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Abstract

The paper presents an analysis of specific spectra manipulation and its metrological consequences for optical
coherence tomography (OCT) in the nanometer wavelength range using a laser-plasma source of soft X-rays
(SXR) and extreme ultraviolet (EUV). The focus is on extending the recorded spectra, predominantly through the
stitching method. A model spectrum is used to validate the technique and transparently demonstrate the behavior
of'the stitched spectral components. The model is followed by processing the experimental data and demonstrating
two possible destructive factors for data processing. The first factor is an unbalanced spectrum. While spectral
extension toward higher photon energies significantly improves spatial resolution, it appears to be a second
destructive factor. The presented results also highlighted certain technological and physical issues related to
material properties of the sample, such as potential plasmonic effects. Consequently, the results, although offering
much greater flexibility and ability to adjust the final spectrum, providing better reconstruction, also recommend
caution in the scope and choice of the applied modification method.

Keywords: optical coherence tomography, X-ray coherence tomography, nanometer resolution, spectral
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1. Introduction

Radiation spectra are exploited in many applications requiring different specifications and
processing methods. Parameters such as spectrum bandwidth or spectral profile of intensity (the
spectral power density) are of critical importance for these applications. In some of them, e.g.
in X-ray absorption spectroscopy (XAS) [1, 2], the effect of linear combining (stitching) of
spectra recorded in different (e.g. subsequent) measurements in adjacent spectral ranges while
maintaining the same experimental arrangement [3] is easily to control and intuitively
perceptible. The possible effects of interaction between matter and photons of higher energy
are usually treated then as an inherent phenomenon. In fact, the method of scanning the
beamline wavelength, typical for synchrotron sources, is a specific form of spectral stitching.
In some applications, such as X-ray coherence tomography (XCT), the extraction of
information hidden in the entire registered spectrum requires complex data post-processing,
resulting in an autocorrelation function (ACF) that combines elements of the whole spectrum
at each step [4-7]. XCT is understood here as a short-wavelength variant of the well-established
optical coherence tomography (OCT), performed using radiation in the soft X-rays (SXR) /
extreme ultraviolet (EUV) range [8-10] and some solutions of the OCT technique can be
directly applied to it.

XCT, operating in the nanometer wavelength range, encompassing soft X-rays and extreme
ultraviolet, has its own specific limitations, mainly experimental, as well as some
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complications. These include practically unavoidable filtering, due to high orders of diffraction,
scattered visible and infrared radiation, and the often complex spectral structure of the source,
especially when plasma-based sources are applied. Moreover, high-energy photons can modify
the irradiated material to some extend by interacting with it, even if the flux is less than
moderate. Effects include emitted secondary radiation, an increase in free electron
concentration due to ionization, as well as interband transitions. This may modify the spectrum
and propagation conditions, but has never been directly considered in the context of phase-
sensitive measurements such as XCT. On the other hand, from a metrological perspective,
short-wavelength radiation offers unprecedented axial resolution of the order of a few
nanometers [5-7].

Using a laser plasma source of soft X-rays, a resolution of 2 nm has been demonstrated to
enable information to be extracted from a multilayer reflecting structure [7], which is
approximately three orders of magnitude better than the resolution of OCT, typically applying
visible or near-infrared radiation [9]. This parameter depends primarily on the spectral
bandwidth of the applied radiation [8, 10, 13], and linear combination of spectra may still be
a tempting approach to extend the available spectral range or reduce the level of coherence,
thus optimizing the resolution of the method. Moreover, the considered spectra manipulation
can help to optimize the dynamic range of the detector signal in the entire available spectral
window or to overcome the limited spectral range of the spectrometer. Mapping complex
reflecting (scattering) structures buried in a material opaque to visible light but permeable to
short-wavelength radiation will be a main goal of the XCT technique in its future development.
The XCT technique, together with diffraction tomography [14] or low-coherence speckle
interferometry (LCSI) [15], may certainly be of interest for nanoelectronics and nanophotonics
as a noninvasive imaging method with nanometer resolution.

The XCT/OCT principle requires a low level of longitudinal coherence (l.), i.e. a narrow
range of constructive interference or, in other words, broadband radiation. The problem of
preferred source characteristics for OCT has been discussed in detail in the literature [9, 12,
16]. A wide bandwidth has been determined as a prerequisite for increasing the final resolution
of the method, while a Gaussian spectrum shape has always been considered the most preferred.
The latter preference is a serious challenge in the short-wavelength spectral range with typically
complex contributions from spectral lines, bands (transition arrays), and the presence of
absorption edges. Many factors, such as noise, dispersion, or numerical windowing/filtering,
limit the method's axial resolution, but the battle for a broad spectrum is the first step toward
improving the resolution. To overcome, in some sense, the limitation of the requirement for
a broad and Gaussian-type spectrum, rarely generated by modern compact short wavelength
sources, spectrum-tailoring methods can be employed. These methods are based on stitching
parts of the spectrum to gain an advantage in the subsequent reconstruction process. Spectral
manipulation by the stitching method has been demonstrated in a spectral domain - optical
coherence tomography (SD-OCT) operating with visible radiation [3].

