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Optical constants of TiN, amorphous SiO,,
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Using reflectometry, we studied the optical constants of TiN and amorphous SiO; thin films in the spectral range 5—
24 nm (ca. 250 eV—ca. 52 eV), and for SiN in the spectral range 5-33 nm (ca. 250 eV—ca. 37 V). The films’ elemental
concentration depth profiles were measured using elastic recoil detection analysis (ERDA). The reflectance was
measured using monochromatized synchrotron radiation. For the analysis of reflectivity data, Markov chain
Monte-Carlo (MCMC)-based Bayesian inferences Bayesian inferences were used to obtain the optical constants
and their model uncertainties. For SiO, and SiN, dispersion profiles were sampled with sub-Angstrﬁm resolution
in certain intervals around the Si-L; and Si-L, 3 transitions. The obtained optical constants are compared with
literature values and with estimations based on the independent atom approximation (IAA).
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1. INTRODUCTION

The sub-extreme ultraviolet (EUV) spectral range between 5
and 33 nm (ca. 250 eV to ca. 37 eV) is critical for many appli-
cations, microscopy [1], ptychography [2], spectrometry [3],
astronomy [4], and most notably lithography. ASML’s first
high-numerical-aperture  (high-NA)
ultraviolet lithography (EUVL) systems are planned for deploy-
ment in 2025, enabling 8-nm resolution [5]. While using a
wavelength of 13.5 nm, EUVL systems can be even further
tweaked to print with higher resolution [6], unlocking future
scopes for the integrated circuit (IC) industry. However, all
those applications and their undergoing developments rely on
improving the optical elements. For that, the optical constants
are essential since materials screening and selection processes
mainly regard the optical and chemical properties [7]. A mani-
festation for the importance of accurate optical constants is their
need in developing photomasks for future EUVL projection
systems [8].

In the X-ray and EUV spectral ranges, the optical constants
are often denoted as § and B. These are the two parts of the
complex index of refraction 7, which is given as a function of
the wavelength A as #(1) =1 —8(X) +78(A). For a defined
medium given a specific wavelength, the real part (1 —38)
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is called the refractive index (or the index of refraction) and
counts for the phase velocity. The imaginary part 8 is called the
extinction coefficient and counts for absorption. Despite their
importance, the available optical data for compounds in the
X-ray and EUV spectral ranges has limitations. Inconsistencies
between different sources, improper sampling of dispersion
profiles, and lack of calculated uncertainties are often observed
in the available optical data for compounds. Another common
critical issue is the lack of information about the real stoichi-
ometry of the investigated compounds. These issues encourage
examining the optical constants of technologically relevant
materials.

In our work, we report the determination of TiN and amor-
phous SiO; optical constants in the spectral range 5-24 nm (ca.
250 eV—ca. 52 €V), and for SiN in the spectral range 5-33 nm
(ca. 250 eV—ca. 37 V). The optical constants were determined
using synchrotron reflectometry. The three compounds have
been extensively investigated before and found applications in
the X-ray and EUV spectral ranges. A plus for these compounds
is that their constituents are highly abundant [9]. Starting with
TiN films, they are known for their high chemical stability
and mechanical durability [10]. TiN thin films were used in
X-ray reflectometry (XRR) for demonstrations [11,12], pre-
sumably, due to their known traits. TiN thin films deposited
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using radio frequency physical vapor deposition (RFPVD)
were found suitable for EUVL patterning applications given
their uniformity and relatively small grains [13]. TiN was
investigated as a capping layer for Mo/Si multilayer mirrors
(MLMs) dedicated for EUVL systems [14], also as a constituent
of photomasks’ absorbers [15]. Yeo ez al. showed a TiN thin film
resisting etching against harsh hydrogen plasma for up to 3 min,
demonstrating the material’s potential for capping EUVL pel-
licles [16]. Braic ez al. presented ZrN/TiN MLMs intended for
EUVL[17].

