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Imaging Photonic Resonances within an All-Dielectric
Metasurface via Photoelectron Emission Microscopy

Andrew R. Kim, Chloe F. Doiron, Fernando J. Vega, Jaeyeon Yu, Alex M. Boehm,

Joseph P. Klesko, Igal Brener, Raktim Sarma, Alexander Cerjan, and Taisuke Ohta*

Dielectric metasurfaces, through volume-type photonic resonances, enable
precise control of light-matter interactions for applications including imaging,
holography, and sensing. The application space of dielectric metasurfaces has
extended from infrared to visible wavelengths by incorporating high refractive
index materials, such as titanium dioxide (TiO,). Understanding the fundamental
and fabrication limits for these applications requires metrology with nanoscale
resolution, sensitivity to electromagnetic fields within the meta-atom volume,
and far-field excitation. In this work, photoelectron emission microscopy (PEEM)
is used to image field distributions of photonic resonances in a TiO, metasurface
excited with far-field, visible-wavelength illumination. The local volumetric field
variations within the meta-atoms are analyzed as a function of illumination angle
and polarization by comparing photoelectron images to finite-difference time-
domain simulations. This study determines the inelastic mean free path of very
low-energy (<1 eV) photoelectrons to be 35 + 10 nm, which is comparable to the
meta-atom height thereby highlighting PEEM sensitivity to resonances within the
volume. Additionally, the simulations reveal high sensitivity of PEEM images
to an in-plane component of the illumination k-vector. These results demonstrate
that photoelectron imaging with subwavelength resolution offers unique
advantages for examining light-matter interactions in volume-type (as opposed
to surface) photonic modes within dielectric nanophotonic structures.

1. Introduction

Precise control of light-matter interactions
can be achieved using resonant optical
devices, such as metasurfaces"™ and
photonic crystals.”®! These structural motifs
are deployed in applications including
sensing,”® imaging > holography,*™**
phase control optics,>*® and nonlinear
optics.'”*® By utilizing materials with
high refractive indexes,™” such as titanium
dioxide (TiO,), dielectric metasurfaces
have extended their application space from
the infrared wavelength to the visible
range.?**!! Moreover, the design of dielec-
tric metasurfaces has achieved remarkable
advances in engineering nanoresonators
(i.e., meta-atoms) that confine light to
increasingly smaller length scales that are
shorter than the excitation optical wave-
length. Consequently, understanding the
fundamental and fabrication limitations of
metasurface designs requires direct imag-
ing of electromagnetic fields that dictate

A. R. Kim, C. F. Doiron, F. ). Vega, J. Yu, A. M. Boehm, ). P. Klesko,
I. Brener, R. Sarma, A. Cerjan, T. Ohta

Sandia National Laboratories

1515 Eubank Blvd SE, Albuquerque, NM 87185, USA

E-mail: tohta@sandia.gov

C. F. Doiron, ). Yu, I. Brener, R. Sarma, A. Cerjan
Center for Integrated Nanotechnologies

Sandia National Laboratories

1515 Eubank Blvd SE, Albuquerque, NM 87185, USA
F. ). Vega

School of Mechanical Engineering

Purdue University

585 Purdue Mall, West Lafayette, IN 47907, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202400223.

© 2025 The Author(s). Advanced Photonics Research published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202400223

Adv. Photonics Res. 2025, 6, 2400223 2400223 (1 of 12)

the light-matter interactions within the

meta-atoms. As the overall optical response

of the metasurface can be tailored by
exploiting®?>2%! or breaking?®?”! the system’s spatial symmetry
and periodicity, it is important to elucidate the relationship
between the symmetry of the resonance and the polarization
and incident configuration of the illuminating light (i.e., k-vector).
Thus, metrology and characterization of dielectric nanophotonic
structures require an imaging approach with nanoscale resolution,
sensitivity to the electromagnetic fields within the volume of the
meta-atoms, and far-field excitation to control the polarization and
incident configuration.

Photoelectron emission microscopy (PEEM) is one approach
for imaging local field distributions of resonances within dielec-
tric metasurfaces with far-field illumination at suboptical-
wavelength resolution.”®?%) The far-field illumination offers
control over the illumination k-vector, to which metasurfaces
are sensitive,*°=% in addition to polarization and wavelength.
Its large illumination area can coherently excite multiple
meta-atoms in a metasurface to investigate nonlocal, collective
resonances®*=% and concurrently excite local, site-specific phe-
nomena. Importantly, the use of far-field illumination replicates
the illumination conditions in common applications of nanopho-
tonic devices, distinguishing PEEM from other nanoscale electric
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field imaging approaches that can improve metasurface design
and diagnostics. The de Broglie wavelength of the photoelectrons
generated by the metasurface provides suboptical-wavelength
spatial resolution.*”) Altogether, these factors give PEEM unique
advantages toward imaging nanophotonic systems to complement
other near-field techniques (e.g., cathodoluminescence,**™*
electron energy loss spectroscopy,***!! and scanning near-field
optical microscopy!*>**) and have been utilized to advance
PEEM imaging of plasmonic resonances on metallic nanostruc-
tures with exquisite control of polarization and wavefront.!**>!