In the present paper, we apply and discuss for the first time the spectral stitching method as
a means practicable in XCT. The XCT technique offers the potential to be used as a metrology
tool with nanometer resolution, however, the influence of spectral parameters on its accuracy
is crucial from a metrology perspective. The two spectral components used in stitching were
generated by differently filtered radiation source both in the experimental scheme and the
corresponding model. The interest in the possible reasons of a specific behavior after stitching,
its consequences for the accuracy and practicality of the procedure are in focus, especially since
different filtering of the radiation source resulted in different results both in the experiment with
the same sample and in the model. The analysis begins with a simple numerical model, followed
by a standard processing approach applied to real experimental data collected with the use of
a laser plasma SXR/EUV source. Here, we would like to emphasize that we do not consider
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phase retrieval, which is often used as the final data processing step. This procedure with its
arbitrariness in the choice of numerical routines, even if it improves the output quality, e.g.
finesse of the feature of interest, is not necessary to show the effects of spectral manipulation,
which is the focus of this paper.

2. Problem formulation

The essence of the proposed stitching technique principle relies on the following procedure.
Having a broad emission spectrum F(k) and being enforced to use a specific filter with
a transmission curve F;(k) significantly limiting the useful or effective spectral width by
introducing a low-transmission range, one will reduce the method’s resolution. The concept of
an effective bandwidth B,y was introduced to estimate the resolution limits in such a case.
Determined in practice as a spectral area encompassing 98% of the total power, it is frequently
used in the case of recorded signals with significantly different amplitudes over a broad
spectrum. The By value is responsible in such cases for the spectrum resolution [17]. It is
obvious, that even broad but containing some areas of low-level (close-to-zero) intensity spectra
are destructive in this aspect, as then the B.y is reduced and, as a consequence of the Nyquist
criterion (Ax < 1/2B.p) [ 17], the sampling interval in the space domain (Ax) can be prohibitively
large. Addition of a complementary filter of high transmission F2(k) in this low-level range,
seems to be a more practical and active step on the way towards improvement. These two filters,
when jointly applied during the same measurement, would transmit a prohibitively narrow
spectrum of the useful photon flux (Fig. 1a). However, one can stitch together their high-level
(high-intensity) parts, e.g. at the spatial frequency ks, where both signals are identical or at
a very close level, and obtain a relatively strong signal over the full width of the considered
spectrum. The procedure can, of course, be extended to stitching multiple-spectra, if needed,
and hence improve the flexibility and applicability of the proposed method. We also used three
numerical spectral window filters (see Fig. 1b) to select or promote in the analysis specific parts
of the spectrum. The other goal of this action was the reduction of artifacts and “ghost” features
to increase ACF’s signal dynamics, especially with complex and noisy spectra obtained in an
experiment.
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Fig. 1. a) The transfer functions (power reflectivity spectra) H(k) of the modeled samples (m5-, m10- and m20-
sample) together with the transmission curves of the applied source filters. b) The applied window filters on the
background of m5 sample 5 nm thick layer of Au-corrected.

Filters, also these numerical ones, can help in the spectrum modification. However, as they
put a constraint on the spectrum widths, they will also reduce, to some extent, the available
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resolution level. Generally, two types of the numerical window filters were used in the work
and these were either of a Gaussian window (GW) or the Kaiser-Bessel window (KBW). All
three applied window filters were distinguished by their shape and position. These used in
modeling (m-KBW0, m-KBW, and m-GW) are presented in Fig. 1b together with the transfer
function H(k) of the sample. The number “0” was always used in connection with a window
filter centered against the full available spectral range and covering it. The transform procedure
with the use of a filter can be expressed as F~'[H(ka)- G(ka)] = h(z) * g(z), where G(ka) is the
window filter transmission in the dispersion-corrected spatial frequency domain. The right side
of the expression is a convolution of the inversely transformed H(ks) and G(ks) in the space
domain. Thus, the transform result of the window-filtered transfer function has to be
deconvolved to be accurate.

In XCT (similarly to OCT in a non-interferometric or common-path configuration), the
source signal reflected from the sample and normalized to a separately recorded reference signal
constitutes the power reflectivity spectrum of interest, i.e. the functional dependence
Ssource(k) | Sref(k) = H(k) [6, 12, 13]. The resulting signal is formally the normalized reflected
spectral power density and contains encoded information about the reflective structure (often
multi-layer) buried below the host material’s surface. In other words, it is a transfer function of
the sample, typically denoted as H(k) in the Fourier optics [17-19]. This “distributed” power
reflectance is at first glance a function of the reflector position z and the incident radiation
phase, i.e. the optical path length. Since the spectral power density in the spatial frequency
domain is directly related to the ACF of the signal in the space domain by the Wiener-Khinchine
theorem (WKT), more precisely by the inverse Fourier transform (IFT) F[H(k)] = |r(z, ¢)|°,
we took the dispersion-corrected ACF as a measure to estimate and compare the consequences
of spectral modification. It is expected that ACF will be sufficiently narrow to undoubtedly
identify sharp peaks (features) indicating the position of the hidden reflecting objects. Data
acquisition and subsequent processing were performed (in all variants) by the same procedure
to compare the results in a simple and reliable way.