Among Si-N materials, which refer to the compounds
covered by the stoichiometry SiN, with 0 <x < 1.33 [18],
SizNy is probably the most ubiquitous in EUV optics. SizNy
is chemically stable with a high melting point (ca. 2700 K) and
has a transient optical response in the EUV range [19]. These
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properties made it popular for femtosecond time-diagnostics

in free-electron laser (FEL) light sources at EUV wavelengths

[19,20]. Si3sN4 has also been investigated and used due to its

relatively low absorptance in the soft X-ray and EUV spectral
ranges [21]. In the Physikalisch-Technische Bundesanstalt
(PTB), the EUV transmittance of SizN4 windows and filters
was measured before [22,23]. Solak ez 2/. used a membrane win-
dow made of SizNy to keep the vacuum environment of their
EUYV beamline [24]. Jimenez et a/. studied the transmittance
of Nb-Zr thin film filters on Si3N4 membranes in the spectral
range 3-31 nm [25]. Cho er a/. investigated the transmittance
of EUV pellicles made of silicon nitride [26]. Rothhardt ez a/.
used Si3sN4 membranes for preparing germlings intended for
EUV microscopy at a wavelength of 13.5 nm [27]. Aminzadeh
et al. reported fabricating Si3Ny diffractive optics for the soft
X-ray and EUV spectral ranges [21]. Bruijn ez a/. used SizNy as
an interdiffusion barrier for Mo-on-Si interfaces [28], which
can be relevant when investigating the development of EUV
multilayer mirrors (MLMs). Boher ez a/. reported the relatively
high thermal stability of Si/SizsN4 MLMs designed for the soft

X-ray and EUV spectral ranges [29].
For the third material in our study, SiO,, the fact that it can

easily grow on Si substrates gave the latter an advantage over
other substrates such as Ge, given SiO; high stability [30]. The
nanoscale properties of SiO,—Si interfaces are well-understood
[31], and the very thin SiO; layers that naturally passivate Si
substrates are usually amorphous [32]. Therefore, accurate opti-
cal data for amorphous SiO; can help in improving modeling
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the optical responses of Si-based optical elements and photodi-
odes. Amorphous SiO; films emission and absorption spectra
in the EUV were studied before [33,34]; therefore, additional
studies on the material can help for better understanding and
verification. Also, SiO; films have been used as buffer layers to
protect EUVL MLMs during absorber repairs [35]. Wang ez al.
reported Mo/SiO; intended for the spectral range 2.0-4.5 nm,
emphasizing that SiO; can be considered “good” as a MLM
spacer material in that range [36].

The optical constants of SiN, quartz and amorphous SiO,
were investigated before in the EUV range [37-43]. However, in
comparison against our results, differences were found. As well,
we examine the accuracy of the independent atom approxima-
tion (IAA) for estimating the optical constants of TiN, SiN, and
amorphous SiO; [44].

The thin films were deposited on semiconductor-grade pol-
ished Si substrates. SiN and SiO; thin films were grown using
plasma-enhanced chemical vapor deposition (PECVD). Both
SiN and SiO; thin films had nominal thicknesses of 50 nm.
Also, a TiN thin film with a nominal thickness of 30 nm was
grown by physical vapor deposition (PVD).

The elemental concentration depth profiles were obtained
from time-of-flight energy elastic recoil detection analysis
(ToF-E ERDA) [45]. A primary beam of 8.028 MeV 35CI**,
sample tilt of 15°, and a scattering angle of 40° was used. The
elemental depth profiles are shown in Fig. 1. From the depth
profiles, the compositions below the surface are determined as
follows: SiO, = Si.2000.63Ho.0565 SIN = Sig.331No.404Ho.262
and TiN = Tip 47N ¢ 5;. In the depth profiles a limited amount
of oxygen is noticed at the surface interface for the SiN and TiN
layers. A significant amount of hydrogen is detected for SiN.

For TiN and SiO;, the specular reflectance was measured in the
soft X-ray radiometry laboratory of the PTB (SX700 beamline),
at the third generation electron storage ring BESSY II. The
beamline and reflectometer with which the data was collected

are described in detail in Refs. [46—48].

ERDA profiles from twin samples of the thin films studied here. The dashed-vertical lines mark the sampling depths from which the stoi-
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Table 1. Settings at Which the Presented Reflectance Data Were Collected from the TiN and SiO, Samples at the

SX700 Beamline®

TiN Amorphous SiO,
A-Range (step)/nm Angular Range (step)/° A-Range (step)/nm Angular Range (step)/°
4.5-8.0(0.25) 5.0-51.0(0.5) 5.0-6.0 (0.25) 4.0-80.0(1.0)
6.1-7.6(0.1) 4.0-80.0(1.0)
7.7-7.99 (0.01) 5.0-51.0(1.0)
8.5-24(0.25) 5.0-80.0 (1.5) 8.0-10.4(0.1) 4.0-80.0(1.0)
10.5-12.1 (0.01) 5.0-51.0(1.0)
12.2-15.0(0.1) 4.0-80.0 (1.0)
15.5-24.5(0.5) 4.0-80.0(1.0)

“The values in brackets denote the step size.