Presently, connecting PEEM images of dielectric metasurfaces
to the local resonant field distributions is challenging due to the
undetermined inelastic mean free path (IMFP) of the very low
kinetic energy (<1eV) photoelectrons. An estimate of the
IMFP is required to quantify the sampling depth of PEEM, since
the photoelectrons produced within the volume of the meta-
atoms must travel toward the surface to eventually be emitted
to vacuum. The electron IMFP as a function of electron energy
is usually described by the “universal curve”, which is well
corroborated experimentally for electrons with 10-100eV or
greater.’*>*! In contrast, the validity of the universal curve is less
certain for electrons of very low kinetic energy (<1eV), the
energy scale comparable to phonons and other many-body inter-
actions in materials®® and barely enough to overcome the mate-
rial work function. For metals, both calculations®’~*% and
experimental datal®®®®! show that the IMFP ranges within
3-10 nm. Dielectric materials appear to show larger IMFP values
in the 10-100nm range suggested by calculations,** % but
these values are not experimentally verified to our knowl-
edge.*”%® To address this uncertainty of IMFP for very low
kinetic energy electrons and to validate the applicability of
PEEM to dielectric photonic systems beyond depth-independent
phenomena,?®*! an empirical determination of the IMFP is
essential.

In this article, we use PEEM in conjunction with finite-
difference time-domain (FDTD) simulation to evaluate the elec-
tromagnetic field distribution of the photonic resonances of a
TiO, metasurface as a function of input polarization and excita-
tion photon energy (Epy) across the ultraviolet (UV) to visible
range. The E,, range is chosen to be beneath the threshold
for electronic excitations of TiO, such that two-photon
photoemission (2PPE) processes probe the impact of photonic
resonances alone. The metasurface is designed to support
Fabry-Pérot (FP) and Fano resonances that overlap in E,, and
shift their intensity between two distinct areas, that is, interior
and exterior of the meta-atom. Because the two areas have differ-
ent TiO, thicknesses and attenuate photoelectrons differently, we
exploit the contrast in PEEM intensity as Epy, is varied to estimate
the IMFP in TiO,. Using an iterative approach to match the
intensity distribution in the simulated images to that of PEEM
images, we determine the very low kinetic energy electron
IMFP of 35+ 10nm. This IMFP is comparable to the height
of the meta-atoms and ensures the sensitivity of PEEM to reso-
nances within the meta-atom volume. Additionally, the simula-
tions reveal that PEEM images are sensitive to slightly off-normal
illumination that introduces an in-plane component of the illu-
mination k-vector, an effect not previously elaborated in PEEM
studies.* Altogether, our work demonstrates subwavelength
PEEM imaging of volume-type photonic resonances supported
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by the metasurface and suggests the sizable probing depth appli-
cable to other dielectric systems.

2. Results and Discussion

An illustration of how PEEM images the photonic modes excited
in the TiO, metasurface is shown in Figure 1a. A square lattice
array of TiO, meta-atoms (cylindrical resonators) is illuminated
by a collimated far-field optical source at near-normal incidence
(not to scale). The illuminating laser, which is ~100 pm in diam-
eter and has a full width at half maximum of ~1% of the central
wavelength, coherently excites many of the meta-atoms simulta-
neously to enable study of their collective behavior. The resulting
electric fields within the host material excite electrons above the
vacuum level via the photoelectric effect, with higher field inten-
sity resulting in a greater number of photoemitted electrons.!*”!
The emitted photoelectrons, whose de Broglie wavelength pro-
vides high spatial resolution (10-20 nm),*”) are directed onto
an electron detector via electron optics that preserve their spatial
origin. By scanning across excitation wavelengths, a series of
photoelectron images are acquired and compiled into a “spectral
hypercube data set” that contains the photoelectron yield spectra
(analogous to optical absorption spectra) as a function of location
across the sample. Here, if the incident wavelength falls within
the bandwidth of one or more resonances, light will couple to
those resonances. To investigate how the spectra and spatial dis-
tribution of the photonic resonances depend on the input polari-
zation, the dataset is acquired for different polarizations of light
as defined in Figure 1b, where red arrows represent the direction
of polarization in a top-down view of the meta-atoms. Since the
metasurface is sensitive to the incident configuration of the
illuminating light, we describe small deviations of the k-vector
of the light from normal incidence using the polar angle 6
and azimuthal angle ¢, defined in Figure 1c.

The designed dimensions of the TiO, metasurface on a fused
silica substrate are provided in Figure 1d, with a unit cell size of
300 nm, meta-atom diameter of 200 nm, and meta-atom height
of 75 nm. Because the meta-atoms sit on an insulating SiO, sub-
strate, an additional 10 nm of TiO, was deposited over the entire
surface via atomic layer deposition (ALD) to avoid sample charg-
ing (see Sample Fabrication in Section 4). The additional TiO, is
not different from the TiO, of the meta-atoms in terms of their
material properties but alters the detailed dimension of the meta-
atom within the unit cell to include a thin layer of TiO, in the area
exterior (denoted in Figure 1d) to the meta-atom. The overall
geometry of the TiO, metasurface is captured in the scanning
electron micrograph shown in Figure le. To reduce the impact
of imperfections in the individual meta-atoms, PEEM images
average over 36 unit cells. To minimize the effect of the broken
translational symmetry at the array edges, the averaging was lim-
ited to unit cells at least 8 cells away from the edge.””! See the
“PEEM Data Processing” section in Supporting Information for
details.