3. Theoretical model

We designed a simple model consisting of a single Au film buried 100 nm beneath the
surface of a silicon wafer to demonstrate some important effects of the spectral modification.
The primary Au layer of the design had a thickness values of 5 nm (the sample denoted as mJ)
but we considered also two other gold layer thicknesses of 10 nm and 20 nm (the samples m /0
and m20, respectively). These variants of the sample were analyzed under spectrally uniform
irradiation in two wavelength ranges: 5 — 40 nm, containing a low-level, close-to-zero and
noisy part of a significant length, and 10 — 32 nm, a wavelength sub-domain with significantly
reduced low-level component. The m10- and m20-samples were used to observe the effect of
introducing two interfaces (Si/Au and Au/Si) separated by a distance larger than or at least equal
to the shortest wavelength.

Parameters of the sample and irradiation were selected to match the conditions of the
experiment described later. The transfer functions of such samples were taken from the CXRO
database containing semi-empirical data [20]. The spectral dependencies of the H(k) in the main
pre-selected spectral range of 5 — 40 nm and for three different Au-layer thicknesses, are visible
in Fig. la, together with the transmission curves of the applied source filters. These are
represented by a Zr-film of 200 nm in thickness and a 250 nm thick Al film.

We decomposed the full wavelength range (5 - 40 nm) into two different regions with the
dominance of one of two differently filtered photon fluxes in each. These regions met at
ksm = 0.056 nm! as shown in Fig. 1a. The source’s filtering process was conducted directly on
the sample’s H(k), and this was in our model fully equivalent to filtering the source.
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A 100 nm-thick silicon layer above the Au film was the dominant, optically dense material of
the sample. The radiation propagating in it is delayed relative to propagation in the free space.
The propagating radiation was transferred, taking the CXRO dispersion data into account, to
a new coordinate in the spatial frequency domain, and denoted it as ks. This process is called
dispersion correction. The functional relation between k; and the wave number ko in the free
space was calculated according to the principle given e.g. in [21].

After introducing the dispersion correction, and utilizing zero-padding to improve
presentation resolution (sampling) of the results, we applied the IFT to determine the spatial
position of the metallic structure buried in the silicon wafer (Fig. 2). Padding relies on adding
a block of zeros to the data and increasing on this way a sampling rate for the transform without
influencing the values of the processed vector. Execution of this step has confirmed one critical
problem arising due to filter-caused shortening of the radiation effective bandwidth (green
chained and brown dashed lines in Fig. 2a, i.e. weakening the signal amplitude and splitting the
ACF peak for irradiation from a specific spectral range, represented here by the Zr-filtered
component (dashed brown) or by the corresponding window filter position (KBW( — green). In
other words, the same sample (mJ5) gives different results depending on the spectral composition
of the applied irradiation.
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Fig. 2. a) The ACFs from modeling the m5-sample irradiated at a uniform level (CXRO-data without
windowing) compared with the ACFs resulting from irradiation by the Zr-filtered and Al-filtered radiation
source; combined spectrum (c¢mb) includes the parts from Zr- (weak) and Al-filtered (strong) source radiation
stitched at k»,; the window filtering of the m5-sample was realized by the m-GW, m-KBW, and m-KBW?0 filters.
Please, turn attention to the equality between the results of the Al-filtered radiation (blue solid line) and the
combined spectrum mS5 cmb (magenta dash-dotted line) as the curves nearly perfectly overlap each other. The
curves were multiplied by the factors listed in the legend to present the results more transparently. b) The ACFs
obtained with the m/0-sample (10 nm thick Au film). The applied spectral range was in both cases between
5 and 40 nm. Colors are identical to improve the readability and the possible comparison.

3.1. Spectral range

We applied two different spectral ranges in the model calculations. The narrower one
(10 — 32 nm) offered the sample’s transfer function with a very short part at a level close to zero
(equivalent to a broad B.y), while the other one (5—40 nm) of the same Bey value had
significantly wider total width and contained more energetic spectral components even if at
significantly lower intensity level.

3.1.1. Spectral range 5 — 40 nm

The modeling results in the spectral range 5 — 40 nm are shown in Fig. 2a in the form of
ACFs. The result of windowing implies one interesting effect. The peak of interest of all filters



A. Arikkatt, et al.: INFLUENCE OF RADIATION SPECTRAL CHARACTERISTICS ON THE ACCURACY OF ...

is towards lower z, and even more, the m-sample filtered with the m-KBW0 (the green chained
line in Fig. 2a tends to behave similarly to the Zr-filtered component (two peaks within the
brown dashed trace). Both are split into two parts and the stronger peak is shifted towards lower
z even more than those obtained with other filters. We looked after the correlation between the
shapes and positions of both transformed spectra. This observation suggests that a spectral
composition with dominance of shorter wavelengths (higher k) is responsible for such
a measurement output. The same conclusion is valid also for the plots in Fig. 2b.

We do not think that deconvolution is necessary in the space domain to compare the results,
and will not reverse the peak splitting. So, at this point, one cannot doubtlessly conclude that
the relation between the high- and low-level signal parts is the only reason responsible for the
effect. The IFT output in the form of brown dashed ACF line labeled as m5 Zr-filter in Fig. 2a
does not deliver in this case any unambiguously recognizable feature related to the buried Au
layer and the ACF is split into two “lobes” shifted in opposite directions from the nominal value
of 100 nm. Thus, a broad but dominantly low-level signal does not guarantee any reasonable
identification of the buried structure. As the behavior of the stitched spectra under such
idealized conditions was a very important aspect for our interest, we merged the Zr- and Al-
filtered H(k) spectra at ks, = 0.056 nm™!, the crossing-point of both spectra . Stitching of both
components can be treated as a sort of a non-zero appendage to the Al-filtered transfer function
to extend the spectral region or conversely, an addition of a strong Al-filtered signal to the
relatively weak and narrow Zr-filtered transfer function to improve the general spectrum
quality. The stitched spectrum is dominated by its high-intensity part originating from the Al-
filtered radiation, and it is no surprise that the IFT results of such a combined (stitched) signal
nearly perfectly overlap that of the transformed Al-filtered ones (see Fig. 2a and Fig. 2b).