Table 2. Settings at Which the Presented Reflectance
Data Were Collected at the Optics Beamline from the
SiN Sample®

A-Range (step)/nm Angular Range (step)/°
5.0-7.0(0.2) 2.5-35.0(0.5)
7.1-8.15(0.01) 3.0-50.0 (1.0)
8.2-9.9 (0.1) 2.5-40.0 (0.5)
10.0-11.0(0.1) 3.0-65.0(1.0)
11.1-11.5(0.01) 3.0-50.0 (1.0)
ca. 11.53—ca. 12.27 (variable steps) 2.0-45.0(1.0)
12.4-12.9 (0.1) 3.0-65.0(1.0)
13.0-16.0(0.5) 3.0-65.0(1.0)
16.5-25.0 (0.5) 4.0-80.0 (2.0)
26.0-33.0(1.0) 6.0-80.0(2.0)

“The values in brackets denote the step size.

The presented reflectance data for the TiN and SiO; samples
are made up of 78 scans and 285 scans, respectively. The scans
were measured in the spectral range 4.5-24.5 nm with the
settings given in Table 1. The angles given in Table 1 regard the
grazing incidence geometry.

For the amorphous SiO; coating, two coupons diced
from the same 300 mm wafer were measured. One coupon
(C-Si0; -A) measured in the spectral ranges 5.0-7.5 nm, 8.1—
10.4 nm, and 12.2-24.5 nm, and another coupon measured in
the rest (at absorption edges, denoted here as C-SiO; -B). The
coupons’ designations will be used in the remaining sections.

The reflectivity data was measured using S-polarized radi-
ation. Fine steps were used for measuring the SiO; sample,
particularly for the spectral ranges 7.7-8 nm and 10.5-
12.1 nm (Table 1). Those steps were implemented to account
for the fine-structure due to the known Si-L; and Si-L, 3
transitions [49].

For SiN, a coupon with approximate dimensions of
20 mm X 45 mm was measured at the Optics Beamline of
Helmholtz-Zentrum Berlin fiir Materialien und Energie
(HZB), also in the storage ring BESSY II [50]. 270 scans are
presented in our report from the SiN sample; the settings are
listed in Table 2.

The variable settings for measuring the reflectance of the
SiN sample were implemented for the proper sampling of the
observed fine-structure. In comparison with SiO,, a more
intricate fine-structure is observed.

3. SAMPLES REFLECTIVITY MODELING

Determining optical constants using reflectometry is based on
the convergence of an inverse-problem. In such a problem, an
assumed model for a sample is given with the corresponding
expectation ranges for its optical and structural characteristics.
Those expectation ranges resemble our best prior knowledge
about the targeted parameters. We set the expectation ranges
for the optical constants here around the Center for X-Ray
Optics (CXRO) tabulations [44,51,52]. Based on this, a pre-
liminary model can be considered for each sample, given the
manufacturing settings. Complementary measurements are
also advantageous such as the ERDA results in our case. The
assumed model is subsequently enhanced using iterative simu-
lations of the reflectivity profiles. Ideally, those iterations—aim
to—generate results that agree with the measurements within
the experimental uncertainties. The iterative simulations usu-
ally resume till meeting the stopping criterion and at that point
convergence is assumed. The latter’s definition depends on the
problem. In our case, the convergence of an inverse-problem is
reached when a model enhancement effectively idles and with
the results being intelligible. Arguably, such a workflow is the
main drawback of reflectometry as a method for determining
optical constants. However, we opt for reflectometry because
it can determine both parts of simultaneously considering thin
films (of any thickness) at any wavelength. The merits of reflec-
tometry in determining optical constants in comparison with
other methods are discussed in detail in Ref. [48].

For the relevant inverse-problems here, the dynamical
reflectance is calculated using Parratt’s formalism combined
with Névot—Croce damping factors to account for the effects
of interfacial imperfections [53—55]. Sampling the expectation
ranges considering the optical and structural characteristics of
the assumed models is conducted using Markov chain Monte
Carlo (MCMC)-based Bayesian inferences [56-59]. The
theoretical background, error modelling, and earlier demonstra-
tions of the aforementioned formalism in determining optical
constants are presented in Ref. [48].

