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ABSTRACT

This work determines a new set of EUV/x-ray optical constants for aluminum (Al), one of the most important materials in science and
technology. Absolute photoabsorption (transmittance) measurements in the 17–1300 eV spectral range were performed on freestanding Al
films protected by carbon (C) layers, to prevent oxidation. The dispersive portion of the refractive index was obtained via the Kramers–
Kronig transformation. Our data provide significant improvements in accuracy compared to previously tabulated values and reveal fine
structure in the Al L1 and L2,3 regions, with photon energy step sizes as small as 0.02 eV. The implications of this work in the successful
realization of EUV/x-ray instruments and in the validation of atomic and molecular physics models are also discussed.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0233781

I. INTRODUCTION

Aluminum (Al) is an essential material for instrumentation at
short wavelengths, including the ultraviolet (UV), extreme ultravio-
let (EUV), and x-ray ranges. Applications that reside in these spec-
tral regions include attosecond physics/ultrafast science, coherent
sources including synchrotrons and free-electron lasers, plasma
physics, solar physics and astrophysics, and semiconductor photoli-
thography, a trillion-dollar industry. These applications require
optics systems composed of increasingly complex thin film struc-
tures that demand accurate knowledge of the optical properties
(refractive indices) of their constituent materials, in order to build
realistic models that accurately predict the optical system perfor-
mance. In the EUV/x-ray region, Al is the most commonly used
transmissive filter material.1 Al is also a component of reflective
(mirror) and diffractive (grating) coatings, including narrowband
or broadband multilayer interference coatings2 such as Al/Zr,3

AlMg/SiC,4,5 Al/Sc,6,7 Al/Mo/SiC,8–10 Al/Mo/B4C,11 Al/Sc/SiC,6,7

Mo/Al/Sc,6,7 and Al/Y2O3.
12

In the EUV and x-ray spectral range, the photon energy-
dependent refractive index of materials can be written as

n ¼ 1� δ þ iβ, (1)

where δ and β are known as the optical constants of the material.
The EUV/x-ray optical constants of Al have been measured by

a variety of techniques over the past 60 years. These include the
determination of β via photoabsorption (transmittance) measure-
ments combined with a Kramers–Kronig analysis for the determi-
nation of δ,13–15 fitting both δ and β from reflectance16–18 or
electron-energy-loss19 measurements, as well as interferometry.20

Rakić21 have also presented an algorithmic approach toward the
determination of δ and β for Al in a wide range of the spectrum,
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via a combination of models and Kramers–Kronig analysis, using
experimental data available from the literature at the time. The
Atomic Data Tables website owned by the Center for X-ray Optics
(CXRO) at LBNL22,23 maintains the definitive database for the
optical constants of all materials in the 30 eV–30 keV spectral
range, using a compilation of existing experimental data interpo-
lated with a model based on the single-atom approximation for β,
and the Kramers–Kronig transformation for δ.

Despite the wealth of experimental data and being recognized
as one of the materials whose optical properties are among the
most studied, the existing optical constants for Al are still vastly
inaccurate in the region of the L1 and L2,3 edges and in the low-
energy portion of the EUV spectral range.24,25 The optical con-
stants of Al were identified as a major source of uncertainty toward
predicting the performance of Al-based optics,25 including Al
filters widely employed in EUV/x-ray instrumentation, from syn-
chrotron and laser sources to space telescopes for solar physics and
space weather monitoring. The lack of accurate refractive index
values for such an important material is a problem that is not
unique to Al25 and can be explained by the difficulties in perform-
ing measurements in the EUV/x-ray spectral region, as discussed in
the next paragraph. Additionally, and although sophisticated
atomic physics models have been developed for the calculation of
the optical properties of materials, to date these models cannot
provide adequately accurate values for thin film materials. This is
especially true in the vicinity of absorption edges and at lower
photon energies, where inter-atomic effects and other associated
properties such as the morphology (crystallinity) of the film (which
may also depend on the deposition technique) can affect the
optical constants of the thin film material.