As far as the larger thickness of the Au layer are concerned (m10), the results show some
substantial changes. The Zr-filtered radiation gave a typical very weak peak split after the
transform and shifted far from the nominal depth value. The 10 nm-thick Au layer delivers,
after irradiation by the Al-filtered radiation, a single, reasonably pronounced peak of the feature
but slightly deviated from the nominal value towards a larger depth (see Table 1 and Fig. 2b).
The shape of the peak suggests that we could see two reflections subject to better resolution.
The second of these peaks would be in the position of the curve's strong roll-off on the leading
edge, i.e. a few nanometers earlier.

Table 1. Modeling results of m-sample - a depth of the Au foil in [nm]; two different spectral ranges of
irradiation and metal layers of different thicknesses are considered.

Case Sample Spectral range
5-40 nm 10 -32 nm
) m5-sample 103.6+0.5 100.1+1.2
No filtering
m10-sample 107.4+0.5 97.7+1.2
m3-sample 95.440.5 96.5+1.2
Zr filtering P 115.0+0.5 114.3+1.2
m10-sample 94.440.5 94.1£1.2
. mS5-sample 103.6+0.5 100.1£1.2
Al filtering
ml0-sample 106.0+0.5 98.9+1.2
Combined mS-sample cmb 103.6+£0.5 100.1£1.2
spectra ml0-sample cmbl 106.9£0.5 -

In the case of combined or stitched spectra, the weak and narrower spectrum (Zr-filtered) is
in such a combination (here with Al-filtered radiation) fully dominated by the appended
spectrum of a high spectral density; its ACF is nearly identical to that of the spectrum’s stronger
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part. While the curves drawn with the purple (cmb) and blue (Al-filtered) lines in Fig. 2a and
Fig. 2b overlap each other in the full range, and the position values are also nearly identical
(Table 1). The IFT of the combined signal is stronger, showing the feature of interest at
areasonable level and proving the advantage of spectral stitching and manipulation. The
multiplication (scale) factors were also used here to clearly present all curves. Moreover, the
extracted peak positions (positions of the buried Au layer), excluding that for pure Zr-filtering,
are nearly identical and even much closer to the nominal value of 100 nm. This confirms the
assumption that stitching the spectra can be a method or remedy for improvement of the output
signal, subject to the stitched (appended) signal being strong and broad. The improvement is
evident, and the result is accurate.

3.1.2. Spectral range 10 — 32 nm

For the sake of comparison and stressing the role of the radiation bandwidth, the results of
irradiation in a much narrower spectral range (10 — 32 nm), with an energy bandwidth of about
85 eV, approximately 2.5 times narrower than that in the previous case, are shown in Fig. 3a.
It is clearly visible that all peaks are shifted towards lower z, while the exclusive filtering with
Zr-filter (yellow chained line) splits the peak. All the extracted from the model positions of the
gold layer buried in silicon are collected in Table 1.

Slightly more than a half of this spectral range is covered by the m-sample’s transfer function
at a noticeable level (Al-filtered) but it also includes the whole Zr-filtered component combined
with a near-zero component of a comparable length (see inset to Fig. 3a). Interestingly, the
presence of peak split in this case also suggests that other than the low-level signal contribution
is responsible for the effect, as the low-level components are noticeably narrower than those in
the full-range (5 — 40 nm) spectrum and should therefore be less influential. However, a low-
level signal, here the transfer function of the Zr-filtered radiation, when stitched with a strong
and spectrally sufficiently broad signal, offers a reasonable identification of the Au layer
position (m5-cmb trace in Fig. 3 and Table 1).
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Fig. 3. a) The ACFs derived from the model for 5 nm Au foil and irradiated in the spectral range between 10 and
32 nm. The inset shows the combined H(k,) containing the Al- and Zr-filtered (the right-side of ks, = 0.056 nm")
parts of the spectrum. b) The ACFs of the samples irradiated by differently filtered radiation but in the spectral
range 12.8 nm — 40 nm.

