Making Chemical Sense of Phase in Soft X-ray Spectroptychography
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Highlights:
e Soft x-ray spectroptychography provides chemical information through absorption and phase.
e Phase spectra reveal chemical information in an indirect manner.

e The Kramers-Kronig relation is useful for understanding contrast in ptychography chemical analysis.

Abstract

Spectroptychography is being used to realize a significant improvement in the spatial resolution of x-ray
spectromicroscopy, allowing chemical microanalysis at finer spatial scales. The chemical sensitivity of near edge
X-ray absorption fine structure (NEXAFS) is familiar to most researchers who use x-ray spectromicroscopy for
chemical microanalysis. However, the additional phase information available through ptychography provides
additional and tantalizing data, and potentially additional chemical information. This paper explores the chemical

information available in phase for a system of silicon dioxide nanospheres.
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1. Introduction

Over the last quarter century, soft X-ray spectromicroscopy has grown in reach and application with the
development of new instruments, improved focusing optics, in situ and operando sample environments, and
statistical data analysis methods.[1-3] Most soft X-ray scanning transmission X-ray microscopy (STXM)
microscopes owe their functionality to Fresnel zone plates, which provide a typical spatial resolution of 30 nm.[1]
However, there is limited room for further reduction in the zone plate focused spot size and the spatial resolution
of STXM microscopes, as the fabrication of zone plates that combine high efficiency with a high aspect ratio is a
major nanofabrication challenge. An emerging X-ray microscopy variant, ptychography, has the potential to
further increase the spatial resolution of X-ray microscopy. When used for X-ray spectroptychography, this
computational imaging method provides an additional spectroscopic signal, phase.[3]

X-ray spectromicroscopy and x-ray spectroptychography methods combine chemical information from near-edge
X-ray absorption fine structure (NEXAFS) spectroscopy with X-ray imaging. This combination is accomplished
through imaging at specific X-ray energies (x, y; fixed eV), NEXAFS spectroscopy of defined points (eV; x, y) or
lines (eV, x; y), or through image sequences (x, y, eV)[4] that can be subsequently processed to extract spatially-
resolved NEXAFS spectra and chemical maps. In the past 25 years, X-ray spectromicroscopy has developed from
use in single-energy chemical contrast imaging[5] to the exploration of high-dimensional datasets (x, y, eV, ¢,
etc.) as image alignment methods,[4] stability through interferometry feedback methods,[6] and high coherent
flux from synchrotron beamlines have improved the speed and fidelity of these measurements.
Spectromicroscopy image processing has also improved with the advancement of data analysis methods
(clustering, principle component analysis, etc.).[7] X-ray spectromicroscopy is now routinely applied to samples in
in situ and operando modes.[8-11] These advanced sample environment and processing methods translate
directly to X-ray spectroptychography, with the added benefit of higher spatial resolution and an ability to exploit
the additional ‘phase’ signal.

Ptychography[12-14] is a computational imaging technique based on the diffraction of coherent radiation by a

non-crystalline sample. In this method, a series of far-field diffraction patterns are collected from overlapping



sample regions. These diffraction datasets are iteratively reconstructed using a phase-retrieval algorithm, which
provides a complex (e.g. amplitude and phase) function for the sample and the probe.[12-15] Redundancy from
the use of overlapping regions adds a numerical constraint that helps the reconstruction converge. Ptychography
reconstruction algorithms are the subject of extensive review and discussion elsewhere,[12, 13] and will not be
discussed in detail here. Ptychographic imaging is able to surpass the limits of optical aberration and numerical
aperture imposed by traditional X-ray lenses as the spatial resolution is largely determined by the maximum
angular range of the X-ray diffraction collection.[16] Significant improvements relative to zone-plate imaging have
been reported; as an example see Shapiro et al.[17]
An outcome of ptychography reconstruction is simultaneous access to the phase and amplitude signal (in
transmission) for the sample. Phase and absorption spectra are related to each other by the Kramers-Kronig
relations,[18, 19] where the index of refraction, n, is given by

n=1—-6—if=1— ar?*(fi +ify) (1)
where § is the refractive index decrement (related to dispersion or phase), B is the absorption index,[20] A is the
wavelength, and f1 and f» are the atomic scattering factors for phase and absorption respectively. The constant a
is given by:

a = Zr—;na (2)
where 1, is the classical electron radius and n, is the number density of atoms.[19] The atomic scattering factor

f2is related to the atomic absorption cross section (oa) by:

fo =2 (3)