The EUV/x-ray spectral range poses serious challenges to
optical constant measurement techniques. Reflectance, interferome-
try, and ellipsometry-based methods provide experimentally both δ
and β values of the material under study. However, these methods
are extremely sensitive to surface microroughness, as well as to con-
tamination and oxidation layers present in the samples under
study, even at the atomic monolayer level. A model of the measured
samples needs to be built that includes these effects as parameters
and fitting processes need to be deployed that suffer from non-
uniqueness solution issues.26–28 Performing measurements in situ,
immediately after deposition of the samples (i.e., under vacuum),
may partially alleviate some of these issues, but it is experimentally
complicated.17,18,29 Also very importantly, the fitting process for
(δ, β) becomes most challenging in the vicinity of absorption
edges. This is due to abrupt changes in δ and β values and to the
relationship between δ and β in these spectral regions.26,30–32

Finally, reflectance requires a separate set of data vs incidence angle
followed by a fitting process for each photon energy, making it time-
consuming to produce (δ, β) values over large spectral regions.
Ultimately, the selection of the most suitable measurement technique
for a given material may depend on the spectral region of interest as
well as on specific properties of the material under study.

Earlier work33–39 established a transmittance (photoabsorption)-
based methodology as a very reliable technique for the determination
of the optical constants in the soft x-ray/EUV, as it overcomes most of
the difficulties specific to this spectral range, including the sensitivity
to roughness and to the presence of oxidation and contamination

layers, discussed in the previous paragraph. The transmittance T
through a thin film sample is given by the equation

T(λ) ¼ T0(λ) exp (�4πβ(λ)d=λ), (2)

where d is the layer thickness of the material under study, λ is the
photon wavelength (related to the photon energy E by E ¼ hc=λ), and
T0 is the transmittance of other layers that may be present on the
sample. T0 can be normalized out of the data, which makes this tech-
nique attractive, as will be discussed later in this paper. Very impor-
tantly, this technique allows a straightforward determination of
photoabsorption (β) values over wide spectral ranges with exquisite
resolution near absorption edges. To employ and fully take advantage
of this technique, one would require (i) the ability to fabricate free-
standing thin films of different thicknesses of the material under
study and (ii) access to a well-calibrated, monochromatic, tunable
EUV/x-ray facility equipped with control software that allows fast,
precise, and reproducible scans of photon energy. Such capabilities
enabled the present work and will be discussed in detail in this
paper. The values of δ can then be determined from β via the
Kramers–Kronig transformation.

It should be noted that Eq. (2) is valid only in the case where
there are no internal reflections between the layers of the sample
under study. At the lower EUV photon energies, the optical
contrast between the layers increases and allows the presence of sig-
nificant multiple reflections inside the films, rendering Eq. (2)
invalid.40 For most materials, the photon energy where multiple
reflections start becoming significant is around 62 eV. A new
method was recently developed that overcomes the issue of mul-
tiple reflections in transmittance data and was employed to
determine the photoabsorption β of Al in the photon energy
range 17–62 eV.40

This paper presents a new determination of the optical con-
stants of Al in the range 17–1300 eV via transmittance measure-
ments through a series of freestanding thin films. The new
photoabsorption data were combined with existing data from the
literature in other spectral regions (including the recent data from
Ref. 40 discussed in the previous paragraph) to create via the
Kramers–Kronig analysis a new set of optical constants (δ, β) for
Al in an extended spectral range (17–1300 eV), with improved
accuracy and ultrahigh resolution in the Al L1 and L2,3 edge
regions. Finally, the new set of optical constants was validated with
the simulation of the performance of Al-based filters and the com-
parison with previous experimental data.

II. EXPERIMENTAL SETUP

A. Thin film deposition

C/Al/C films with different Al thicknesses were deposited at
LLNL by Direct Current (DC) magnetron sputtering, using a
planar deposition system where each substrate is mounted on a
deposition platter that is rotating above the sputtering sources.
Each C/Al/C sample intended for transmittance measurements was
deposited on a photoresist-coated Si wafer substrate and was
accompanied by a second, identical C/Al/C sample deposited on a
bare Si substrate, with both samples deposited during the same
deposition run. The second C/Al/C sample was intended to be
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used as a “witness” for characterizations, as will be discussed in
Sec. III. The Si wafer substrates have (100) Si crystal orientation,
100 mm diameter and 525–550 μm thickness and a surface micro-
roughness in the range 0.1–0.2 nm root-mean-square (RMS).
Rectangular sputtering sources with 127� 254 cm2 dimensions and
purity better than 99.99% were used for both Al and C depositions,
operated at a constant power of 200W. The base vacuum pressure
in the deposition system was on the order of 10�7 Torr and the Ar
process gas pressure was 1 mTorr. All deposition parameters
(including the rotation velocities of the deposition platter during
C and Al deposition) were identical among all deposition runs,
except for the number of platter revolutions during Al deposition,
which was changed in each run to achieve a different Al thickness
(see also Sec. III).

