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A practical and accurate method to obtain the index of refraction, especially the decrement J, across the
carbon ls absorption edge is demonstrated. The combination of absorption spectra scaled to the Henke
atomic scattering factor database, the use of the doubly subtractive Kramers-Kronig relations, and high
precision specular reflectivity measurements from thin films allow the notoriously difficult-to-measure &
to be determined with high accuracy. No independent knowledge of the film thickness or density is
required. High confidence interpolation between relatively sparse measurements of § across an absorption
edge is achieved. Accurate optical constants determined by this method are expected to greatly improve
the simulation and interpretation of resonant soft x-ray scattering and reflectivity data. The method is

demonstrated using poly(methyl methacrylate) and should be extendable to all organic materials.
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The complex index of refraction describes the funda-
mental interaction, i.e., absorption and dispersion, of elec-
tromagnetic radiations with materials. These interactions
in turn afford and support a plethora of materials charac-
terization tools. Quite often, the quality of the analysis and
optimization of experimental procedures or the exploita-
tion of materials in applications ranging from devices to
optical elements greatly benefit from an accurate knowl-
edge of the complex index of refraction of the materials
investigated. For this reason, optical constants of atoms
and materials are catalogued and tabulated over the full
range of the electromagnetic spectrum. In the energy range
of 50-30000 eV, the optical constants have been compiled
by Henke et al. in the form of atomic scattering factors
f(w) = fi(w) —ify(w) [1], which can be related to the
scalar complex index of refraction n(E) =1 — 8(E) +
iB(E) for disordered materials. A well-known limitation
of the Henke data is the lack of fine spectral details to
describe the optical properties near absorption edges. This
is true for atoms, but even more so for compounds, for
which the molecular bonding has to be taken into account.
For organics, the materials of primary concern here, the
near edge x-ray absorption fine structure (NEXAFS) has
been compiled for numerous substances by a number of
researchers as a supplement to the Henke database [2-8].
Despite the remarkable richness of spectral features in
these materials shown in the NEXAFS spectra, the corre-
sponding databases and compilations for the dispersion
properties are entirely lacking, other than a few reports
on characterizing the dispersion of polyimide and amor-
phous carbon [9-11].

The recent development and utilization of resonant soft
x-ray reflectivity (R-SoXR) and resonant soft x-ray scatter-
ing (R-SoXS) [12-18] has posed a greater need for precise
knowledge about optical constants of related materials such
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as polymers. The strength of R-SoXR and R-SoXS is based
on the strong elemental and chemical specific oscillations
of the complex index of refraction of polymers near the
absorption edge. Within the resonant region, both the rela-
tive dispersive and absorptive properties of matter are
important and can be selectively employed by simply
tuning to the corresponding photon energies. Accurate
knowledge of the complex index of refraction is a key
aspect of utilizing R-SoXR and R-SoXS productively.
Detailed knowledge of o for a large range of materials
will not only benefit R-SoXR and R-SoXS applications,
but should be of wider interest, including for phase sensitive
x-ray imaging methods [19].

In this Letter, a facile yet accurate method to determine
the index of refraction of a polymer material near the
carbon 1s absorption edge is presented. This method takes
advantage of the fact that the NEXAFS of polymers can be
relatively easily measured and, most importantly, that
optical properties, i.e., 6 and 3, are directly fitted in model
refinements of thin film reflectivity data. This allows the
use of the doubly subtractive Kramers-Kronig (DSKK)
method to calculate & from B accurately.

