of the reliability of the optical Be constants
given in the CXRO database in the photon energy range
28-250 eV, up to the fine structure in the Be K-absorption
edge. The fine structure of the optical constants found here is
generally consistent with the CXRO data, but there are
quantitative differences. A test for the fulfillment of the
‘sum rule’ showed that at energies of 28-250 eV the values
obtained in this work are more consistent, while at energies of
20.4-28 eV the CXRO data are more consistent. This appears
to be due to insufficient efficiency of the diffraction grating
used in the experiment in the long-wavelength part of the
spectrum, resulting in a strong drop in the intensity of the
probe beam.
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