3.2. The presence of gold layer

The spectral dependence of the results indicated critical influence of the shorter wavelengths
(more energetic photons) on the results, mostly with the disturbing effect. This observation
turned our attention to a quite specific aspect never considered in detail in the XCT or very
rarely in the short-wavelength context. It is mostly about metal (most frequently Ag, Au)
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surrounded by a low-loss semiconductor (Si) that here can be treated as a dielectric. This is
a classical plasmonic environment, i.e. the situation of wave propagation in the structures of
dimension smaller or comparable to 4. The considered ranges of wavelengths between 5 nm
(248 eV) and 40 nm (31 eV) as well as between 10 nm (124 eV) — 32 nm (39 eV) match the
pre-conditions reasonably well. Reflection in the classical optics is discussed at media
interfaces. However, here the situation becomes slightly specific as we use irradiation of
angular frequencies between 4.71x10'® rad/s (A = 40 nm) and 3.77x10'7 rad/s (4 = 5 nm) while
the plasma angular frequency of Au wp. = 1.4x10'° rad/s and that of silicon is even smaller and
strongly dependent on free electron concentration. Thus, frequency of the probing radiation
exceeds the host material’s plasma (free electron gas) frequency in the whole applied spectral
range. That leads to significant complications as such a plasma when irradiated at @ > wp. used
to generate plasmons, the quanta of the surface and bulk plasma oscillations, responsible for
the reflection characteristics. Generation of the EUV plasmons was excellently and in a more
general aspect addressed for the spectral range from 107 nm to 310 nm and was supported by
experimental data for silicon [22]. In our XCT experiment we applied much shorter
wavelengths but the quoted work suggests that the plasmonic effects are absolutely plausible.

As interaction of the applied energetic radiation with the bound electrons of the traversed
material is possible, it can lead either to generation of new free electrons or promote the bound
ones to a different state. In the case of gold, the binding energies of the electrons from the bands
O3 down to N6 are in the range 57.2 - 87.6 eV [23], i.e. they are much lower than the highest
energy of the available photons. Similar situation is for Si, where the highest binding energy of
the shell L (L1-L3) corresponds to the range of 99.2 - 149.7 eV and that of M is between 8 eV
and 2 eV (M1-M3).

It is worth stressing that direct interband transitions are not allowed in Si and these indirect
are inefficient, especially in the short-wavelength range. This leads to an abundance of unbound
electrons in the valence band [24]. Importantly, photons from the applied spectral range are
able to remove some of the bound electrons, and the following process of filling the created
vacancies could be a source of radiation acting as a sort of strengthened and spectrally localized
noise. Silicon shows fluorescence at wavelengths between 91.2 eV (13.6 nm) and 147.7 eV
(8.4 nm) caused by four different L-M transitions. There are also many possibilities of
transitions from the noticeable density of occupied states in Au located slightly below the Fermi
level [25].

Broad spectral range of the applied radiation and the presence of Au/Si interface including
a depletion layer strongly influence the free-electron behavior [24]. Moreover, noticeable
density of states close to the Fermi level of both elements as well as strong dependence of the
silicon properties on the carrier concentration contribute markedly to the picture’s complexity.
One of the critical points seems to be the presence of the Si/Au and Au/Si interfaces. This
diffuse, alloyed object was frequently analyzed and it was found that its irradiation causes the
energy states 5d in gold and 2p with 4f'in silicon undergo some splitting or shift in silicon [26,
27]. Additionally, such a structure offers when irradiated a rich spectrum of the Auger electrons
[28] and all of this happens especially in the spectral range between 90 eV (13.8 nm) and
100 eV (12.4 nm). That creates a complex picture of the material electronic structure and
resulting secondary emission. For this reason more detailed analysis of the effects in the context
of XCT requires a comprehensive and challenging work and is out of scope of this paper. The
modelling results suggest that Au is the key player in the whole process. The evidence of that
seems to be supported by the plots of H(k) and dH(k)/dk in Fig. 4. First of all, the period of the
oscillations evidently changes with k. These changes are better visible in Fig. 4b where the
derivatives of the transfer functions are plotted as a function of the spatial frequency. The
crossing points of the derivative traces with the abscissa mark the extrema’s positions of H(k)
and these depend on a thickness of the Au layer. Irregular changes in the £ domain are observed
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especially in the vicinity of the Si-absorption edge, roughly in the spectral range between
74.2 eV (16.7 nm or 0.06 nm™) and 105 eV (11.8 nm or 0.084 nm™) (see Fig. 4) and that is
exactly the spectral range strongly influenced by the presence of the Au/Si interface. We limited
here the k-domain range to the values between 0.055 and 0.09 nm™' to make the discussed
features visually more distinctive. The spectral region of a strong H(k) deformation corresponds
quite well to the reported emission of gold and silicon [29]. It is clearly seen that the retrieved
H(k) signal in the vicinity of k=~ 0.06 nm™ (74.2 ¢V) is, for the samples m10 and m20,
significantly reduced in comparison to the H(k) of m5. While the thicker Au layers offer higher
concentration of the interaction centers. This suggests an enhanced absorption occurring in this
spectral range. Interestingly, all three traces are overlapped by similar oscillations, but as
a whole they differ noticeably. The 10 nm-thick (m10) layer steepens the absorption edge of Si
at 12.4nm (100 eV and 0.08 nm™) while thicker variant of the foil (m20) with the local
maximum at k= 0.072 nm™ (89.3 eV) strongly limits and smears the edge. On the other hand,
the gold layer of the same thickness but irradiated by differently filtered radiation does not
change the oscillation frequency (Fig. 4c¢).
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Fig. 4. a) The transfer functions for different thicknesses of the buried Au layer (5 nm, 10 nm, 20 nm) as
a function of the spatial frequency. b) dH(k)/dk as a function of the spatial frequency for three different
thicknesses of the gold layer buried in a Si wafer. ¢) dH(k)/dk as a function of the spatial frequency for the m5
sample, but differently filtered source radiation. The sudden drop corresponds to the absorption edge of Si.