Starting with the TiN sample, upon different simulation
attempts, the reflectivity data was simulated using two different
models. The first model is for the reflectivity data in the range
4.5-8 nm, where two layers on a substrate were assumed, the
TiN coating on top of the SiO, layer on a silicon substrate.
The SiO; layer is the unetched substrate’s passivation layer.
The second model for the reflectivity data above 8 nm consists
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(a) (b)
C 1.5 nm
TiN 28.0 nm TiN 27.2 nm
SiO, 1.1 nm Sio; 1.1nm
Si Substrate Si Substrate
Fig. 2.  Simulated models of the TiN sample. (a) The model for

reflectivity data between 4.5 nm and 8.0 nm. (b) The model for the
reflectivity data above 8.0 nm.

of a tri-layer model including a carbon layer. This additional
layer estimates the influence of all contamination on the surface,
including all physi- and chemi-sorbed species. The presence
of contaminates is natural since the sample was handled in the
ambience before measurements. For simulations, the calcu-
lated thickness of the SiO; layer in the first model (for data in
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the range 4.5-8 nm) was fixed for modelling the data above
8 nm. The optical constants of Si and C in the simulations were
fixed as taken from CXRQO’s database [51,52]. The assumed
density for the substrates is fixed as the tabulated bulk density
of 2.33 g/cm? [60]. The density of the carbonaceous layer was
a free parameter and—seemingly—converged at a density of
1.49 g/cm?. For the SiO; layer below the TiN coating, its opti-
cal constants were taken from Ref. [40], reduced with a factor of
0.8. This factor is needed to account for the decreased density
in the natural passivation layer. The models with the thickness
indicated upon assuming convergence are shown in Fig. 2.

The use of two different models for the same sample can be
explained with the asymmetric sensitivity of reflectivity data
to the structural characteristics considering different energies.
Another factor could be the influence of possible inaccuracies in
the optical data that was fixed for the simulations, especially that
no uncertainties are given for those datasets. However, sampling
the optical constants of all the constituents in the simulations
will lead to an intractable inverse-problem. Such a large number
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of free parameters makes the simulations prohibitively time-
consuming to attain—the assumed—convergence. Therefore,
approximations and assumptions are inevitable to maintain
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inverse-problems’ tractability. Nevertheless, as shown in Fig. 3,
the simulated data is in good agreement with the measurements.

We define the residual as the absolute difference between
logarithms of the measurements and simulations. The residual
between measurements and simulations for the TiN sample
peaks in the high grazing angle-high energy range part as shown
in Fig. 3(c), specifically, at and in the vicinity of Kiessig fringes’
troughs, where the reflectance is lowest. At some intervals, the
reflectance in that part is even below 1072, Generally, this resid-
ual pattern is similar to what was observed in our previous works
about determining optical constants from Ru and Ta thin films
[48,61].

The plot of the residual in Fig. 3(c) also shows spurts between
ca. 11 nmand ca. 12.4 nm. Thisis due to the non-stoichiometric
compounds with non-uniform density profiles forming at the
TiN-Si interface, which can be hardly modeled using the
discrete-layer approach. It is very difficult to accurately predict
the optical constants of such non-stoichiometric compounds in
that interface given the anomalous response of Si due to Si-L; 3
transitions.

(c)
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20 40 60 80
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Interpolated representation for measured and simulated reflectivity data of the SiO, samples. (a) Measured reflectivity data, (b) simulated
data, and (c) mapping of the residual between measurements and simulations.
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Considering the second compound, for the amorphous SiO,
coating, a single layer on a substrate was assumed for the simula-
tions. The optical constants of SiO, were fitted, while those of
the substrate were fixed from CXRO’s database [51,52]. Upon
attaining—the assumed—convergence, two different thick-
nesses were calculated from the two coupons. The modal values
are ca. 47.7 nm and ca. 46.35 nm for C-SiO, -A and C-SiO, -B,
respectively. The values are close to the nominal coating settings
of 50 nm and their probability density plots are shown in Fig. 4.

The small deviation between the two calculated thicknesses is
expected because of the small nonuniformity of the coating over
a full 300-mm wafer. The relatively non-uniform reflectance
mapped from part of coupon C-SiO,-A is shown in Fig. 5.

Regarding the SiO; samples, although a single-layer on a sub-
strate model was used to simulate the reflectivity profiles, a very
good agreement is observed between the measurements and the
simulations as shown in Fig. 6.

For the SiN sample, a tri-layer on a substrate model was
assumed for the inverse-problem. Descendingly, the model
consists of a C contamination layer followed by the SiN coating
followed by the substrate’s passivation layer (SiO;), all on a Si
substrate. The stratification is sketched in Fig. 7. In addition
to the environmental contamination expected on the surface,
F was detected. That could be due to residuals from NF5 gas
used to clean and condition the PECVD system. The C layer is
assumed to estimate the effect of all contamination species on
the surface. The optical constants of C and Si were also fixed
from the CXRO database [51,52]. The mass density of the C
layer was assumed 1.2 g/ cm?. The optical constants of the
assumed SiO; layer were those determined in our work.