B. GIXR

C/Al/C witness samples were characterized by means of
grazing incidence x-ray reflectometry (GIXR) (reflectance vs inci-
dence angle measurements) using a Panalytical Xpert Pro MRDTM

instrument at LLNL, equipped with a Cu Kα anode source, which
emits x rays at 8.05 keV photon energy, a W/Si-coated Goebel
mirror, and a Ge monochromator.

C. RBS

Rutherford Backscattering (RBS) measurements with
2.275MeV He++ ions and a backscattering angle of 160� were per-
formed at EAG Eurofins Labs (Sunnyvale, California).

D. EUV/soft x-ray transmittance

The EUV/soft x-ray transmittance measurements discussed
in this paper were performed at beamline 6.3.2 of the Advanced
Light Source (ALS) synchrotron, operated by the CXRO at LBNL.
Beamline 6.3.2 has a grating monochromator with a fixed exit slit
and its general characteristics have been described in detail
earlier.41,42 Three monochromator gratings (80, 200, and
1200 lines/mm) were used to access the photon energy range
17–1300 eV. The beam size is 100 μm in the horizontal direction;
the vertical beam size is determined by the exit slit and was
set at 60 μm throughout the transmittance vs photon energy

measurements. In the region of the Al L2,3 edge (72–75 eV) the
spectral resolving power (E=ΔE) of the beamline, using the
200 lines/mm grating, is estimated at around 2000.43 In order to
fully resolve the near-edge fine structure, data were collected with
an exceptionally small step size of 0.02 eV (see also Sec. IV). The
capability of the beamline monochromator to move accurately and
reproducibly in such small steps, combined with the beamline
resolving power, enabled the ultrahigh-resolution of the data pre-
sented in this work. In the rest of the photon energy range, mea-
surements were taken in steps ranging from 0.1 to 6 eV, with the
finer steps used in spectral ranges where fine structure was present.
Photon energy calibration was based on the absorption edges of a
series of transmission filters (Al, Si, Ti, Cr) with a relative accuracy
of 0.011% rms and could be determined with 0.007% repeatability.
For second harmonic and stray light suppression, a series of trans-
mission filters (Mg, Al, Si, Be, Zr, C, Ti, Cr, Co, Cu) was used. For
higher-order harmonic suppression, an “order suppressor” consist-
ing of three C or Ni mirrors at a variable grazing incidence angle
(20� to 6�, depending on photon energy range) and based on the
principle of total external reflection, is used in addition to the
filters. The measurement chamber allows translation of the sample
in three dimensions, tilt in two dimensions and azimuth rotation
of the sample holder. The available detectors include various pho-
todiodes and a CCD camera (the latter for sample alignment),
which can be rotated by 360� around the axis of the chamber.
During the measurements discussed in this paper, signal was col-
lected with a Si photodiode detector with a 10–10 mm2 active area
and acceptance angle of 2.4�. The ALS storage ring current was
used to normalize the signal against the storage ring current decay.
The base pressure in the measurement chamber was 10�7 Torr.

III. SAMPLE PREPARATION AND CHARACTERIZATION

The five thinnest witness samples, consisting of a C/Al/C stack
deposited on a Si wafer, were measured by GIXR in order to deter-
mine the Al and C layer thicknesses. The results are summarized in
Table I. Figure 1(a) shows the GIXR data for the 90 and the
45.6 nm-thick Al samples, together with their simulated curves. In
the simulations, we adjusted the Al and C layer thicknesses and
surface roughnesses to fit the high- and low-frequency Kiessig
fringes in the GIXR data (which depend on the Al and C layer

TABLE I. List of samples and their parameters obtained from the fit to the GIXR data. The asterisk* shows samples for which the thickness was extrapolated as shown in
Fig. 1(b).