The absorption part of the index of refraction 8 can be
easily measured in transmission geometry by applying
Beer’s law I = [, exp(—4mBz/A), where I is the incident
intensity, / is the transmitted intensity through the film of
thickness z, and A is the wavelength in vacuum. If 7 is
accurately known, 8 can be obtained directly. The relative
absorption can also be measured indirectly by using total
electron yield measurements, although such a measure-
ment is only semiquantitative [5,20-24]. In contrast, the
dispersion part of the index of refraction 6 is significantly
more difficult to measure with high accuracy, especially for
the fine structures near an absorption edge. Interferometry,
ellipsometry, and reflectivity have been previously utilized
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to determine &, and to a lesser extent B, for a limited
number of materials [9,10,25-28]. For soft x rays, the
direct measurement of & is complicated by the short wave-
length (comparing to visible light), the small value of &,
and the relatively strong absorption. Although several
types of interferometers have been developed to measure
6 by measuring the phase shift of transmitted light through
a thin film of the material of interest [9,10,25,29], it is
difficult to make interferometric measurements at, or close
to, an absorption edge due to the high attenuation of soft
x rays [29]. These measurements also require an indepen-
dent determination of the mass thickness of the film. An
alternative way of measuring § is by fitting the reflectance
profile of a solid’s surface to the Fresnel reflectivity to
extract values for both 6 and 8. However, sample rough-
ness and high absorption are known to affect the accuracy
of these results [24]. Besides, the accuracy is also
decreased for larger ratios of 8 over 6.

The real and imaginary parts of the index of refraction
are related through the Kramers-Kronig (KK) relations
within a semiclassical description of photon-material
interaction [30] (see the Supplemental Material [31] for
mathematical details). To avoid the relatively large error
brought about by the substitution of the infinite integration
energy range with a practically feasible finite range, we
employ the subtractive method first introduced by Bachrach
and Brown [32]. Specifically, we use the doubly subtractive
Kramers-Kronig method to calculate é from g8 [33]:

S(E) B 8(E,)
(E*—E3)(E*—E}) (E*—E3)(E;—Ej)
S(Ep)
(E} — E*)(E; — E})

2 Enax E/ ,3( E’)
-t dE. (1
" CL e -pe-g Y

In this equation, the infinite integration interval is substi-
tuted by the finite range from Eyy, to Eyp,,. The required
two known 6 values at E, and E, can be measured from
reflectivity experiments as discussed below.

To further reduce the error caused by the limited energy
range, the NEXAFS absorption spectrum is expended
using a “molecular scattering factor” constructed from
the Henke atomic scattering factors to span the 10 to
30000 eV range of the integration variable. Although the
readers are referred to the Supplemental Material [31] for
detailed procedures, the overall method is described as
follows: 1. Bg(E) is calculated from the NEXAFS spec-
trum that is extended with the Henke database. Here B¢(E)
is defined as B(p, E)/(p/py), with py =1 g/cm™3 with
the density p a scale factor that needs to be determined to
obtain 8. 2. Using the DSKK method with two required
values 8(E,) and 6(E,) obtained from reflectivity experi-
ments at below-edge and above-edge energies, respec-
tively, this preliminary § is utilized to predict the energy

dependence of 6, which will then need to be scaled with
the same scaling factor p. 3. p is obtained by comparing
the reflectivity-measured & at more energies (far away
from the absorption edge) to the predicted 6 from last
step. 4. p is then used to correct both 8 and the predicted
6 for energies in between E, and E,. In this procedure,
values of 8, instead of 3, are used to determine the density.
This is because 0 is strongly energy dependent even when
B is close to zero at below-edge energies (very little
absorption), which allows an accurate determination of
the density in step 3 by comparing the reflectivity-
measured to the DSKK-predicted 6 at both below-edge
and above-edge energies, where the reflectivity
measurements of 6 and B are more precise.