The photoemission process excites electrons in occupied elec-
tronic states above the vacuum level. Because the designed res-
onances of the metasurface are within the visible E, range,
photoelectron excitation requires multiphoton absorption shown
in Figure 1f. The density of occupied states of TiO; is illustrated
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Figure 1. PEEM measurement geometry, TiO, metasurface sample, and electronic levels involved in the photoemission process (not to scale). a) The
metasurface is illuminated by photons in the UV-vis range with a predetermined polarization at near-normal incidence. The resulting photoelectrons are
directed by electron optics to a detector for imaging. b) Definition of the four light polarizations used in this study, with the red arrows representing the
polarization directions. c) The incident light can be slightly off normal incidence. Its polar (0) and azimuthal (¢) angles with respect to the surface normal
are defined with respect to Cartesian coordinates. d) Cross-sectional view of the metasurface, showing the designed physical dimensions. e) Scanning
electron micrograph of the metasurface. In (a—e), the x- and y-directions are in-plane with the sample surface, and z-direction is the sample normal.
f) Electron energy diagram of the photoemission process for TiO,, showing that the visible wavelength illumination results in two-photon photoemission

excited from its occupied density of states (DoS).

by the green rectangle, and the energy supplied by the deep
UV-vis light is represented by the purple and light blue arrows,
respectively. As the central resonance frequencies of the
metasurface fall within the visible wavelength range (2.5eV
(500nm) to 3.1eV (400nm)), two-photon photoemission
(2PPE) overcomes the =4.9eV work function of TiO, (see
Figure Sla, Supporting Information). Below 2.5 eV excitation,
2PPE becomes very inefficient.”®”" The resonant wavelength
is designed such that the photon energy is below the electronic
band gap of TiO, (3.0-3.2eV),">”?] thereby avoiding electronic
transitions. Since 2PPE intensity is enhanced proportionally to
the fourth power of the electromagnetic field, that is,
|E1* #87475) the PEEM images formed from this process are non-
linear maps of the near-field distribution of the metasurface’s
optical response.

We performed the FDTD simulations using the package MIT
Electromagnetic Equation Propagation (MEEP)® to analyze the
PEEM images. The simulations compute the |EI* distribution to
represent the 2PPE-PEEM intensity distribution. Since the
photonic resonances in the dielectric metasurface exist within
the volume of the meta-atom, the simulation integrates the
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IAI* distribution weighted by the depth-dependent photoelectron
attenuation governed by IMFP to produce the final 2D (x—y
plane) image analogous to the PEEM image. A visual represen-
tation of the integration is depicted in Figure 2. Figure 2a shows
diagrams (not to scale) of the unit cell of the metasurface, where
(i) is the top view defining the interior (white region) and exterior
(dark region) and (ii) is the 3D model. Figure 2b illustrates the
integration process, where the unit cell is “sliced” into multiple
x—y planes along the z-axis. The red, dashed lines in Figure 2a(ii)
highlight the sections of the model corresponding to the top and
bottom slices in Figure 2b. Each slice is processed pixel by pixel
according to the following rules: 1) If a pixel is located within a
vacuum, its intensity is zero. 2) If a pixel is located within some
material (TiO, meta-atom, exterior TiO, layer, or SiO, substrate),
its intensity I is calculated according to the relationship,

I(D) « ¢ 2, where D is the pixel’s distance below the surface,
and A is the electron IMFP. Figure 2c illustrates the intensity
attenuation as a function of depth (normalized to IMFP) below
the surface. The slices are then added together and smoothed
spatially with a Gaussian function (lateral sampling distance
of 25nm that corresponds to the approximate pixel size of
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Figure 2. Diagram (not to scale) showing how the field intensity maps are calculated in MEEP simulations with respect to the metasurface geometry.
a) Diagram of the unit cell defining the interior and exterior of the meta-atom as shown by (i) top view and (ii) 3D model of the unit cell volume. The
dashed, black lines mark the unit cell boundary. b) The field distribution within the unit cell volume is “sliced” into x—y planes at various heights. The field
intensity is removed in areas corresponding to vacuum. c) Plot of field intensity attenuation as a function of depth with respect to the surface directly
above. This attenuation is applied to each pixel in each slice in (b), and then, the slices are summed and Gaussian-smoothed to form the final, total field

intensity map.

PEEM images). The resulting final image represents the total
photoemission intensity that accounts for the effect of IMFP
on every photoemitting point within the metasurface. For details
describing the MEEP simulations and the parameters to model
the experimental setup, including the illuminating light source,
metasurface geometry, and metasurface imperfections, see the
“MEEP Simulation” and “MEEP Parameters” sections in
Supporting Information.

Because the IMFP is unknown a priori, producing a simu-
lated image to match a PEEM image is carried out in an iterative
manner. This process involves comparing intensities between
regions of different TiO, thicknesses (interior versus exterior
of meta-atom) in the PEEM and simulated images as the two
resonances shift their relative intensities between the regions.
We note that the SiO, substrate has negligible impact because it
has a much lower photoemission yield compared to TiO,
(see Figure S2, Supporting Information). The comparison is
performed for various values of IMFP used to weigh the inte-
gration (as described in Figure 2) to determine the appropriate
IMFP and reproduce the spatial intensity profile of PEEM
images. The simulated images undergo continued iteration
until the simulated resonant intensity profile is within 20%
of the PEEM image intensity profile. Thus, the simulated
images presented in this manuscript are the optimized, inte-
grated images using an IMFP of 35 nm.