- 2T
The atomic scattering factors f1 and f; are related to each other by the Kramers-Kronig relations, e.g.,
2 (oo g2, (E)
fl(E) :Z+Ef0 Ezz_gz de (4)
Here, the relativistic correction to Z, the atomic number, is neglected at soft X-ray wavelengths.[18, 20-22]

Phase is often exploited as a contrast mechanism in hard X-ray microscopy as absorption contrast is

comparatively weak.[19] Absorption contrast is more frequently used at soft X-ray wavelengths, but phase has



tantalizing potential. Phase can be used to improve image contrast for samples that have weak absorption
contrast. Absorption contrast () typically decreases with the fourth power of the photon energy while phase
contrast (&) scales with the inverse square of the energy.[23, 24] Jacobsen et al. have suggested that phase
contrast imaging could provide chemical state imaging for a lower radiation dose, as a strong phase signal is seen
at and below the rising edge of strong absorption peaks.[18] However, we are unaware of experiments exploiting
this prediction, and note that the pre-edge ‘phase’ signal acquired at a few energies has limited chemical
sensitivity relative to a full NEXAFS absorption or phase spectrum.

There are many examples of ‘unusual phase contrast’ in soft X-ray ptychography experiments, but not all
researchers comment on the contrast present in their data. Maiden et al. compared absorption and phase
contrast for Balb/3T3 mouse fibroblast cells that were doped with CoFe>04 nanoparticles and suggested that the
complementary information from phase can be more sensitive to chemical changes.[25] Shapiro et al. observed a
halo around LiFePO4 crystallites which they attributed to carbon photodeposition, and noted that this artefact
was not visible in absorption images.[26] Farmand et al. combined absorption and phase contrast to provide
near-edge X-ray refraction fine structure contrast, and exploited the energy dependent scattering cross-section to
increase the spatial resolution of ptychography at resonant energies.[27]

Generally, phase images of samples obtained at near resonant energies tend to show an internal complexity not
observed in absorption images. In this work, we focus on the sensitivity of X-ray spectroptychography to
photodeposition and an unanticipated ‘core-shell’ effect in SiO; nanospheres. The photodeposition artefact
appears at a wide range of X-ray energies and is a useful proxy for chemical contrast within spectroptychography.
While the variation in phase signal with energy is tantalizing for the curious spectroscopist, absorption
spectroscopy continues to provide a more direct approach for chemical microanalysis. Discrete electronic
transitions in NEXAFS spectra are assigned in terms of specifically core = valence or core = multiplet transitions,
with a direct chemical, structural or electronic interpretation and modelling through electronic structure

calculations.



By virtue of the Kramers -Kronig relations, the chemical information of NEXAFS spectroscopy is embedded in the
phase spectra. However, open questions remain about the accessibility and relative sensitivity of the chemical
information within these phase spectra. One of the underlying goals of this study is to better understand how
ptychography-derived phase spectra can be used for chemical microanalysis, complementary to absorption
spectroscopy. In this paper, we examine the sensitivity of absorption and phase spectroscopy to photodeposition
and chemical variation in ordered monolayer arrays of SiO; nanospheres. Photodeposition provides a useful
‘unknown’ for this exploration, and an energy-specific ‘core-shell’ effect was a fortuitous surprise that could only
be observed with the improved spatial resolution of ptychography. These experimental spectra are interpreted

with the aid of modelling with atomic cross-sections and the Kramers -Kronig relation.