The material utilized to demonstrate the methodology is
the ubiquitous polymer poly(methyl methacrylate)
(PMMA), which is an amorphous polymer that does not
show any anisotropy in the index of refraction and can be
readily processed into a thin film. The NEXAFS spectra of
PMMA were acquired at beam line 5.3.2.2 at the Advanced
Light Source (ALS) [34]. PMMA was spun cast from
n-butyl acetate with a thickness of ~70 nm. The film
was then floated off in deionized water and picked up
with a TEM grid for NEXAFS spectra data acquisition.
The absorption spectrum was measured from 270 to
400 eV in transmission. The samples for the reflectivity
measurements were prepared from the same solution but
on freshly cleaned silicon substrates. Reflectivity (6-26
geometry) data were acquired at the ALS beam line 6.3.2
in a high vacuum [35], following previously established
protocols [12] that include precautions to avoid radiation
damage which causes spectral changes [36]. Simulations
and fits of reflectance were performed using the noncom-
mercial program IMD [37] using a least-squares algorithm.

A molecular scattering factor f;csygo, for PMMA
(chemical formula CsHgO,) is the sum of the Henke
atomic scattering factors of 5 C, 8 H, and 2 O atoms.
The calculated B from the experimental NEXAFS spec-
trum and from f, cspgo are plotted in Fig. 1. The NEXAFS
data cover an energy range of 270-400 eV, while f; cspso
ranges from 10 to 30000 eV. The step at ~285 eV, also
referred to as the absorption edge, is due to the excitation
of the core electron into the vacuum continuum. Since no
molecular structure is considered in the Henke data, the
edge looks like a step function with no details near the
edge. The By calculated from f; csygor Was then used to
expand the NEXAFS spectra for energies lower than
270 eV and higher than 400 eV (see the inset of Fig. 1).
The real part of the index of refraction & then needs to be
calculated using the KK relations. To determine the density
p mentioned above, R-SoXR was performed on a ~70 nm
PMMA film on a silicon substrate. Reflectance measure-
ments with 6 from 0° to 20° were performed for a set of
energies spanning the 270-310 eV range (see Fig. 2). Due
to the strong energy dependence of the index of refraction,
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FIG. 1 (color online). Absorption spectra 8 (assumed density
of 1 g/cm®) calculated from transmission NEXAFS measure-
ments and the Henke atomic scattering factors. The inset shows
the same plot with a broader energy range.

the resultant resonant aspects can be readily observed in
the reflectance profiles. Below 285 eV, the reflectance
profiles have strong Kiessig fringes at all angles. The onset
of the first dip in the reflectance profile relates to the
critical angle 6, of the vacuum-PMMA interface, with
6, =~ /26. For energies above the absorption edge, the
reflectance profiles appear less modulated, especially at
low grazing angles. This is due to the high absorption of
the polymer at these energies and the long optical path the
x rays need to travel at small grazing angles. The reflected
intensity corresponding to the polymer-substrate interface
is reduced, leading to the small Kiessig fringe amplitudes
at small angles. At higher angles, the optical path is shorter
and less light is absorbed, which leads to better visibility of
the interference fringes.

The experimental reflectance profiles are fitted through
model refinements of a single layer by means of a least-
squares algorithm. It is most advantageous to start by fitting
the reflectance data acquired at photon energies far below
the absorption edge, e.g., 270 eV, where the sensitivity to o
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FIG. 2 (color online). Overplot of R-SoXR data (circle) and
fits (line) for PMMA single layer, showing the quality of fits at
energies of, from top to bottom, 270, 282, 284, 286, 287.6, 288,
288.2, 288.6, 289, 294, and 310 eV.

is high. Parameters that describe the property of the film,
such as the film thickness, roughness of the surface, and
roughness at the polymer-substrate interface can be
extracted with high accuracy. Since all data were obtained
from the same sample, these structural parameters can then
be used for fitting the reflectance profiles at all other ener-
gies. Therefore, only two variables, & and B, are left as free
parameters to be determined by a least-squares fit.