We present the results in the subsections that follow:
1) measurement of far-field and PEEM spectra to verify the
overlap of the two resonances; 2) comparison of the simulated
and PEEM images demonstrating the intensity switching
between the interior and exterior of the meta-atom; 3) evaluation
of the impact of the illuminating k-vector in the simulated
and PEEM images; and 4) estimation of the IMFP by leveraging
the regions with different TiO, thicknesses and optical
resonances.
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2.1. Overlapping Fabry—Pérot and Fano Resonances in Far-Field
and PEEM Spectra

To determine the wavelengths of the designed photonic resonan-
ces, we first characterized the TiO, metasurface using far-field
reflectivity and transmissivity measurements (see Linear
Measurements in Section 4). The reflection and transmission
spectra of the metasurface are shown in Figure 3a by the solid
and dashed curves. The designed resonances appear as overlap-
ping peaks (dips) in the reflection (transmission) spectrum as
marked by the arrows at ~2.73 eV (appearing as a shoulder
due to the overlap) and ~2.76eV. The corresponding spectra
acquired using PEEM are shown in Figure 3b for the four polar-
izations defined in Figure 1b. Each spectrum is obtained by inte-
grating photoemission intensity across multiple meta-atoms in
the PEEM images at each Ej, to compare with the far-field reflec-
tivity and transmissivity measurements having large probe size
that averages over multiple meta-atoms. Note that the PEEM
spectra are offset vertically for clarity and normalized to the peak
photoemission intensity. All four PEEM spectra show the prom-
inent peak at 2.76 eV that are in good agreement with the reso-
nance peak (dip) at the same Ep in the reflection (transmission)
spectrum in Figure 3a. The 2.73 eV shoulder is heavily sup-
pressed in the PEEM spectra, meaning that the field enhance-
ment of this resonance to the 2PPE process is weaker than
that of the 2.76 eV peak. A likely reason for the suppression is
the nonlinear relationship between the electric field and photo-
electron intensity of the two-photon process. An additional rea-
son is that the reflection spectrum measures the electric field that
escapes to the far field and does not necessarily measure the field
intensity or absorption inside the metasurface. These results
suggest that the PEEM spectra do not directly correspond to
the far-field linear measurements but rather represent the
field enhancements within the meta-atoms by the photonic
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Figure 3. Linear spectra of the metasurface as a function of photon energy
from a) reflectivity and transmissivity measurements and b) PEEM image
intensity of one unit cell for each of the four polarization angles. All PEEM
polarization spectra except 135° are offset vertically for visual clarity. Each
PEEM spectrum is corrected for the laser power and 2PPE yield as well as
normalized such that the intensity at resonance is 1. The reflectivity and
transmissivity spectra are normalized as the fraction of the total incident
light. The arrows in (a) point to the two closely overlapping resonance
peaks in the reflectivity spectrum.

resonances of the metasurface. Nevertheless, we find a reason-
able agreement between the far-field reflectivity and transmissiv-
ity measurements and the PEEM spectra.

2.2. Intensity Switching between Exterior and Interior of the
Meta-Atoms

Next, we investigate the spatial profile of the photonic modes con-
tributing to the resonant peaks in Figure 3b by examining the
spatial distribution of photoemission intensity as a function of
E,n. PEEM images of one unit cell of the metasurface are pre-
sented in Figure 4a,b for 0° and 42° polarizations, respectively.””!
Image (i) highlights the meta-atom shape and the polarization
(red arrows), while (ii), (iii), and (iv) are PEEM images below,
at, and above the E;, (2.71, 2.76, and 2.78 eV, respectively) of
the resonance peak. These Eyj, are marked by the colored shapes
in Figure 4c,d, which show the photoemission intensity spectra
(black curves, same spectra shown in Figure 3b) and provide a
visual reference for the Ep;, location on the spectra. Images (a)
and (b)(ii) show intensity concentrated within the meta-atom
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at low E,, (red square, 2.71eV), whereas (a) and (b)(iv) show
intensity concentrated outside the meta-atom at high Ey, (blue
triangle, 2.78 eV). At the resonance peak (black circle, 2.76 eV,
images (a) and (b)(iii)), intensity is approximately equal between
the interior and exterior of the meta-atom.

The switching of intensity from the interior to the exterior is
the result of the overlap between the two resonances around
E,p=2.76eV. The lower energy resonance, whose electric field
intensity resides mostly within the meta-atom interior (images
(a) and (b)(ii)), is a FP type resonance.l”®! The FP resonance arises
from the reflection and interference of light from the top and
bottom faces of the meta-atom and is unrelated to the periodic
lattice of the metasurface. In contrast, the higher energy reso-
nance (images (a) and (b)(iv)), whose electric field intensity
resides mostly outside the meta-atom, is characterized by a
Fano resonance that arises in dielectric metasurfaces that sup-
port Mie-type photonic modes.” This resonance appears in pho-
tonic band structure calculations of the metasurface as a cluster
of Mie-type electric dipole (ED) modes and is typical for a meta-
surface or a photonic crystal with a square lattice.***#!! Detailed
explanation of the modes contributing to each resonance and
their spatial profiles is provided in the “Mode Identification”
section in Supporting Information. Although these FP and
Fano resonances result in the seemingly simple field enhance-
ment peak feature in Figure 3, the PEEM images clearly distin-
guish the characteristic field distribution and symmetry of the
resonances involved.