2. Experimental

2.1 Samples

A solution of 220 nm SiO; nanospheres was obtained from Professor Tim Kelly of the University of Saskatchewan.
Briefly, these nanospheres were prepared by combining 3.8 mL of NH40H, 7.2 mL of H,0, 82.7 mL of C;HsOH and
6.3 mL of Si(C2Hs0)s and stirring the mixture at 1000 rpm under Argon overnight. This solution was then
centrifuged at 10,000 g and then titrated three times with 80 mL of deionized H,0. The nanospheres were
redispersed by sonication in 150 mL of deionized H,0 to yield the nanosphere solution. A dilution was prepared
for deposition by combining 4 L of this solution and 4.29 mL of Millipore water in a vial.

The SiO; nanosphere arrays were prepared by depositing a drop of this dilution onto a 100 nm thick SisN4
membrane (Norcada Inc.). Solution evaporation was slowed by placing the sample membrane in an enclosed
volume with an additional warm water source. After ~3 hours of slow evaporation, the remaining solvent was
withdrawn from the membrane using the edge of a Kimwipe. The sample membrane then left to dry overnight

within the enclosed environment.



The sample membranes were examined by Scanning Electron Microscopy (Hitachi SU8010 field emission SEM at
the Western College of Veterinary Medicine) to ensure suitable coverage and to identify good sample areas for X-

ray microscopy analysis.

2.2 Spectroptychography Measurements

Spectroptychography measurements were carried out using the ambient STXM at the 10ID-1 SM beamline of the
Canadian Light Source (CLS).[28] For these measurements, the zone plate to sample distance was modified to
create a larger diameter defocused beam spot on the sample, typically around 2 um. The sample was raster
scanned through this beam spot with a spacing that ensured sufficient overlap of scanned areas. Diffraction data
was recorded for each point in the raster scan using either a Tucsen Dhyana 95V2 BSI sCMOS camera or an Andor
DX434 CCD camera. X-ray spectroptychrography data was obtained by performing ptychography scans at a series
of X-ray energies. Full scan details are provided in the supplementary information. The monochromator energy
scale for the O 1s scan was calibrated by aligning the characteristic pre-edge peak in the |, spectrum of the

beamline (measured as 530.7 eV) to a known energy (531.7 eV).

2.3. Ptychography Reconstruction

All ptychography reconstructions were performed using the program PyPIE,[29] which employs the ePIE
algorithm.[30-32] Reconstructions were performed with the master-slave ePIE reconstruction method, which
uses two modes to represent a beam spot that is not fully coherent.[33] Amplitude (transmission) and phase
images obtained from each reconstruction were processed into image sequences and aligned with the aXis2000
program,[34] which was used to extract spatially-resolved amplitude and phase spectra. Amplitude spectra were
converted to optical density spectra using Beer’s law, OD = -In(l/l,), if a reliable |, signal could be obtained from

an uncontaminated and open sample area on the silicon nitride membrane.

2.4. Kramers — Kronig Relation Calculations



Several researchers have developed computer programs that covert NEXAFS spectra to phase spectra via the
Kramers -Kronig relation.[18, 22] To explore trends in the atomic absorption and phase spectra of specific
compounds, we have developed a simple code based on the scipy.fftpack.hilbert library,[35] which
allows us to create and transform arbitrary functions, including the atomic contribution to the NEXAFS absorption
spectra of compounds. This code calculates the integral shown in equation 4 but neglects the Z-term and the
constants. Therefore, the results of this calculation are not quantitative for phase, but will qualitatively reflect
changes in phase associated with small chemical changes. Transmission (to match experimental amplitudes) and
optical density (as an input to the Kramers — Kronig relation calculation) atomic cross-section spectra of specified
model materials were determined from Henke atomic cross-section data[21] within the program aXis2000[34]
over the energy range 10 eV — 3 keV. Material thickness and densities of these models are listed in Table 1. The
complete process is described in the accompanying information.