This sample’s reflectance was the most difficult to meas-
ure properly and subsequently analyze. The fine-structure is
more intricate than for SiO;. The other challenge, the sample’s
reflectance, proved to be highly non-uniform and degrading.
Figure 8 shows the degradation of reflectance from an irradiated
spot from the sample, in comparison with two less irradiated
positions. The black curve in Fig. 8 shows damping in the
reflectance from the first irradiated position of the sample. This
can be attributed to morphological changes, to rapid growth
of contaminates, or to radiation-induced oxidation. Sun ez 4/.
reported that ultraviolet (UV) radiation—coupled with heating
at 400°C—can be used for dehydrogenating amorphous silicon
nitride thin films [63]. The EUV irradiation of our sample is
not coupled with annealing, but dehydrogenation might have
occurred due to the relatively energetic photons. This could
be a potential for a morphological change. For the possibilities
of contaminate growth and radiation-induced oxidation, they
have been investigated before and proven to be serious issues
[64—66]. The comparison for the reflectance shown in Fig. 8 was
carried out upon observing distorted dispersion profiles, which
were calculated from data collected at wavelengths longer than
25 nm from the first irradiated spot. That data is not presented
here, although it was incorporated for simulating the structural
model. For conciseness, only the reflectivity data from which the
optical constants were determined are presented here.

Due to this unpredicted response of the sample, for analyzing
reflectivity data collected at different spectral ranges, different
models were simulated. More details are given in Table 3. The
number and order of the layers were the same in all models, but
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C 1.8 nm
SiO; 1.5 nm
Si Substrate

Fig. 7.  Sketch for the simulated model for the reflectivity data
collected in the spectral ranges 5.0-7.0 nm, 8.2-11.0 nm, and
12.4-25.0 nm.
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Fig. 8.  Proof of reflectance degradation of SiN due to irradiation.

(a) Sketch of part of the sample with three positions indicated. The
dashed lines mark where the scans in (b) were collected. (b) Three
reflectivity scans collected at wavelength 13.5 nm and grazing angle
12° from the marked dashes lines in (a).

the calculated thicknesses and interfacial imperfection coeffi-
cients were different. In total, four different models were used to
simulate the reflectivity data shown in Fig. 9. Three models were
used for the data collected below 26.0 nm and a fourth model for
the data collected above 26.0 nm.

For Fig. 8 and Table 3, the reflectivity data presented here in
the spectral range 26.0-33.0 nm was measured from the green
marked spot, while the remaining data was measured from the
black marked spot. The second—green marked—spot was
irradiated because the determination of optical constants was
not possible from reflectivity data measured above 26.0 nm
from the first—black marked—spot. Arguably, due to relatively
small penetration depths, reflectivity data collected at such long
wavelengths is highly affected when characterizing irradiation-
damaged spots. Because of the anticipated smaller penetration
depths, the thicknesses of SiO; and SiN were fixed in modelling
the data measured in the spectral range 26.0-33.0 nm.

Nevertheless, the simulated reflectivity for SiN is in very good
agreement with the measurements as shown in Figs. 9 and 10.
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Interpolated representation for measured and simulated reflectivity data of the SiN samples in the spectral range 5-16 nm. (a) Measured

reflectivity data, (b) simulated data, and (c) mapping of the residual between measurements and simulations.

Table 3. Calculated Thicknesses of the Assumed Layers in Modeling the SiN Sample’

Simulated (and used) Thicknesses/nm
Presented A-Ranges/nm Irradiated Position C SiN SiO,
5.0-7.0,8.2-11.0 and 12.4-25.0 First 1.8 41.6 1.5
ca.11.53—ca. 12.27 First 2.8 41.3 1.0
7.1-8.15and 11.1-11.5 First 2.4 41.9 0.98
26.0-33.0 Second 1.9 Fixed 41.9 Fixed 0.98

“The simulated thicknesses here relate to additional reflectivity data not presented in this work.

As expected, the residual between measurements and simula-
tions is also highest here at and in the vicinity of Kiessig fringes’
troughs. The discussion on the residual of TiN reflectivity maps

[Fig. 3(c)] also applies here.