To better understand how the photoemission intensity distri-
bution in PEEM images corresponds to the electric field distri-
bution within the meta-atom, we compare the PEEM images with
the simulated counterparts. As described earlier, we reiterate that
the simulations are performed via the FDTD method that com-
pute the spatial |[FI* distribution integrated in height (weighted by
IMFP) to be analogous to 2PPE-PEEM images. The simulated |F1*
maps are presented alongside the PEEM images in Figure 4a,b.
Images (v), (vi), and (vii) are the simulated |EI* images below, at,
and above the (simulated) resonant Epy, (2.76, 2.81, and 2.83 eV,
respectively). The displayed E,, of the simulated images in
Figure 4 have been shifted to lower E,, by ~0.05eV (8 nm in
wavelength) to line up with the PEEM images. We attribute this
discrepancy to inaccuracy in modeling the exact geometry and
refractive index of the metasurface. From this point forward,
all E,, reported for simulated results are shifted for ease of
comparison.

For each simulated image in Figure 4a,b, the |E* distributions
are similar to the photoemission intensity of the corresponding
PEEM images ((ii), (iii), and (iv)). The simulations show the
electric field concentrated within the meta-atom at low Ej,
(image (v)), distributed outside the meta-atom at high Ey,
(image (vii)), and switching at resonance (image (vi)). We note
a discrepancy between PEEM and simulated image intensity
at the corners of the unit cell for 42° polarization at 2.78 eV:
the PEEM image in Figure 4b(iv) shows low intensity at the
corners, while the same corners in the simulated image in
Figure 4b(vii) show high intensity. The corner intensity does
occur in the PEEM measurements but at higher Ey,
(>2.78 V) than shown in Figure 4 (full set of PEEM images
is available in Movies, Supporting Information). As with the over-
all 0.05 eV shift of the simulations, the discrepancy involving the
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Figure 4. The PEEM photoemission intensity images of one unit cell of the metasurface are compared with the corresponding simulated |E8* images for
a) 0° and b) 42° polarizations. Pixel values in each image were chosen to optimize image contrast for ease of viewing (see numbers on scale bars). In both
(a) and (b), image (i) displays the unit cell diagram where the white circle is the meta-atom and the black region is the exterior, and polarization is
represented by the red arrow. Images (ii), (iii), and (iv) are the PEEM images at 2.71, 2.76, and 2.78 eV, respectively, while images (v), (vi), and (vii) are the
simulated |B* images at 2.76, 2.81, and 2.83 eV, respectively (shifted to lower photon energy by ~0.05 eV (8 nm) to line up with PEEM images). c) and
d) plot the simulated |E1* spectra alongside the corresponding PEEM spectra (from Figure 3b) as a function of photon energy for 0° and 42° polarizations,
respectively. The colored shapes in (c) and (d) mark the photon energies for which the PEEM and simulated images in (a) and (b) are displayed. The 90°
and 135° comparisons are available in Figure S3, Supporting Information.

corner intensity is attributed to imprecision in modeling. In
total, the simulations reproduce the features found in the
PEEM images including the switching between the two resonan-
ces, thereby showing that the photoemission intensity measured
by PEEM directly corresponds to the |E* strength. For compar-
isons of all four polarizations, see Figure S3, Supporting
Information.

The MEEP simulation provides spectroscopic information in
addition to the spatial intensity distribution. The simulated spec-
tra in Figure 4c,d show good agreement with those of PEEM
acquired at 0° and 42° polarizations, respectively. The MEEP
spectra are represented by the red curves alongside the corre-
sponding PEEM spectra (black curves). MEEP replicates spectral
features including the peak width at 2.76 eV and the asymmetric
peak shape of the Fano resonances as the Mie-type modes couple
to the FP resonance’®*? on the lower E,, side (left of peak). We
note that the FP resonance is weaker in the PEEM spectra likely
caused by imperfections in the top and bottom faces of the meta-
atoms, so the PEEM intensity is lower than the simulated inten-
sity at lower Eyy,. Nevertheless, this result further emphasizes the
switching of the photoelectron intensity between the exterior and
interior of the meta-atoms at the resonance shown in both PEEM
measurement and the MEEP calculations.

Adv. Photonics Res. 2025, 6, 2400223 2400223 (6 of 12)

2.3. Impact of k-Vector on the PEEM Intensity Profiles

Because nonlocal metasurfaces mostly rely on the collective
responses of the meta-atoms and are therefore discussed in
the context of the symmetries of the meta-atoms, there is gener-
ally less emphasis on the symmetry of illumination configura-
tion. Combination of the far-field illumination and nanoscale
spatial resolution enables us to examine the local field enhance-
ment while accessing the illumination configuration and how it
can be intertwined with the polarization.

In Figure 4b, we demonstrate the effect of the incident polari-
zation manifesting as small intensity differences between Fano
resonance features for 42° between E,, of 2.76 eV and 2.78 eV
(black circle, images (iii) and (vi), and blue triangle, images
(iv) and (vii), respectively). We visualize in greater detail the evo-
lution of the field patterns between 2.76 and 2.78 eV in smaller
E,p increments for the two diagonal polarizations of a) 42° and
b) 135°, as shown in Figure 5. Images (ii) through (vi) are the
PEEM images, and images (vii) through (xi) are the correspond-
ing simulated images. Since 45° and 135° polarizations should be
an equal mix of the 0° and 90° polarizations, the PEEM images
under 45° and 135° polarizations should exhibit features of both
0° and 90° polarization images in equal proportion. The Fano