The qualitative approach described above is restricted to the atomic cross-section for specified compounds. To
examine hypotheses related molecular or bonding effects in the O 1s NEXAFS spectromicroscopy study of the
SiO2 nanospheres, we have used the kk gui code of Jacobsen et al.[18] This code splices an experimental
NEXAFS spectrum from a specific core edge — where the near edge features are related to chemistry and bonding
- and matches this NEXAFS spectrum to the Henke atomic cross-section for the elemental composition of the
compound. This combination provides the molecular features near the core edge and the atomic cross-section
away from the core edge, allowing for the Kramers — Kronig relation calculation to apply over a wide energy
range, thus minimizing artefacts from a narrow integration interval. In this work, O 1s NEXAFS spectra of SiO;
nanospheres (extracted from the data described in §2.2 and 2.3) is superimposed on the atomic cross-sections of

SisO10and SisOg, which are intended to model the stoichiometry of SiO; and SiO16, as justified in §3.

3. Results and Discussion
Figure 1 presents amplitude (transmission) and phase ptychography images for a close-packed array of 220 nm

diameter SiO; nanospheres deposited on a SisNs membrane, recorded at a photon energy of 571 eV. This is one



of a set of images from a spectroptychography dataset recorded away from a core edge, so we could examine
image contrast related to atomic absorption without the complexity of near-edge features. This was the third
dataset recorded from this sample area; the red box shows the region of a previous scan in this area that induced
significant photodeposition on the sample. Such photodeposition is commonly observed in X-ray microscopy,
where photochemistry from the incident X-ray beam causes chemical contaminants that are physically adsorbed
on the sample surface to become chemisorbed.[36] Photodeposition appears as a slight decrease in signal in the
amplitude image and a noticeable increase in brightness in the phase image. The unstructured dark regions in the
upper left of the amplitude image are attributed to the presence of a second layer of SiO; nanospheres and
chemical artefacts. We will initially focus on well-ordered regions away from these artefacts, with and without
photodeposition.

Figure 2 presents the measured amplitude (Figure 2a) and phase (Figure 2b) spectra extracted from the bare SizNa4
membrane and the SisNs membrane with a layer of photodeposition. Specific regions are documented in Figure
S1in the supplemental information. The slight dip at 577-579 eV is attributed to chromium absorption from the
beamline optics. As expected, the amplitude of the SizNs membrane region with photodepositon is slightly lower
than the amplitude of the SisN4 membrane region without photodeposition, with a change from 0.96 to 0.86 at
572 eV for example attributed to the additional absorption by the photodeposited film.

The differences in phase are much larger; the SizNs membrane region with photodeposition has a positive phase
shift of ~0.1 radians, while the bare membrane has a negative phase shift of ~-0.2 radians. While the negative
sign is not understood, the relative magnitude of the phase signal is. This trend is consistent with Figure 1 where
the phase image shows a 'bright' photodeposit region and a 'dark' bare SisNs membrane region while the
amplitude image shows a similar intensity for both regions.

Figure 3 presents the measured amplitude (Figure 3a) and phase (Figure 3b) spectra for a sample region with the
SiO; nanospheres and the SiO; nanospheres with photodeposition. Specific regions are documented in Figure S2

in the supplemental information. At 572 eV, the amplitude decreases from 0.81 to 0.65 for the SiO; nanospheres



region with photodeposition, and the phase increases from +0.11 radians to +0.62 radians. As for the bare SizN4
membrane, photodeposition results in a dramatic increase in observed phase.

Figure 4 contains the optical density spectra of the SiO, nanospheres, the SiO; nanospheres with contamination
from photodeposition, and the photodeposition signal itself. These optical density spectra were obtained using
an |, signal recorded through an area of the SisNs membrane that lacks photodeposition; such internally
normalized spectra therefore lack a contribution from the SisNs membrane. The optical density of the
photodeposit at 572 eV is ~0.11 OD, while the optical density of the photodeposit on the SiO; nanospheres is
twice that, at ~0.22.