4. DETERMINED OPTICAL CONSTANTS

Beginning with TiN, the calculated optical constants depict
relatively smooth and increasing functions for the investi-
gated spectral range between 4.5-24 nm, as shown in Fig. 11.
Generally, our calculated optical constants are in good agree-
ment with CXRO IAA-based estimations [44,51]. The used
atomic scattering factors (ASFs) for Ti to enable IAA-based esti-
mations here are those updated from 2004 [67], not the original
tabulations of 1993 [44]. The nominal stoichiometry of TiN

(1:1) with mass density of 4.7 g/cm® was used for calculating
the optical constants.

The trends of the calculated TiN dispersion profiles were as
expected. Comisso et al. determined the optical constants of
TiO; in the spectral range ca. 2.03—48.6 nm [68], and in the
spectral range we investigated their data shows similar trends.
Both TiN and TiO; in the spectral range 4.5-24 nm are dom-
inated primarily by the optical response of Ti, given the higher
mass and electron densities. The—generally—good agreement
between our data and CXRO [AA-based estimations supports
our approach in estimating the measured ERDA stoichiometry.
However, a thorough comparison requires the mass density
of our coatings to be accurately determined in addition to the
uncertainties of external literature, but neither is known. A more
detailed comparison specifically at a wavelength of 13.5 nm is
shown in Fig. 12.
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Interpolated representation for measured and simulated reflectivity data of the SiN samples in the spectral range 16.5-33 nm.

(a) Measured reflectivity data, (b) simulated data, and (c) mapping of the residual between measurements and simulations.

For the calculated optical constants from the amorphous
SiO, samples, as expected, they reveal a fine-structure around
the tabulated atomic transition energies [49]. Our calculated
optical constants are plotted in comparison with other literature
data in Fig. 13, from Refs. [39-42, 44,51,52,69]. The fine-
structures due to the Si-L 3 and Si-L; transitions are shown in
Fig. 14 and Fig. 15, respectively. The theoretical interpretation
of Si-L; 3 fine-structure in SiO;, is available elsewhere [70-73].

In Figs. 13—15, the two plotted curves referenced Andtle ez al.
refer to two examined crystallographic orientations of a quartz
crystal [40], with Miller indices given between parentheses. In
most of the investigated spectral range, the dispersion profiles
calculated from the quartz crystal [40] are higher than ours.

—— CXRO - IAA

0.20 ® Our work

=015
© 0.10

0.05

0.00
0.20

0.00

5.0 7.5 10.0 125 15.0 175 20.0 225
A/ nm
Fig. 11.  Our calculated optical constants for TiN in comparison
with CXRO IAA-based estimations using a mass density of 4.7 g/cm?
between 4.5 and 24 nm [44,51]. Top: profiles of the refractive
component. Bottom: profiles of the extinction coefficients.

That can be explained with the higher mass density expected in a
bulk crystal in comparison with a thin film.

In Figs. 13-15, Palik data is actually tabulations from two
different sources, referenced there in Ref. [39]. Palik data [39] is
undersampled around the resolved fine-structure; therefore, no
detailed comparison can be conducted. However, it is in general
agreement with our results.

In Fig. 13, the data from Ding ez a/. [69] is not shown for
the refractive components because it is quite far from all the
plotted data there. The optical constants of Ding ez a/. [69] are
determined using electron energy loss spectroscopy (EELS), and
their EUV data has shown significant inconsistencies regarding
other materials before. However, as indicated in Figs. 14 and
15, the noticeable inconsistency between our data and CXRO’s
[44,51] around Si absorption edges is due to chemical shifts in
absorption edges’ energies due to oxidation. It is known that
such chemical effects are not included using IAA-based estima-
tions. This issue was also pointed out in the PTB’s report on
determining the optical constants of quartz in the EUV [40].

Another dataset we compare our results with is that of
Filatova et al. [41]. Filatova et al. studied amorphous SiO,
optical constants in the spectral range ca. 0.41 nm—ca 19.0 nm
[41]. Above ca. 15 nm, as shown in Fig. 13, there is a clear diver-
gence where our dispersion profiles show a linear increase, while
those of Filatova ez a/. [41] trend at a different rate. Also, as
shown in Fig. 15, the fine-structures observed in our data and
that of Filatova ez /. [41] are different. This can be attributed
to slight differences in the amorphousity of the investigated
films. Kurmaev and Wiech measured the emission bands of
crystalline and amorphous Si at the L, 3 edge and the spectra
are clearly different [74]. Crystallinity is generally a factor. H.
Philipp showed that amorphous SiO; reflectance has slightly
broadened features in comparison with the crystalline phase, at
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Fig. 12.
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Our calculated optical constants for TiN with their corresponding Cls plotted against CXRO IAA-based estimations (blue lines) at a

wavelength of 13.5 nm [44,51]. (a) The refractive component. (b) The extinction coefficient.

energies lower than EUV [75]. Referring to materials other than
SiOy, higher crystallinity has been indicated behind “sharper”
absorption edges in the EUV range [76,77]. It could be that our
sample has lower amorphousity than the one investigated by
Filatova eral. [41]. Therefore, sharper edges are observed for our
sample as clearly shown in Figs. 14 and 15. However, for most of
the investigated spectral range here, the extinction coefficients
of Filatova et al. [41] are smaller than ours, where their refractive
indices are higher.