Sample Bottom C thickness (nm)

Al layer

Top C thickness
(nm)

Number of
revolutions

Fitted thickness
(nm)

Al top roughness
(nm rms)

M1-200224A1 5.5 5 22.4 2.3 5.5
M1-200224B1 5.5 10 45.6 2.7 5.5
M1-200225A1 5.5 20 90 1.7 5.5
M1-200226A1 5.5 30 137.5 3.0 5.5
M1-200226B1 5.5 40 185 3.0 5.5
M1-200225B1 5.5 60 277* N/A 5.5
M1-200227A1 5.5 80 369.7* N/A 5.5
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thicknesses, respectively). Tabulated atomic scattering factor values
and the bulk Al density value were used for the optical constants of
Al. Tabulated atomic scattering factors with a density of 1.95 g/cm3

were used for the optical constants of C. The density of the C
layers was determined by fitting the position of the critical angle in
the GIXR data of C single films deposited as part of the calibration
of the C layer thickness. The substrate in the simulations was Si

and we used a 0.6 nm thick SiO2 layer between the substrate and
the first C layer to simulate the native oxide on top of the Si wafer.
The roughness of both the substrate and the SiO2 layer was set to
0.2 nm rms. We obtained a good agreement between the experi-
mental and simulated critical angle for all C/Al/C samples (see,
for example, Fig. 1). This confirms that the density of the Al thin
films used in this study is very close to the nominal bulk density
(2.7 g/cm3) used in the tabulated optical constants.22,23

In this manner, we were able to determine the Al thickness for
the five thinnest samples (22.4, 45.6, 90, 137.5, and 185 nm) and
we also determined an equation for the Al thickness vs number of
platter revolutions, displayed in Fig. 1(b). For the two thickest
samples (60 and 80 revolutions), the Kiessig interference patterns
in the GIXR data were too weak to obtain a reliable fit for the Al
layer thickness. Because the number of platter revolutions was the
only parameter that was changed between different Al deposition
runs to achieve a specific Al thickness (see also Sec. II), we used the
equation in Fig. 1(b) to determine the thickness of the two thickest
Al films. We obtained similar interfacial roughness/interdiffusion
values (between 0.5 and 1 nm rms at the C/Al interface below the
Al layer and between 1.7 and 3.2 nm rms above the Al layer) for all
samples, as shown in Table I. Moreover, we determined the same
thickness value for all the C layers (5.5 nm) in all five C/Al/C
samples measured by GIXR. The C and Al thickness values deter-
mined in this manner have an estimated accuracy better than 1%.

RBS measurements on one thin sample (22.4 nm) and one
thick sample (185 nm) revealed that the Al layers are more than
99.9% pure and that the C layers are 99.7% pure. 0.3% (atomic) of
Ar was detected in the C layers, presumably from the Ar process
gas during deposition.

The C/Al/C films were removed from their substrates and
mounted as freestanding films at CXRO/LBNL, using a method that
has also been discussed earlier.38 Briefly, to produce freestanding
C/Al/C films, washers (with each washer having a 3-mm-diameter
aperture) were glued on the C/Al/C films that were deposited on
photoresist-coated Si wafers, followed by removal of the photoresist
by chemical etching. The freestanding C/Al/C films remained
attached to the washers after photoresist removal, which allows easy
handling of the freestanding samples. Then, the freestanding C/Al/C
films were cleaned of resist residues by exposure under a UV-ozone
lamp in air. Several freestanding C/Al/C samples with 45.6 nm-thick
Al were used in order to optimize the UV-ozone cleaning process.
Figure 2(a) shows the evolution of the sample transmittance at
70.85 eV photon energy over the 3mm washer aperture, as a func-
tion of the UV-ozone exposure time. One can note that it takes
about 130min to reach the maximum transmittance. Yet, when
increasing the exposure time, the uniformity of transmittance over
the sample aperture continues to improve and the best results are
obtained after a total exposure time of 228min. This procedure has
been also applied in earlier work,33,37–39 however, the optimal
UV-ozone exposure time estimated in this study is significantly
longer than in previous studies.26,38 This is because the photoresist
used in the previous studies was different. Figure 2(b) shows the
transmittance measured at 70.85 eV for the five C/Al/C freestand-
ing samples used in transmittance vs photon energy measure-
ments to determine Al photoabsorption (see Sec. IV), after
228 min of UV-ozone exposure. The uniformity over the sample