The increased optical density of photodepositon on the SiO, nanospheres compared to the SisNs membrane is
attributed to an increase in the number of available surfaces for photodeposition to occur upon. We hypothesize
that photodeposition occurs via a two-step process: in step one, carbon-containing molecules are physiosorbed
onto the sample surface. In the second step, the absorption of a photon by the carbon-containing molecules
leads to photofragmentation, and the resulting radical species then quickly react with and bond to the surface. As
the experiment works in transmission, there are at least two surfaces onto which photodeposition might occur —
the front and the back surface of the SisN4s membrane. In the transmission column through the deposited SiO;
nanospheres, there are two additional surfaces from the top and bottom of the nanosphere, except for the small
region where the nanosphere contacts the membrane. The doubling of surfaces on which photodeposition can
occur provides an explanation of the doubled photodeposition cross-section. This could provide an unusual
contrast mechanism for samples with a complex or porous morphology.

Atomic cross-section calculations of transmission and phase are used to interpret the experimental data. Figure
5a presents the atomic transmission cross-sections of the 100 nm thick SisN2 membrane, with and without a 1 nm
carbon film intended to simulate photodeposition. Figure 5c presents the same data across a smaller energy
range corresponding to the data in Figures 2-4. We note that y-axis intensities vary between the calculated
transmission cross-sections and the experimental transmission amplitude, as transmission can be calculated as a

fraction (0 to 1), while the experimental transmission amplitude is not normalized for the incident flux. As



expected, the transmission of the membrane with carbon photodeposition is slightly lower (0.2 %) at 572 eV.
Figures 5b and 5d present the qualitative phase spectra, obtained with the Kramers — Kronig relation described in
§2.4, and are presented in arbitrary angular units. The phase difference is nearly imperceptible in the wide energy
spectrum, but the phase of the sample with photodeposition is slightly higher (0.7%) at 572 eV.

Figure 6a and 6¢ present the atomic transmission cross-sections for a sample consisting of a 100 nm thick SizN4
membrane and 220 nm thick SiO; layer, with and without a 3 nm carbon film intended to simulate
photodeposition; Figure 6¢ presents a portion of the data shown in Figure 6a across a smaller energy range.
Likewise, Figures 6b and 6d present the calculated qualitative phase spectra. Like the bare membrane, the
transmission spectra vary by 0.6% with photodeposition, and the calculated phase spectra differ by 1% with
photodeposition.

For both the bare membrane and the membrane region with samples, the phase spectra show a more positive
phase and show a higher percent change in signal with photodeposition than the transmission spectra. These
calculations are consistent with experiment, which shows a similar trend in transmission and phase signal.

In this example, the enhanced phase contrast from photodeposition that occurs away from core edges is
chemically and spectroscopically relevant. This result indicates that artefacts will be revealed in non-obvious ways
and shows the value of modelling phase through the Kramers-Kronig relations.

We now turn our attention to natural chemical variations of the material — an unexpected variation that provides
an ‘unknown’ for this discussion. Figures 7 and 8 present data from a spectroptychography study of the SiO,
nanospheres at the O 1s core edge. Figure 7 presents selected amplitude (a, b) and phase (c, d) images collected
at 538.33 eV and 536.52 eV respectively. The left amplitude image (Figure 7a) was recorded at an energy
corresponding to the maximum of the broad O 1s resonance for the SiO; nanospheres, as shown in Figure 8b. The
nanospheres are clearly visible in this image, with darker spots corresponding to transmission through the thicker
center of the spheres. Interestingly, an image recorded on the rising edge of the broad O 1s resonance — at

536.52 eV — shows a ‘shell’ visible on the edge of these SiO; spheres. This shell appears as a honeycomb shape in



the array of packed SiO, nanospheres. A larger diameter ‘donut’ in the upper right-hand corner of the images is
presumed to be a photodeposition artefact from an unfocused beam spot illuminating the sample.

Careful extraction of the core and shell spectroscopic signals was performed; the resulting data is presented in
Figure 8a for amplitude, in Figure 8b for optical density and in Figure 8c for phase. Specific regions are
documented in Figure S3 in the supplemental information. While the optical density from the shell is lower than
the core on account of the thinner edge of the nanospheres, a slight spectroscopic inversion is observed at 536.5
eV, corresponding to the images where the ‘shell’ is darkest. This weak pre-edge signal is attributed to an O 1s >
o*(0-H) functionalization, as unreacted ethyl functionalization (e.g., Si-O-C;Hs) on the surface of the SiO,
nanospheres is expected to hydrolyse to form Si-O-H bonds. Transitions with O 1s = o*(Si-O-H) character are
expected to appear at lower energy than transitions with O 1s = ¢*(Si-O-Si) character that are characteristic of
the bulk of the SiO; nanospheres.