The observed correlation in these effects allows us to claim that the presence of the Au foil
contributes to the effect. However, more careful inspection suggests that rather physical
processes in the spectral range surrounding the Si L-absorption edge are responsible for that,
and generally, a single-peak ACF for the Zr-filtered radiation is available already when the
applied wavelengths exceed 12.8 nm (96.9 eV or 0.078 nm™!) (Fig. 3b).
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Here, we would like to point out to the changes in the ACF peak position when gold films
of different thickness were used in our model. Two spectral windows m-GW and m-KBW
eliminating or strongly limiting the contribution of high-frequency region reduce the depth
value extracted from the full range data. One can conclude that the radiation component of
higher-frequency (shorter-wavelength) strongly influences the output towards higher depth and
this is consistent with the Drude model of the metal free-electron sea [24]. This brings us back
to the discrepancy in the extracted Au-layer position when irradiated by differently filtered (Zr,
Al) radiation. In both variants radiation propagates under strongly different conditions. Again,
any detailed analysis of this aspect is out of the scope of this paper, but we want to point out
some critical aspects of a new, plausible scenario.

Importantly, in all samples the Au layers are of different thicknesses, but were located at the
same depth of 100 nm. That gives the supporting argument that the observed spectrum
imperfection close to the absorption edge is strongly connected with the presence of the buried
gold films. How critical can be the spectral position and shape of the transfer function is
indicated by comparison of the plots in Fig. 5a and Fig. 5b. The first figure includes the transfer
function obtained from Zr-filtered source together with three variants being the results of
additional applying the numerical window filters (m-KBW0, m-KBW and m-GW) of shapes
illustrated in Fig. 1b. These transfer functions after transform to the ACFs are presented in
Fig. 5b. Surprisingly, the H(k) obtained with the m-GW window does not give the split into two
peaks, typical for the Zr-filtered radiation. Moreover, even if comparison of the transfer
functions obtained with m-GW (orange dashed line) and m-KBW (green dashed) show minimal
differences, the ACFs resulting from both differ markedly (Fig. 5b). The center of the under-
curve-area’s shifted towards lower spatial frequencies gives a single-peaked ACF, here
accidently, at the nominal value of the Au layer depth. Noticeably, the transfer function with
the use of the m-KBW window (green dashed line) is only slightly weaker at the peak than that
with the m-GW but has minimally higher level at the edge position (under-curve-area’s center
shifted towards higher 4s). This is sufficient to observe the initial phase of the typical ACF split
(green dashed line in Fig. 5b) absent in the case of GW filtering. This speaks for the conclusion
that the H(k) level at the L-absorption edge of Si (12.4 nm) decides about the ACF structure.
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Fig. 5. a) Transfer functions H(k) of the Zr-filtered source radiation without any additional numerical filtering
(solid line) and modified by three different window filters presented as a function of the spatial frequency.
b) ACFs of the transfer functions presented within the panel a).

We also found that the single ACF peak demands the H(k) positioned above 12.8 nm
(96.9 eV or 0.078 nm™") as it was shown in Fig. 3b. Reduction in the contribution of the more
energetic radiation gradually eliminates the ACF split destroying the measurement (two values
given in Table 1). The comparable widths of the H(k)s in Fig. 5a suggest that this is not the
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resolution problem. A relatively strong signal and the low-k end of the H(k) reduce to some
extend the absorption edge areas’ influence. This can be retrieved from the results plotted with
the solid and chained lines in Fig. 5a and Fig. 5b.

3.3. Conclusions from the model

The model calculations suggest that the spectral composition of the processed signal can
have a destructive influence on the measurement output. Wide, low-level parts seem to act as
a sort of non-zero-padding, but with negative consequences, especially if they have a character
of noise. The destructive influence appeared in modeling, even with the smooth low-level
signals. Padding, being a linear interpolation process, quite well reproduces the peak positions
and can “repair” the output when the transformed signal shows a limited sampling rate. The
spectrum parts of high-level intensity should dominate in the processed spectra but this should
be well balanced as a whole as it was shown in the example of window filtering with m-KBW
and m-GW (see Fig. 2b and Fig. 3a). All model calculations, were relatively precise and
accurate, especially in the case of the narrower spectrum (10 —32 nm) and this claim is
supported by the presented data. The use of the broader spectrum (5 —40 nm) to increase
resolution, even if it contains the low-intensity part extended within two-thirds of the whole
spectrum width, gave the results more deviated from the nominal value of 100 nm. Taking into
account our experimental conditions, the assumed spectral bandwidth was quite wide
(2B =35 nm, corresponds to 217 eV) and caused quite reasonable resolution but also still
a noticeable line/feature broadening. The Full Width Half Maximum (FWHMs) of the extracted
lines/features were about 17 nm and increased to 21 — 23 nm FWHM when windowed. The
combined spectrum was stitched preferably at ky» = 0.056 nm™' with the high-end ks values
taken from the Zr-filtered signal and the part below &, belonged to the Al-filtered spectrum.
The data processing produced the ACF peak determining the Au-layer position at 103.6 nm.
This result should not be a surprise as the combined signal was fully dominated by the Al-
filtered component giving the position at 104 nm. The small difference was very likely caused
by the presence of the Zr-filtered component and this is well correlated to the results for the
“unwindowed” sample.