FIG. 1. (a) GIXR data of two C/Al/C films deposited on a Si wafer. The mea-
sured data are shown in green and red dots and the simulated curves are
shown as black solid lines. The thicknesses of the Al layers, simulated to fit the
GIXR data, are 45.6 nm (green) and 90 nm (red), and the C layers are 5.5 nm
thick each. The plots from the 45.6 nm thick Al film have been shifted on the
y-axis, for better visibility. (b) Measured Al thickness (blue filled diamonds) and
linear fit (black line) as a function of the number of platter revolutions. The Al
thicknesses were obtained by fitting the GIXR data, as illustrated in (a). The
linear fit was used to extrapolate the thickness values for the two thickest films
(blue unfilled diamonds).
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aperture is better than 0.6% RMS. Prior to the measurement of
each transmittance spectrum, each sample was aligned to set the
beam on the center of the aperture with an accuracy of
+0.1 mm. In that range, the error in transmittance due to
sample non-uniformity is less than 0.3% (relative).

We note that the two thinnest Al films shown in Table I (22.5
and 45.6 nm thick) were used for thickness calibrations (including
GIXR measurements), and various tests post UV-ozone exposure
[see, for example, Fig. 2(a)]. They were also used to verify the
purity of the films against contaminants such as oxygen and

photoresist residue, via transmittance measurements (not shown
here) around the carbon and oxygen K edge spectral regions (see
also Ref. 38). It is interesting to notice that any hypothetical photo-
resist residues would not affect the determination of Al photoab-
sorption, as long as they are of the same thickness on all samples.
Indeed, their signal would be normalized out, as is the case for the
C capping layers.

IV. DETERMINATION OF Al OPTICAL CONSTANTS:
RESULTS AND DISCUSSION

The transmittance curves in Figs. 3 and 4 were obtained
through the expression T ¼ I=I0 for the transmittance T of a film

FIG. 2. Measured transmittance at 70.85 eV, as a function of the vertical posi-
tion on the sample, on (a) a C/Al/C film with an Al thickness of 45.6 nm, for
various exposure times to the UV-ozone lamp, and (b) all C/Al/C samples used
in the present study (with the Al thickness shown in the legend), with an expo-
sure time of 228 min.

FIG. 3. Experimental transmittance vs photon energy spectra for all C/Al/C
samples: (a) log-lin plot, (b) log-log plot focused in the photon energy range
50–300 eV.
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at a given photon energy, where I is the intensity transmitted
through the film and I0 is the intensity of the incident photon
beam. Figure 3 shows transmittance vs photon energy measure-
ment results on five free-standing C/Al/C samples with Al thick-
nesses ranging from 90 to 369.7 nm. Figure 3(a) shows the entire
spectral range of the measurements, 17–1300 eV. At the lowest
photon energies (17–62 eV), multiple reflections among the C/Al/C
layers result in oscillations of the transmittance data, as is evi-
denced in Fig. 3(a). Therefore, as is also discussed in Sec. I, Eq. (2)
is not valid in the spectral region 17–62 eV. A new methodology
was developed in Ref. 40 for transmittance data with oscillations

and it was applied to determine the photoabsorption (β) for Al in
the spectral range 17–62 eV; these values are employed later in this
section. Figure 3(a) includes the aluminum L and carbon K edge
spectral regions and Fig. 3(b) shows the Al L1 and L2,3 edge regions
and their fine structure in detail, with the transmittance plotted on
a logarithmic axis. Transmittance values over four orders of magni-
tude are shown; the two C/Al/C samples with the thickest Al layers
(277 and 367.9 nm) produced transmittance data points with
increased noise in the energy range above the Al L2,3 edge. This
was due to (i) transmittance values below 0.001, or (ii) transmit-
tance values between 0.01 and 0.001, in a spectral region with
decreased incident photon flux. These spectral regions with “noisy”
data from the two thickest Al films were not included in the plots
of Fig. 3 or in the data analysis. In Fig. 3(b), a feature attributed to
the Al L1 edge, consisting of a pointed “dip” at 118.08 eV sur-
rounded by other fine structure, is revealed for the first time in the
literature. It should be noted that the transmittance measurements
in the photon energy region (50–111.7 eV) which includes the Al
L1 and L2,3 edges were obtained in steps of 0.15 eV, which were
considered small enough to resolve all the near-edge fine structure,
as shown in Fig. 3. However, closer observation during data analy-
sis revealed that the fine structure right at the Al L2,3 edge was still
not fully resolved. This is illustrated in Fig. 4, which shows trans-
mittance vs photon energy measurements in the spectral region
72–74 eV, obtained with 0.15 and 0.02 eV steps. The latter are
ultrahigh-resolution measurements that push the limits of modern
instrumentation and demonstrate the capability of beamline 6.3.2
and of the methodology applied in this paper, to resolve the finest,
previously un-seen features in near edge absorption fine structure
(NEXAFS) or x-ray absorption near edge structure (XANES) of
materials. It should also be noted that the 0.02 eV-step measure-
ments were obtained 2 years after the 0.15 eV-step measurements,
with the samples having been stored in air, in a clean cabinet
located by the beamline. The overlap between the two sets of mea-
surements in Fig. 4 is remarkable, especially if one considers that
the spectral region of the Al L2,3 edge would be the most sensitive
to any compositional changes in the measured Al films. This
means that the freestanding C/Al/C samples remained extremely
stable over a period of 2 years, with the Al layers fully protected by
the C layers, against oxidation.