© 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 5. Comparison of the evolution of the field patterns between PEEM data and simulations for a) 42° polarization and b) 135° polarization. Image
(i) displays the unit cell diagram with polarization represented by the red arrow. The black arrows in (i) show the propagation direction of the excitation
light source within the x-y plane (k) due to the slight tilt of the incoming light from the surface normal. Images (i) through (vi) are the PEEM images
between 2.755 eV (black circle) and 2.780 eV (blue triangle) while images (vii) through (xi) are the simulated |B* images for the corresponding Eph
(rounded to three decimal places due to smaller Eyy, increments). The colored shapes (black circle, blue triangle) correspond to the two E,, displayed
in Figure 4. The white and red arrows in (v), (vi), (x), and (xi) for both (a) and (b) point to Fano resonance features from 0° and 90° polarizations,
respectively. The yellow arrows in (i) and (iv) for both (a) and (b) mark the elongation of the intensity near the center. Color scale for each image

was adjusted to prioritize ease of viewing of the field patterns and differs slightly in contrast from images in Figure 4.

features (exterior of meta-atom) in PEEM images for 42° polari-
zation are marked by the white and red arrows respectively
in Figure 5a(v,vi). Most importantly, the features highlighted
by the white arrows have higher intensity than the features
highlighted by the red arrows. The unequal intensities between
the highlighted features originate from the polarization being at
42°, rather than exactly at 45°. The MEEP image modeled using
42° polarization reproduces the same inequality as highlighted by
the white and red arrows in Figure 5a(x,xi), confirming that the
intensity inequality is an effect of the polarization. In contrast, we
expect the features highlighted by the arrows in Figure 5b (135°
polarization) to exhibit equal contributions, which is what we
observed. The features marked by the white and red arrows in
images (v) and (vi) have similar intensities, and the simulated
images (x) and (xi) reproduce the same effect. We note that small
deviations from 0° (90°) cannot be detected, as the 90° (0°) com-
ponent becomes very small (=5% for 3° deviation) and further
reduced by the 2PPE dependence on |E*. Altogether, PEEM
measures the effect of slight deviations from the nominal
polarization angle that appears more effectively near 45° or
135° polarizations.

Further examination of the 42° and 135° polarizations in
Figure 5 reveals the subtle impact of small deviations of the illu-
minating light from the surface normal. The deviation is
described by the polar angle 6 and azimuthal angle ¢ (defined

Adv. Photonics Res. 2025, 6, 2400223 2400223 (7 of 12)

in Figure 1c) and determines the direction of the surface parallel
component k; of the incident k-vector. The presence of k; affects
the symmetry of the switching of the electric field intensity
between the meta-atom interior and exterior. In the PEEM
images and the simulated electric field images for 0° and 90°
polarizations (Figure S3a,c, Supporting Information respec-
tively), the field patterns are simply 90° rotations of each other,
which is expected due to the 90° rotational symmetry of the
metasurface. On the other hand, the PEEM images for 42° polar-
ization shown in Figure 5a do not replicate those of 135° polari-
zation in Figure 5b by 90° rotation. For 42° polarization
(Figure 5a(ii-iv)), the yellow arrows point to the intensity at
the center of the PEEM image as it elongates toward higher
Ep. In (iv), the yellow arrows point to the two sides of the
elongated central intensity, which are approximately equal in
brightness. The simulations replicate the elongation using a
polar angle 6 of 0.1° and azimuthal angle ¢ of 130° (kj is repre-
sented by the black arrow in Figure 5a(i). See Table S1,
Supporting Information, for the simulated polar and azimuthal
angles at each polarization.). In the simulated images in
Figure 5a(vii-ix), the central intensity (highlighted by yellow
arrows) elongates with the same intensity on both ends. The even
elongation occurs because k| is nearly perpendicular to the 42°
polarization direction, leaving the polarization vector nearly
unchanged from illumination tilt by €. In contrast, for 135°

© 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH
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polarization (Figure 5b(ii-iv)), the elongation highlighted by
yellow arrows does not occur evenly, that is, one end of the
elongation in (iv) is dimmer than the other. The corresponding
simulation replicates the uneven elongation as shown in
Figure 5b(vii-ix), using 6 = 0.15° and ¢ = 310° (k| is represented
by the black arrow in Figure 5b(i)). In this case, k; is nearly
parallel to the polarization vector, introducing a component of
polarization (E-field) perpendicular to the surface (z-axis). The
resulting field has an odd symmetry with respect to 180° rotation
about the z-axis and causes uneven elongation,®*! as opposed to
the even symmetry of the 42° case where the elongation is close
to even. Overall, the metasurface is sensitive to the minute
(720.1°) variations in the incident light configuration manifested
by the additional k component.®™ This subtle effect resulting
from the intertwined illumination configuration and polarization
is correctly reflected in the measured PEEM intensity distribu-
tion, revealing the impact of the incident k-vector.

2.4. Estimation of Electron Inelastic Mean Free Path

To estimate the electron IMFP, we leverage the shifting of the
electromagnetic field intensities of the two resonances between
the meta-atom interior and the exterior (as defined in Figure 2a).
Since each region has a different TiO, thickness, the photoemis-
sion intensity from each region is attenuated differently.
Therefore, comparing the total interior intensity (I;;) to the total
exterior intensity (I.), defined as the sum of intensity across all
points within the region (interior or exterior), is suitable for
determining the IMFP. To quantitatively compare the intensities,
we use the ratio of I, to Iy, thatis, (Iiy/ ). We explain in the
following how the different TiO, thicknesses affect the photo-
emission intensity from the regions.