The modelling also turned our attention to the physical process potentially occurring when
photons of relatively high energy are used in the irradiation process. Processes as ionization,
excitation, secondary emission, or even free electrons flow through the Si/Au interface, and
plasmonic effects can influence the propagation (including reflection) conditions of the
recorded radiation. The presented results also allow for the conclusion that the absorption edge
itself is not responsible for the destroying effect as the Al absorption edge at 17.2 nm
(0.058 nm™") does not cause an equal effect (see results in Fig. 3a).

4. Analysis of the experimental data
4.1. Experimental setup

Experimental data were collected during an XCT experiment conducted with a laser-plasma
EUYV source in the scheme presented in Fig. 6a. The collected data should be sufficient to verify
our expectations regarding the undertaken spectral modifications. A 5 nm thick gold film was
buried nominally 100 nm below the silicon wafer surface, and we denoted this sample as
an e-sample (experimental sample) to easily distinguish the results from those obtained by
modelling. The radiation emitted by the EUV source was recorded in the spectral range from
5 nm to 40 nm. The source radiation, filtered by Zr (200 nm thick) or Al (250 nm thick) films,
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was focused onto the sample and, after reflection, directed through collecting optics to an EUV
spectrometer consisting of an diffraction grating and a CCD sensor.

a) b)
Si Au
100 — T . :
: ACT i Zr-fitr ——
= sampie P Alfitr ===
5U f Zr-fitr w/o disp === |
focusing collecting 3 e-GW ===
mirror mirror 2 60 g
9,
Alor Zr EUV spectro- —~ |
filters / meter g 40
\ ~ "\ grating L
\ 20 4
J :. CCD ‘v*. AlS v . »
S 0 " al
plasmaf Fu(A)2Fy(K)=F, (k) 0.04 0.08 0.12 0.16 0.2
EUV source FL(\>F(K)=F (k) kd [1/nm]

Fig. 6. a) The experimental setup applied in the investigation of the e-sample. b) The transfer functions retrieved
in the experiment. Note that the chained orange line denoted in the legend as “Zr-filter w/o disp” corresponds to
the values from the ko domain and demonstrates the scale of the dispersion effect (peak shift); the latter was
added for the sake of completeness.

The transfer functions Fz(k) and F(k) of the sample irradiated by a source with different
filtering were retrieved from the signals recorded after reflection from the sample and
normalized and shown in Fig. 6b. Of course, the geometry and parameters of the illumination
and EUV radiation collection system, as well as the geometry and parameters of the EUV
spectrometer, affect the spectra recorded during the experiment. All these parameters were
taken into account in the signal processing according to the procedures described in detail in
[29]. Using the standard normalization method, i.e., dividing the signal reflected from the
embedded structure by the signal reflected from the bulk silicon, we obtained the e-sample
transfer function H(k) presented together with the dispersion correction scale and the Gaussian
window filter (e-GW) in Fig. 6b.

4.2. Results and analysis

The transfer functions, despite smoothing, were relatively noisy, and to avoid loss of
information through excessive smoothing, we decided to apply the e-GW window filter
(equivalent to m-GW, see Fig. 1b) to improve the quality of the transformation results. The
obtained ACFs for the spectral range of 5 — 40 nm are shown in Fig. 7a. Those obtained for the
spectral range of 10 —32 nm are shown in Fig.7b. For a narrower bandwidth, we applied
the e-GW1 window filter with a shape similar to the e-GW, but shifted towards a smaller £ by
0.002 nm'.

The combined H(kys) plot is a combination of the parts of the transfer functions shown in
Fig. 6b, stitched at a ks of =0.056 nm™'. The ACF traces shown in Fig. 7 summarize the
positions obtained in the experiment with the differently filtered signals and their specific
combinations e-cmbl and e-cmb2. They were arranged in the same way as those in the model.
The peaks associated with the position of the embedded Au film in the sample and the complete
experimental output are summarized in Table 2. We found that the results obtained with



Metrol. Meas. Syst., Vol. 32 (2025), No. 3
DOI: 10.24425/mms.2025.155799
window filters can differ from those obtained without such filtering. The reason for that is that
the resolution is reduced, and some closely located spikes are often “merged” in the filtered
version in a weighted way. Both versions of the results are presented in Table 2.
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Fig. 7. a) The ACFs calculated from the filtered and combined (stitched e-cmb1) experimental data within the

spectral range (5 — 40 nm) with application of the Gaussian window filter e-GW. b) the ACF's obtained for Zr-

and Al-filtered radiation within the spectral range between 10 and 32 nm, together with the combined transfer

function e-cmb2; all autocorrelation functions are obtained from the corresponding transfer functions modified
with e-GW.

Table 2. Experimental results - depth of the Au foil in [nm]; here, e-GW1 is a specific symmetric Gauss window
shown in Fig. 6a.

Spectral range Sample, filter no window e-GW or e-GW1
e-sample Zr-fltr 93.5 98.3
5-40 nm e-sample Al-fltr 102.1 101.6
e-sample cmb-1 97.8 98.3
e-sample Zr-filter 94,1 94.1
10 - 32 nm e-sample Al-filter 102.4 100.1
e-sample cmb-2 98.9 97.7

The e-GW filter (see its shape and position in Fig. 6b) extracts signals containing an almost
dominant strongest component without a broad, low-level noisy part. The resulting ACFs
presented in Fig. 7a clearly demonstrate the consequences of the shape of the spectral power
density far from the “ideal case” used in the modelling. The “windowed” output is, as expected,
broadened (20 nm for the Al-filter and 48 nm for the Zr-filter case) and tends to deviate strongly
from the results referring to the original spectrum only for the wide applied spectrum (in this
case 5 —40 nm). This is due to the more peaked spectral structure resulting from the higher
resolution. We applied another Gaussian window (e-GW1) centered within the high-level part
of the transfer function at ks = 0.055 nm™!, limited to the spectral range from 10 to 32 nm.