One relevant study to address for discussing inconsistencies
between different SiO, datasets is that of Klinkenberg and
Mlinsky [78]. They determined optical constants of SiO; in the
spectral range 11.1-13.5 nm from differently prepared thin
films; the corresponding results were different [78]. Another
factor behind the differences between our optical constants and
literature data could be the stoichiometry. Perhaps, there are
small variations between the prepared compounds. Barranco
et al. measured Si K-edge absorption spectra of SiO,, SiO; 7,
SiO; 3, and Si, whose measurement series shows clear differences
in the fine-structures of the samples [79].

For the determined optical constants of SiN, they are shown
in comparison with external literature in Fig. 16. Figures 17
and 18 show the fine-structures due to Si-L; and Si-L, 3 tran-
sitions [49], respectively. As shown in Fig. 16, the IAA-based
estimations [44,51,52] assuming the stoichiometry SizNy4 with
mass density of 2.3 g/ cm? are in general agreement with our
results, except for the absorption edges’ positions and their
fine-structure.

In Figs. 16 and 17, CXRO-Exp refers to the single experimen-
tally determined pair of optical constants using reflectometry at
wavelength 13.5 nm for the stoichiometry SizNy, as reported in
Ref. [38]. Shehzad et al. refers to 19 extinction coefficients mea-
sured between ca. 13.4 nm and ca 13.67 nm from a membrane
with the stoichiometry SiNg g [37]. In our plots, Windt refers
to Si3Ny optical constants measured at 11.4 nm, 13.55 nm,
17.14 nm, 24.3 nm, and 30.38 nm [80]. The experimental
external literature data we found does not properly cover the
investigated spectral range to draw a reliable comparison upon.
Also, only Shehzad ez al. provided details about stoichiometry
characterization [37]. However, Table 4 lists the values for the
experimental optical constants at wavelength 13.5 nm and the
numbers are relatively close.

The minor deviation in the extinction coefficients noticed
around 25 nm in Fig. 16 is probably due to the addressed

@® Andrleetal. (001) —— CXRO - IAA
@ Andrleetal. (100) 4 Palik

Ding et al. ® Our work

Filatova et al
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Fig. 13. Amorphous SiO; calculated optical constants in com-
parison to other literature data in the spectral range 5.0-24.5 nm
[39-42,44,51,52,69]. Top: profiles of the refractive component.
Bottom: profiles of the extinction coefficients. The sub-plots show
parts of the calculated dispersion profiles at the Si-L, 5 transitions [49].

sample’s damage or expected morphological changes. The
determined optical constants above and around 25 nm from
the reflectivity data collected from the first irradiated position
were different and fluctuating. The optical constants presented
here for the spectral range above 25.0 regard our second attempt
for reflectivity data from the second irradiated position, with
the different positions shown in Fig. 8. It seems this sample is
relatively more sensitive to radiation than expected. Therefore,
the presented optical constants are vulnerable to additional
uncertainties, especially for absorption edges, given indications
that the optical constants could vary. However, we present this
dataset given the rarity of SIN EUV optical constants.

A final remark: SizNy is known to have two crystal phases,
denoted as a- and B-SizNy, besides the amorphous, which is
the most common [81]. Another polymorph with cubic spinel
structure was also reported to form under high temperature
and pressure [82]. For synthesizing hexagonal crystalline SizNy4
samples, Carson and Schnatterly performed crystalline pow-
der pressing [83], while they presented their chemical vapor
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Table 4. Tabulated Experimental Optical Constants of SiN at Wavelength 13.5 nm
Source ) B Note
Our work 0.01929(20) 0.00626(32) Cls of 3-0 given in concise notation
CXRO 0.021 0.0066 Experimental values from Ref. [38]
Shehzad et al.” N/A 0.00652781 Wavelength very close to 13.5 nm
“From [37].
Filatova et al. ® Andrle et al. (100) € Palik ® Our work € Windt ® Shehzad et al. = CXRO - IAA #® CXRO - Exp. @® Our work
® Andrle et al. (001) == CXRO - IAA
0.025 0.150