The fitting procedure to determine β using Eq. (2) from the
transmittance data in the spectral range 62–1300 eV is shown in
Fig. 5, for five different photon energies. This procedure has also
been implemented and described in detail in earlier work.33–35,37–39

In the plot of measured transmittance T (on a logarithmic scale) of
C/Al/C samples vs Al thickness d at a given photon energy, the
data points are fitted to a straight line whose slope is equal to
�4πβ=λ. Furthermore, the point where the straight line intercepts
the y-axis is the transmittance T0 at Al thickness d ¼ 0, which cor-
responds to the transmittance of the two C protective layers, whose
thickness is the same among all C/Al/C samples. Therefore, at each
photon energy, the absorption β of Al is obtained from the slope of
the straight line and the presence of the C layers is normalized out
of the data via the term T0. We emphasize that this method
requires the C layer thickness to be the same among all measured
samples, as is the case here. The thickness of the Al and C layers in
each sample was determined via the GIXR measurements discussed

FIG. 4. Experimental transmittance vs photon energy spectra for C/Al/C
samples in the vicinity of the Al L2,3 edge: (a) lin-lin plot and (b) lin-log plot.
Measurements with larger photon energy step size (0.15 eV steps) were per-
formed initially and are shown as a dashed line and symbols. Measurements
with ultra-low step size (0.02 eV steps) were performed later and are shown as
a solid line.
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in Sec. III and shown in Table I. It is worth noting that at some
photon energies, only three (instead of five) C/Al/C samples were
measured and fitted, as is discussed earlier in this section and
shown in Fig. 5 (97 and 104 eV). The goodness of each fit was
assessed via the value of the coefficient of determination, defined as
the square of the Pearson correlation coefficient. This coefficient
was higher than 0.997 on the entire spectrum and higher than
0.999 in the Al L edge region (65–175 eV).

To determine the δ values, which belong to the real part of
the refractive index, we used the Kramers–Kronig relation44 given
in the following equation:

δ(E) ¼ � 2
π
P
ð1
0

E0β(E0)
E02 � E2

dE, (3)

where P denotes the Cauchy principal value of the integral.
The use of Eq. (3) requires values of photoabsorption over a

broad energy spectrum. We used the following data to compile a
consistent set of photoabsorption coefficient over the entire energy
spectrum, from 0.1 meV to 433 keV.

At low energies, from 6.2 meV to 12 eV, we used the data
reported by Rakić, which are based on experimental reflectance
measurements.19,21,45 We extended toward lower photon energies
by using a Lorentz Drude model down to 0.1 meV.46 In order to
connect the Rakić data with our data and to increase the number of
energy values around the Al plasma frequency at 15 eV, we used
data from Ref. 45 from 13 to 15 eV and CXRO13,23 from 15.18 to
16.72 eV. We used the photoabsorption coefficients from this work
from 17.2 to 824.2 eV, including values determined by the new
methodology described in Ref. 40 from 17.2 to 62 eV and CXRO
values from 824.6 to 1493 eV. Note that in the range 824–1300 eV,
the present results are in very good agreement with CXRO data

(less than 0.6% RMS difference). For the Al K-edge region, from
1.5 to 3 keV, we selected data from Shiles, which have a good spec-
tral resolution at the K edge, including some fine structure.19

Finally, we used NIST data from 3.5 to 433 keV.47

As shown in Fig. 6, this compilation provides continuous
values of Al photoabsorption coefficient with an excellent overlap
over the entire energy spectrum. Thanks to the good continuity
between all sets of data, we did not need to apply any interpolation
in-between each set of data. It is interesting to notice that inde-
pendent measurements by Larruquert et al.18 (not used in this
compilation) in the energy range 15–16 eV are in very good agree-
ment with the compilation that we used for the Kramers–Kronig
analyses and connect well with our photoabsorption data which
start at 17 eV.