With the values of 6 obtained, the density of the PMMA
thin film is determined by comparing the values derived
from the reflectivity measurement to the DSKK predicted
(see the Supplemental Material [31]). From this linear fit,
the density of the film is determined to be 1.20 =
0.02 g/cm?® {according to Eq. (10) in the Supplemental
Material [31]}, which is very close to the tabulated value
1.18 g/cm? and falls into the literature values ranging from
1.17 to 1.22 g/cm?. The value of the density is then sub-
sequently used to calculate the accurate B with 8 =
(p/po)Bs, followed by the application of the DSKK
method for the calculation of 6. 8 and & are plotted in
Fig. 3, along with the experimental results from fits of the
reflectance measurements at key energies. The error bars in
the experimental 6 and S reflect the data scatter from
fitting results obtained at multiple sample locations, which
capture both the error of the fits themselves and the varia-
tions that come from the sample. Below the absorption
edge, in the energy range of 270-287.6 eV, the values of &
and B from the experiment and from the Kramers-Kronig
calculations match well, and the experimental scatter for &
is small. For energies between 290 and 310 eV, systematic
errors are observed. The present reflectivity fits slightly
overestimate 8 and underestimate 6. This systematic error
can be clearly seen by comparing the fits and data at the
onset of the visibility of the Kiessig fringes in Fig. 2. The
data show the onset of fringes at smaller angles than the fit,
indicating that the model fits overestimate the absorption in
the actual films. For comparison, é and 8 as derived from
the Henke database are also shown in Fig. 3. We note that
our method measures the film as prepared, which might
contain impurities from the supplier or a small amount of
solvent despite the vacuum drying at elevated temperature
[38,39]. As the same film has been investigated by reflec-
tivity and by transmission NEXAFS measurements, it is
really the agreement between these measurements (related
via the KK transform) that is important. Careful inspection
actually shows a small peak at around 285 eV that should
not be there for pure PMMA. This peak is usually due to
C=C 7" resonance according to Stoéhr [20]. Considering
the solvent used here (n-butyl acetate), this peak must be
due to some other additives or contaminants rather than
trapped solvent. In a testament to the R-SoXR measure-
ments, that peak is also observed in the reflectivity data.
The good agreement of the experimental results and the
calculation at large numbers of energy points especially in
the near-edge region shows the accuracy of the calculation
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FIG. 3 (color online).
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Fitting results (dot) of optical constants, dispersion part 6 (a), and absorption part 8 (b), for PMMA and

calculation (solid line) using the Kramers-Kronig relations. The corresponding values derived from the Henke database are shown for
comparison (dashed line). The inset in (b) zooms in on the small absorption peak at around 285 eV due to impurities or additives.

and the validity of the calculated value through the whole
energy range. The optical constants of another sample
polymer polystyrene were also calculated and compared
to experimentally derived values with good overall corre-
spondence, indicating that the method is generally appli-
cable. For details see the Supplemental Material [31].

In conclusion, the indexes of refraction of a PMMA and
a polystyrene thin film were measured accurately for soft
x-ray energies across the carbon 1s absorption edge using
the inherent interferometric aspects of a reflectivity mea-
surement from a thin film. Such a measurement is simpler
and more straightforward to accomplish than a number of
prior methods utilized to measure 6. The values of o
calculated with the DSKK method from measured 8 and
a few calibrated 6’s, and hence indirectly the accuracy of
the NEXAFS spectrum, were verified at several energies by
comparing with the experimental values of & and S
obtained from fitting the reflectance data using a least-
squares fitting algorithm. The use of the DSKK method
is straightforward, yet decreases the error due to the limited
energy range of S. By utilizing the presented method that
combines NEXAFS measurements, the Henke atomic scat-
tering factor database, reflectivity measurements, and the
Kramers-Kronig calculations, the index of refraction of
polymer thin films can be determined with good accuracy
in a self-consistent fashion without the need of independent
mass thickness measurements. The dispersive properties of
organic materials can now be tabulated in analogy to the
databases already existing for . With the necessity of
access to a synchrotron facility acknowledged, the general-
ity of this method should be applicable to a broad range of
soft and hard materials.
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