This shell structure has a clear chemical origin, as this feature appears at a specific X-ray energy and corresponds
to a distinct resonant X-ray absorption process. This is an example of how spectroptychography — using the
insights of spectroscopy to interpret ptychography — can be used to differentiate chemical origins of image
contrast from physical effects, such as X-ray scattering from the edge of the nanospheres, or a potential
breakdown of the thin object approximation in the ptychographic reconstruction. These effects may still be
present in this dataset, but the extracted NEXAFS spectra show that the shell structure has a chemical origin.

It is difficult to draw chemical conclusions from the phase spectra presented in Figure 8c. The magnitude of the
phase change for the shell is less than that of the core, and the phase spectra differ in their pre-edge background
and shape. We see from the off-edge study of SiO, nanospheres (Figures 1-6), that variation in the concentration
of other elements plays a significant role in the background intensity of the phase spectra.

The Kramers-Kronig relation allows us to perform spectroscopic “experiments” to try to understand the chemical
origin of the phase spectra. A comparison of the O 1s optical density spectrum of the shell to that of the SiO;
nanosphere bulk (Figure 8b) shows an approximate reduction in oxygen concentration of ~20%. As an

experiment, we have examined the Kramers-Kronig relation for a sample of SiO, and a sample of SiO16 (e.g., a



20% reduction in oxygen), using Jacobsen’s KK_gui code.[18] This code allows one to “paste” a near-edge
spectrum (in this case, the O 1s spectrum of the SiO, nanospheres) into the atomic (Henke) photoabsorption
cross-section for a defined composition, and then to transform it to obtain the corresponding fi atomic scattering
factors for phase. This allows us to model changes in chemical composition to see if it explains the differences in
the observed phase spectra.

Figure 9a presents the models for the O 1s NEXAFS spectrum of SiO; and SiO16, where a representative oxygen 1s
spectrum of SiOz nanospheres is superimposed into the atomic cross-section of an SiO; and SiO1.6 compound,
using Jacobsen’s KK_gui code.[18] The f; ‘phase’” atomic scattering factors obtained from the Kramers-Kronig
relation are shown in Figure 9b. The phase data of the SiO1.6 model show a reduction in the relative intensity of
the maximum and minimum of the phase relative to the SiO, model. However, the simulation does not match the
magnitude of the change observed experimentally, in Figure 8c.

There are several possible reasons for the mismatch between experiment and simulation. As the chemistry of the
core and shell are so similar, it is unlikely that the small difference in the absorption spectrum due to Si-O-H
bonding would encode such a large difference in phase. The fidelity of the experimental data and the alignment
of images in a sequence may degrade the extracted phase spectra. It seems most likely that there are chemical
changes not accounted for in the simple model, such as a difference in elemental composition other than oxygen.
The work on non-resonant ptychography of the photodeposition artefact shows that elemental composition
differences impact the magnitude of the phase at energies far above the core edges of those elements.
Therefore, it is possible that the phase spectrum of the shell is determined by unknown composition differences.
Despite being partially inconclusive, this analysis shows that consideration of the full chemical composition of an
analyte is needed to understand and quantify phase spectra, particularly when performing chemical

characterization of unknown phases.

4. Conclusion



Absorption and phase spectra of an ordered array of SiO, nanospheres has been acquired using soft X-ray
spectroptychography. The origin of an enhanced sensitivity of phase to photodeposition is characterized; the
relative phase signal increase due to photodeposition is greater than the decrease in transmission signal. These
results show how phase encodes small variations in chemical composition differently than transmission or optical
density spectra.

The other observation about photodeposition — that it appears to be proportional to the number of surfaces in
the transmission column — will be relevant in the examination of highly porous materials that are more prone to
this artefact.