We checked that the low- and high-energy limits of this com-
pilation are adequate by verifying that the results obtained with dif-
ferent values for these limits (10�9 eV and 331 keV, respectively)
were the same.

In addition, we tested the consistency of this compilation by
verifying that the f-sum rule for the absorption33 gives a value close
to the theoretical one (12.74 with the present compilation, com-
pared to 12.99 theoretically). This is only 1.9% difference. For com-
parison, in previous studies, we obtained 1.3% difference for Pt39

and 4% difference for Cr.38

The δ and β values resulting from the present photoabsorp-
tion measurements and Kramers–Kronig analyses are plotted in
Fig. 7. We have also plotted in Fig. 7 existing data from the liter-
ature for comparison: a compilation from Shiles and Palik

FIG. 5. Transmittance (log axis) vs Al thickness (linear axis) for various photon
energies. The symbols show the measured transmittance data and the dashed
lines represent the fit to the data, according to Eq. (2).

FIG. 6. Compilation of β values of Al used to calculate δ according to Eq. (3):
Lorentz–Drude model46 (red dashed line), data based on reflectance measure-
ments from Ref. 21 (green dash-dot line), experimental data from Ref. 45 (pink
solid line), tabulated data from Ref. 23 (purple dotted line), experimental data
from the present work (orange solid line), experimental data from Ref. 19 (brown
dashed line), and tabulated data from Ref. 47 (blue dash-dot line).
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FIG. 7. δ and β values from the present work (red solid line) are compared with tabulated data from the literature: compilation25 of experimental data from Refs. 19
and 45 (blue solid line), tabulated data from Ref. 23 (green solid line), and experimental data from Ref. 20 (cyan diamonds connected by light blue line). The δ and β
values are shown in three distinct photon energy ranges: [(a) and (b)] 10–1000 eV (log-log scale), [(c) and (d)] 50–250 eV (log-linear scale), and [(e) and (f )] 72–74 eV
(linear scale).
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(see Ref. 25 for more details),19,45 current data from CXRO13,23

and data measured by interferometry around the L2,3 -edge.
20

During an earlier stage of the present work, we have been able
to provide more accurate Al photoabsorption (β) values in the
energy range 17–62 eV by using a new method that takes into
account the multiple reflections in the Al transmission samples.40

Note that for energies higher than 50 eV and up to 70 eV, where
multiple reflections become negligible, our data are in good agree-
ment with CXRO.

In the energy range 70–300 eV, which includes the Al L2,3
edge, our data provide very well-resolved fine structure with fea-
tures that have not been seen earlier. Differences of up to 30%
can be seen between the absorption data in the present work and
tabulated (CXRO) values in the region of the Al L2,3 edge and up
to about 200 eV photon energy. The positions of the main fine
structure (peaks and valleys) above 90 eV are consistent with the
positions of similar features in Shiles/Palik data.19,45 Our data
provide, however, a more detailed and resolved description of this
fine structure. At higher energies, above 300 eV, our β values are
almost identical to previous CXRO data, within +1% RMS.

In Fig. 7, the present set of Al δ values around/below the
L2,3-edge and up to about 200 eV is markedly different than the
tabulated (CXRO) values. Compared with previous independent
measurements made by interferometry,20 the overall agreement in
δ values is remarkable for the abrupt structure of the L2,3-edge and
up to 80 eV. This constitutes a strong validation of the photoab-
sorption measurements and Kramers–Kronig analyses performed
in this work. The β values provided by Ref. 20 appear somewhat
scattered below the Al L2,3 edge and present an offset with our data
just above the edge. This may be due to the fact that only one Al
thickness was used for the measurement in Ref. 20, which does
not allow to normalize out the effect of sample surface layers.
Moreover, as compared to our measurement, the surface of the
sample is much smaller (5 � 5 μm2), which limits the photon flux
and the signal-to-noise ratio.