The attenuation of photoelectrons from the interior and exte-
rior is impacted by the SiO, substrate as well as the IMFP.
Because the exterior TiO, layer is thin (=10 nm) compared to
the TiO, meta-atom itself (=75 nm), the exterior photoemission
should be influenced by the SiO, substrate underneath.
However, since SiO, has a much lower PEY than TiO, as shown

www.adpr-journal.com

in Figure S2, Supporting Information, photoemission from the
SiO, substrate is negligible, leaving the exterior TiO, layer as
the only significant photoemitting source from the exterior area.
The simulation accounts for this PEY difference during the inte-
gration of the x—y image slices. Given that the exterior TiO, is
thin, photoemission from this region (l.) is not significantly
attenuated for IMFP on the length scale of 10s of nm. In contrast,
I, is influenced almost entirely by the meta-atom itself, which is
~8 times the thickness of the exterior TiO, layer. Photoelectrons
from within the meta-atom are significantly attenuated if emitted
at depths greater than or equal to the IMFP, so the IMFP affects
how much of the meta-atom volume is sampled via PEEM.
Because of the different sensitivity of the two TiO, thicknesses
on IMFP, the ratio of the intensity from the two regions (Ii,;/ Iex)
is a quantifiable measure to examine the impact of IMFP on the
PEEM and simulated images. We note that the choice of compar-
ing the intensities in the interior and exterior is further corrobo-
rated by the singular value decomposition of the PEEM and
simulated images as described in the “Details on IMFP
Extraction” section in Supporting Information.

To find the IMFP, we vary the IMFP in simulations and match
the simulated intensity ratio (Iiy/Iey) as a function of Ey, to
those calculated from PEEM images. We compare the ratios
in Figure 6, where the PEEM data are represented by the circle,
square, cross, and triangle markers for 0°, 42°, 90°, and 135°
polarizations, respectively. The solid, black curve is the simulated
(0° polarization) intensity ratio for an IMFP value of 35 nm, and
the shaded region bounded by the dotted and dashed curves cov-
ers a range of intensity ratios for IMFP values from 25 to 45 nm.
The simulated intensity ratios match well with the PEEM inten-
sity ratios between Ep, of 2.76 and 2.82eV. Below 2.76 eV, the
simulated intensity ratio shows some deviation, exhibiting a
dip around 2.75eV. This discrepancy is due to the difference
in the simulated spectra in Figure 4c,d, where the low-energy tail
of the simulated spectra is higher than that of PEEM. The Fano
resonance (intensity outside the meta-atom) does not “turn on”
in PEEM images as strongly as in the simulations as Ep is
increased, resulting in a more exterior contribution to the inten-
sity ratio in the simulations. The simulated image in Figure 4a(v)
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2.0 . :
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Figure 6. Ratio of the intensity inside the meta-atom to the exterior intensity, i,;/lex, plotted as a function of photon energy, comparing between experi-
mental data (all polarizations) and simulation (0° polarization) for electron IMFP of 35 nm (shaded region covers IMFP variation of £10 nm).
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corroborates this behavior, exhibiting some intensity outside the
meta-atom while the PEEM image in Figure 4a(ii) shows inten-
sity only near the center. In the present analysis, we assume that
the electron IMFP is constant across the narrow range of Ey, in
Figure 6. Because the literature values of the electron IMFP tend
to have wider variation closer to zero kinetic energy, we placed
greater emphasis on fitting the simulated intensity ratio at Eyy, of
2.76 eV and above.

Based on the intensity ratio between the interior and exterior
of the meta-atom, we determine the best-fit electron IMFP value
to be 35+ 10nm. This IMFP is larger than reported values
of IMFP in metals for electrons of similar kinetic energy
(3-10nm)®7=%% but is closer to the reported calculated values
of dielectric materials (10-100 nm).[**¢! The IMFP is compara-
ble in magnitude to the height of the meta-atoms (~75 nm), con-
firming that the intensity distribution in the PEEM images
includes significant contributions from electromagnetic fields
within the meta-atom volume. We anticipate that this IMFP
can be applied to analyze PEEM images of metasurfaces made
of other dielectric materials when the IMFP is not known a pri-
ori, as IMFP is mostly universal among materials with similar
electronic properties (i.e., dielectric material category). We admit
that analyzing PEEM images of nanophotonic systems of differ-
ent dielectric materials using this IMFP would include inaccu-
racy, which should be alleviated by expanding data of the
IMFP across various materials at the very low electron kinetic
energy range. For nanostructures much taller than the IMFP,
we expect that our PEEM approach evaluates the electric fields
only within the upper part of the structures. Nonetheless, the
long electron IMFP within dielectric materials validates the
PEEM visualization of the field distribution of photonic resonan-
ces within the volume of dielectric nanophotonic structures.

3. Conclusion

In this study, we have demonstrated subwavelength resolution
imaging of volume-type photonic resonances within dielectric
nanostructures using PEEM. We imaged the resonances within
a TiO, metasurface as the polarization and photon energy (Epy)
are varied in the visible range using a two-photon photoemission
process. The metasurface was designed to support two resonan-
ces (FP and Fano) that overlap in E};, and shift their field intensity
between areas of different TiO, thicknesses as Epy, is changed. To
understand the PEEM images, we simulated the images via
finite-difference time-domain method that integrates the inten-
sity in height weighted by the electron IMFP. By leveraging the
shift in intensity between the two overlapping resonances, we
determined this IMFP of very low kinetic energy (<1 eV) photo-
electrons to be 35 + 10 nm. Using an iterative approach to opti-
mize the spatial intensity distribution of the images with the
IMFP, the simulated images matched well with PEEM images
as a function of Eyy, and polarization. The simulated images also
reproduced the subtle effects on the metasurface caused by devi-
ation of the excitation light (k-vector) from normal incidence,
showing that PEEM can image such effects. The agreement
between the simulations and PEEM images, along with the long
IMFP that is comparable to the feature size of the meta-
atoms, establishes that PEEM measures the electromagnetic field

Adv. Photonics Res. 2025, 6, 2400223 2400223 (9 of 12)
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distribution within the volume of the nanostructures. The IMFP
also corroborates experimentally the calculations suggesting
dielectric materials generally have higher IMFP (10-100 nm)
than metals (3-10 nm) at this low kinetic energy range. All told,
our work showcases the detailed characterization of dielectric
metasurfaces using PEEM as an avenue for studying localized
field enhancement in dielectric nanophotonic systems attained
via far-field illumination.