0.020 ,d/"""\..'l

000558 11.0 11.2 11.4 11.6 11.8
A/nm
Fig. 14. Amorphous SiO, calculated optical constants in com-

parison to other literature data in the spectral range 10.8-11.9 nm

[39-41,44,51,52].
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Fig. 15. Amorphous SiO, calculated optical constants in com-
parison to other literature data in the spectral range 7.5-8.0 nm

[39-41,44,51,52].

deposition (CVD) grown film on a Si substrate as amorphous
[83]. Here, we also assume our SiN PECVD grown film to be
amorphous. However, the film’s crystallinity can be critical
given that each SizNy phase shows slightly different densities
of state (DOS) of the valence-band electrons in the EUV range
[83]. Also, stoichiometric differences must also be observed
when comparing optical data from different SiN samples.
According to Smith ez al. [84], SIN PECVD grown films are

0.010 -\\
.
0.125 {0.008 \‘.”A\/‘_

0.006

= 0.1001 454

wn
1+ 0.075 {0-002
Lol

0.050

0.025

0.000

0.014

0.08

0.06

0.04

B - SiN

0.02

0‘005 10 15 20 25 30

A/nm
Fig. 16.  Our SiN calculated optical constants in com-
parison to literature data in the spectral range 5.0-33.0 nm
[37,38,44,51,52,69,80]. Top: profiles of the refractive compo-
nent. Bottom: profiles of the extinction coefficients. The sub-plots
show parts of our dispersion profiles at the Si-L; 3 transitions [49]. The
gray filled regions in the sub-plots mark the Cl of 3—0o'.

generally hydrogenated and non-stoichiometric. Parsons
eral. discussed reducing hydrogen content in PECVD SiN thin
films [85]; the discussion there is relevant for understanding the
reasons behind the latter issues. Nithianandam and Schnatterly
measured the emission spectra of nearly stoichiometric and
non-stoichiometric Si3Ny thin films in the EUV photon range
65-110 eV; the corresponding spectra are clearly different [86].
Wiech and Simtinek measured the emission spectra of a- and
B-Si3Ny in the EUV photon range 70-105 eV; the spectra
profiles are not identical [87]. In parallel with the discussion
following the inconsistencies between the presented SiO; data,
the emphasis on crystallinity and stoichiometry is relevant when
attempting to explain inconsistencies between different SiN
optical data.

5. SUMMARY

We presented the determination of optical constants using
synchrotron reflectometry from TiN and amorphous SiO; thin
films in the spectral range 5-24 nm, and from (hydrogenated)
SiN in the spectral range 5-33 nm. The measurements and the
simulations were shown with emphasis on the used modeling
formalism. MCMC-based Bayesian inferences were used to
sample the assumed models, which turns over the targeted
parameters’ uncertainties. We also examined the accuracy of
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Fig. 17.  Our SiN calculated optical constants in comparison to
literature data in the spectral range 10.0-14.0 nm and at the Si-L; 3
transitions [37,38,44,49,51,52,69,80]. Top: profiles of the refractive
component. Bottom: profiles of the extinction coefficients. The gray

filled regions mark the CI of 3-0.

—— CXRO - IAA ¢ Our work Cl 3-0

0.0105

0.0090

0.0100

0.0095
=
3 0.0090

“0.0085

0.0080

7.2 7.4 7.6 7.8 8.0
A/nm
Fig. 18.  Our calculated SiN optical constants in the spectral range
7.2-8.15 nm in comparison to CXRO predictions assuming the stoi-
chiometry to Si3Ny [44,51]. The gray filled regions mark the CI of 3-o.

the IAA in estimating optical constants in the EUV. The IAA is
reliable with limitations considering energy regions coinciding
with absorption edges. Additionally, the elemental concentra-
tion depth profiles were measured using ERDA, a very sensitive
characterization method for light elements providing analyses
with high resolution for chemical profiling.

TiN, SiN, and amorphous SiO, are widely used as constitu-
ents of optical elements. The optical constants of both SiN and
amorphous SiO; were adequately sampled to reveal the fine-
structure due to the Si-L; and Si-L, 3 transitions. We presented
our results with comparisons to external literature. Our results
help to improve modeling the optical responses of TiN-, SiN-,

Research Article

and Si-based optical elements and devices dedicated for the
EUV range.

The optical constants of TiN, SiO,, and SiN are available on
the PTB’s online Optical Constants Database (OCDB); [88].
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