Finally, the present set of Al optical constants has been vali-
dated by comparing experimental Al filter transmission with sim-
ulations based on Al optical constants from different sources. The
experimental data consist of measurements made at PTB/BESSY
II facility on Al filter used in a LYRA VUV radiometer.48 The
model contains a 154 nm-thick Al layer with a 4.5 nm-thick
amorphous oxide (Al2O3) on each side. We used optical constants
from Hagemann et al. for the amorphous Al2O3 layers.

14 Figure 8
shows that we obtained an excellent agreement between the
experimental data and the model when using the present set of Al
optical constants, whereas it was not possible to obtain a good
agreement on the whole spectral range with previously available
Al optical constants.

These results demonstrate that our methodology, combined
with Kramers–Kronig analyses using carefully selected photoabsorp-
tion data over the entire energy spectrum, provides data with a high
signal-to-noise ratio and increased accuracy. The exquisite spectral
resolution around the Al L2,3 edge is afforded by the exceptional
ability to obtain data in steps as small as 0.02 eV at ALS beamline
6.3.2 combined with the high resolving power of the beamline, as
discussed in Sec. II D. Detailed, quantitative NEXAFS/XANES infor-
mation contained in absolute photoabsorption and dispersion data

around K, L, M, N, and O edges has also been revealed earlier for
several other elements and compounds measured at beamline 6.3.2
(Mo,33 Be,34 Y,35 B4C,37 B,36 Cr,38 and Pt39). These data could be
used to validate and advance atomic and molecular physics models,
such as ab initio calculations, that can be found in scientific software
and related databases.49

V. CONCLUSIONS

We have determined experimentally a new set of values for
the refractive index of aluminum in a wide spectral range, extend-
ing from the near-UV to the x-ray region. The Al photoabsorption
was measured via transmittance measurements performed on free-
standing Al thin films of thicknesses ranging from 45.6 to
369.7 nm, protected against oxidation by 5.5 nm-thick C layers.
The samples were characterized via x-ray reflectivity and EUV
transmittance, to verify their thickness, density, and purity; they
remained stable over a period of 2 years. The Al dispersion was cal-
culated from the photoabsorption data via the Kramers–Kronig
transformation. In the Al L1 and L2,3 edge spectral regions, the new
refractive index values reveal fine structure obtained with step sizes
ranging from 0.1 eV down to 0.02 eV; the latter is pushing the
limits of what is achievable and was deemed necessary in order to
fully resolve the structure right at the L2,3 edge. The ability to
obtain accurate photoabsorption data in such an extended spectral
range with ultrahigh resolution is enabled by the state-of-the-art
calibration facility at ALS beamline 6.3.2, as well as by the capabil-
ity to produce stable, well-characterized freestanding thin films.
Such highly resolved experimental data could be valuable toward
validating atomic and molecular physics models, such as ab initio
calculations of band structure. The new set of Al photoabsorption

FIG. 8. Transmittance measurements and simulations of LYRA Al filter (log-log
plot)48 shown in the 25–400 eV range. The data are shown with red circles,
while the solid, dashed, and dotted lines correspond to transmittance simula-
tions (indicated with asterisks in the legend), using optical constants from the
present work and values from the literature.13,19,23,25,45
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data was validated in the 25–400 eV photon energy range, by mod-
eling the transmittance of an Al-based filter employed aboard a
space borne EUV solar radiometer (LYRA). There is remarkable
agreement between the new Al data and the measured transmit-
tance of the filter, including in the vicinity of the Al L edges, where
previously published values failed to accurately predict the perfor-
mance. The Al refractive index values from this work will allow the
successful design, modeling, and calibration of EUV/x-ray instru-
ments and will be included in the CXRO website, the worldwide
reference database for the EUV/x-ray optical properties of
materials.

SUPPLEMENTARY MATERIAL

The file provided as supplementary material corresponds to a
compilation of the real part n ¼ 1� δ and imaginary part k ¼ β of
the index of refraction of Al as determined by this work, as a func-
tion of wavelength λ (in Å units). The header of the file, defined by
the first rows that start with a “;” character, contains the list of
References to all the data used in the compilation (see also Fig. 6).
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