Phase encodes unique information for the study of ‘unknowns’, but a good hypothesis and modeling is required

to access this information.
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Figure Captions
Figure 1: X-ray ptychography amplitude (a) and phase (b) images of a single-layer packed array of 220 nm SiO;
nanospheres on a SisNs membrane recorded at a photon energy of 571 eV with a photodeposition artefact in the

upper left-hand corner indicated by the red box. The scale bar in each image represents 1 um.

Figure 2: Amplitude (a) and phase (b) spectra from sample free regions of the SizNs membrane, recorded from
areas with photodeposition (SisN4 + photodeposition) and without (SisN4). The specific area from which these

spectra are extracted is presented in the supplemental information.

Figure 3: Amplitude (a) and phase (b) spectra from the SiO, nanosphere array on the SisN2 membrane, recorded
from areas with photodeposition (SisN4 + SiO, + photodeposition) and without (SisN4 + SiO2). The specific area

from which these spectra are extracted is presented in the supplemental information.

Figure 4: Optical density NEXAFS spectra of the photodeposit on the blank SizNs membrane (photodeposition)
and the SiO; nanosphere array on the SizNs membrane with (SiO, with photodeposition) and without (SiO2) the
photodeposit. These optical density spectra are obtained using Beer’s law, where the |, spectrum is obtained
from the SisNs membrane region without photodeposition. Because of the internal |, normalization, the optical

density of the SisNs membrane does not appear.

Figure 5: Simulated atomic photoionization cross-section (a) for a model consisting of a 100 nm SisN4 membrane
with simulated photodeposition (SisNa4 + C) and without simulated photodeposition (SisN4) based on Henke
atomic cross-section data.[21] Phase spectra (b) calculated with the Kramers-Kronig relation with arbitrary

angular units. Figures (c) and (d) are the same spectra for the region from 570 — 590 eV.



Figure 6: Simulated atomic photoionization cross-section (a) for a model consisting of a 220 nm thick SiO; layer on
a 100 nm thick SisN4 membrane, with simulated photodeposition (SisNa + SiOz + C) and without simulated
photodeposition (SisNa + SiO2), based on Henke atomic cross-section data.[21] The maximum thickness of the
SiO2 nanospheres is used for this analysis. Phase spectra (b) calculated with the Kramers-Kronig relation with

arbitrary angular units. Figures (c) and (d) are the same spectra for the region from 570 — 590 eV.

Figure 7: X-ray ptychography amplitude (a,b) and phase (c,d) images of a single-layer packed array of 220 nm SiO;
nanospheres on a SisNas membrane. Images (a) and (c) were recorded at 538.33 eV and images (b) and (d) were

recorded at 536.52 eV. The scale bar in each image represents 0.6 um.

Figure 8: Amplitude (a), Optical Density (b) and Phase (c) spectra from the core (SiO2 NS Core) and shell (SiO2 NS
Shell) layers of the SiO, nanospheres. The specific area from which these spectra are extracted is presented in the

supplemental information.

Figure 9: (a) Model O 1s NEXAFS spectra of SiO; and SiO1.6 generated by 'splicing' experimental NEXAFS data for
the core and shell of the SiO; nanospheres, respectively into the atomic photoabsorption cross-section data for
the corresponding chemical composition. (b) Model f; 'phase' atomic scattering factors for the nanosphere core

and shell obtained through the model O 1s NEXAFS data and the Kramers-Kronig relation.



Table 1: Input Parameters for Kramers — Kronig Relation Calculations

Film Component Thickness Density
SizNg SizNg 100 nm 3.17 g/cm3
SizsN4 + photodeposition SizNa 100 nm 3.17 g/cm?
C 1nm 2.15 g/cm3
SisNs + SiO; SisN4 100 nm 3.17 g/cm?
SiO; 220 nm 2.20 g/cm3
SizsNa + SiO; + photodeposition | SizNa 100 nm 3.17 g/cm?
SiO; 220 nm 2.20 g/cm3
C 3nm 2.15 g/cm3
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