4. Experimental Section

Sample Fabrication: We fabricated all metasurfaces on JGS2-grade fused
silica substrates. TiO; films were deposited using ALD (Picosun) via a ther-
mal process at 150°C, with alternating cycles of TiCl, (0.1s dose, 6s
purge) and water (0.2 s dose, 8 s purge). Following deposition, soft masks
were generated using electron beam lithography (JEOL) with ZEP520A.
The exposed samples were developed in n-amyl acetate for 90s. After
development, the soft mask profile was transferred into the TiO, layer
using a reactive ion etching (Plasma-Therm) process at 30 mT with
CF4 (42 sccm) and O, (10 sccm), maintaining a platen temperature of
20°C, 75 W RF power, and 800 W inductively coupled plasma (ICP) power.
Excess resist was removed using N-methyl-2-pyrrolidone at 80 °C. After
etching, the samples were coated with an additional 10 nm of TiO, via
ALD to serve as a thin charge dissipation layer.

The TiO, thin films used to calibrate the photoemission yield were
grown using a different ALD system. The thin films were grown in a
Cambridge NanoTech Savannah S100 reactor using tetrakis(dimethyla-
mido)titanium(IV) (TDMAT, Strem Chemicals) and deionized water
(18.5 megohm). The precursors were contained in stainless-steel
ampoules maintained at 75°C (TDMAT) and 22°C (H,0), respectively,
and were delivered by direct-draw at the pressure of the reactor (base pres-
sure: 90 mTorr, process pressure 300-350 mTorr). Ultrahigh purity argon
(99.999%, Matheson) was used as the carrier and purge gas (20 sccm).
Samples were subjected to 10 min of UV ozone exposure prior to loading
into the ALD reactor to remove surface hydrocarbons. TiO, films were
grown at 150°C using the recipe:®*#) H,0 pulse (0.05s), purge
(30s), TDMAT pulse (0.25s), and purge (30s). The ALD cycle was
repeated a plurality of times to afford the desired film thickness.
Si(100) monitor coupons (University Wafer) were included during each
ALD experiment. TiO, films grown on the Si(100) coupons were measured
using a Woollam RC2 spectroscopic ellipsometer (Cauchy model) to
determine the film thickness and confirm a consistent growth rate of
0.47 £ 0.01 Acycle™.

Linear Measurements: We measured the linear spectra of the metasur-
face using a homebuilt system. Before the far-field reflectivity and trans-
missivity measurements were acquired, the sample was cleaned by
annealing at 150 °C in UHV conditions to remove water and other phys-
isorpted chemical species from prolonged exposure to air. A polarized
broadband white light emission from a thermal source (Tungsten-
Halogen Light Source) was focused onto the sample using an achromatic
lens of 25 mm focal length. The reflected or transmitted light was then
routed toward the entrance slit of a spectrometer (Maya2000 pro,
Ocean Optics). The low numerical aperture (0.1) of the imaging system
limits the excitation angle of incident light, which preserves the quality
factor of the optical modes. Because the spectrometer used in this system
is different from the one used during PEEM measurements, we calibrated
the two spectrometers against each other and against absolute calibration
data using Xe calibration lamps (Oriel Instruments).

PEEM Imaging: We conducted near-field imaging using a LEEM-III
system (Elmitec Elektronenmikroskopie GmbH), operated as a photoelec-
tron emission microscope (PEEM). The PEEM instrument is connected to
the output of a tunable near-infrared (IR) Ti:Sapphire laser oscillator (nor-
mal incident, ~100 femtosecond pulse, Coherent Inc.) and a Harmonixx
second harmonic generation (SHG) system (A.P.E.) for doubling the fre-
quency of the Ti:Sapphire laser. The spectral width of the Ti:Sapphire laser
is ~0.5-1% of the wavelength with some variations depending on the
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exact wavelength. The SHG output was focused onto the sample
surface (spot sizes of ~100 um) using a fused silica lens of 750 mm focal
length. The polarizations of the lasers were rotated with half waveplates. In
addition, a deep UV laser (normal incident, 213 nm continuous wave,
Toptica Photonics) and incoherent, deep UV-vis light source (incident
angle of 73° relative to the sample surface normal, continuous wave,
Energetiq Technology) with a Czerny-Turner monochromator (Acton
Research Corporation) were used for sample navigation while the main
data was collected using SHG.

Prior to PEEM measurement, we loaded the metasurface inside
the PEEM instrument in an ultrahigh vacuum (base pressure
3x 10 " Torr in LEEM-Ill system) and annealed it overnight at
~150°C to remove water and other chemical species physisorbed
from the air. During data acquisition, pressure did not exceed
1x 107" Torr, and sample temperature did not exceed 50°C (small
amount of heating due to light source).

Details on PEEM data processing are available in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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