In practice, the usual lack of knowledge of the nominal position of the buried reflector
complicates the problem, and identifying the correct feature indicating the desired position can
be difficult. The presented results do not recommend the use of widow filters in this process,
and if so, it should be with reduced bandwidth or high spectral quality.

4.2.1. Spectral stitching

We applied the stitching technique to modify the recorded transfer function's H(ks) spectral
composition in a similar way to that presented during modelling. While staying within the full
width of the spectrum (5 — 40 nm) due to the resolution level, the modification was conducted
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by determining k;; (placed at 0.0564 nm™ ) as a stitching point where the part of the Zr-filtered
spectrum lying above ks; was stitched together with the Al-filtered H(ks) located below this
point. This variant has been denoted as e-cmb 1. Here, the high level of the Zr-filtered radiation
replaced the corresponding weaker part belonging to the Al-filtered radiation. The sample
denoted as cmb2 was designed in the same way, with the same stitching point, but the
components were of different widths due to the narrower spectral range. The combined transfer
functions can be virtually identified in Fig. 6b. We also transformed the transfer function within
the wavelength range above 12.8 nm. The result for the Zr-filtered radiation is very similar but
shows essentially a single peak, even if its shape and width suggest that the additional one can
be merged but not resolved.

The consequences of applying the stitching method in this way are visible both in Fig. 7 and
Table 2. The extracted ACF's (dotted green traces - e-cmbl and e-cmb?2) reasonably reproduce
in all cases the results obtained from the uncombined spectra, even if the stitched spectrum
shows a second peak resulting from the stronger dominating component (red solid). We also
see that window filtering broadens strongly and hides some features, e.g. converts multi-peak
composition into a single peak.

The transformed combined spectra delivered a quite consistent picture, but the quality of the
features of interest was not always of the highest probe, mainly due to the character of the
processed spectra (a significant spectral range with a very low and noisy signal in the original
transfer function). There was an observable broadening effect originating from the reduced By,
and this is well seen if one compares Fig. 7a and Fig. 7b. Analysis of the obtained results allows
us to conclude that the stitching procedure should be conducted very carefully, even if it works
in a very predictable way in modelling. The claim that a weighted combination, i.e. comparable
intensity and in some cases length of the merged/stitched spectral components would be
beneficial, seems to be justified. Both, too short and two weak components, combined with the
main part of the spectrum, introduce destructive factors for the following retrieval of the
structure. The extracted ACFs were in such cases broader and, most importantly, noticeably
shifted from the expected nominal position.

5. Summary and final conclusions

In this work, we verified the tempting possibility of combining well-pronounced parts of the
spectra registered with the same experimental setup in neighboring spectral regions. It was
performed to test the accuracy of the XCT reconstruction from the metrological point of view.
Such approach would provide much greater flexibility and reduce the requirements for the
applied recording apparatus. The possibility of simple spectrum manipulation and its
consequences for the quality of the XCT/OCT measurement, as well as the influence of the
optical properties of the sample’s dominant material, were analyzed based on a simple
theoretical model and a real experiment conducted with a laser plasma EUV source. The
manipulation of the spectral components seems to be quite critical. Only spectral appendages
of matched power density seem to be employed without negative consequences. As a result,
spectra stitching as a method of the output amendment seems to work reasonably well, but
requires caution in the choice of spectral components to be stitched. Finally, we have proven
that the stitching method can be a valuable approach, if properly applied, to improve the quality
of the XCT experimental results. All the results obtained with a reasonably strong signal gave
an average result within a margin of 4% of the nominal depth.

Two important and common factors for all procedure stages seem to be taken into account
before attempting modification, namely, zero-padding and windowing. The latter changes the
contributions from different parts of the spectrum and thus eliminates many of the artifacts and
“ghost” features, but also causes an additional shift in the peak position in some cases described
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above. As the window filter multiplies the spectrum directly before the transformation, it
requires deconvolution of the transformation result. The zero-padding step, even if it does not
change the resolution, can correct some small shifts of the peaks resulting from too low
sampling rate, but one has to be careful in case of extended low-signal spectral parts, as they
can be treated as non-zero-padding in the subsequent processing.

The discrepancy between the results obtained with different source filtering is a serious
problem, since it reached in our case up to 10% of the nominal value. The presence of the effect
under idealized conditions of the model suggests that the experimental work was correct, and
the reason for the effect is of a more general physical nature. We tend to ascribe the main
responsibility for this behavior to the phenomena occurring at the spectral area adjacent to the
silicon L-absorption edge. These phenomena include ionization and radiation emission in both
silicon and gold. Silicon tends towards metallization and the effects at the contact surface of
both materials, e.g., plasmons can noticeably modify the phase of the propagating radiation.
Moreover, the interfaces Si/Au and Au/Si seem to be very critical spots in the arrangement.
Revealing the real reasons for the described discrepancy constitutes a very challenging task
and, as we stressed earlier, it was out of the paper's scope.
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