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Seeing without touching: weak-disturbance
imaging and characterization of ultra-confined

optical near fields

Bowen Wang®'** Qian Chen*® and Chao Zuo®'**™

Abstract

A recent study employing high-spatial-resolution photoemission electron microscopy (PEEM) achieved, for the first
time, weak-disturbance imaging of the ultra-confined nanoslit mode in a coupled nanowire pair (CNP), revealing its

quasi-three-dimensional field distribution.

As advances in photonics continue to push the
boundaries of physical limits, a fundamental question is
being revisited: What is the ultimate limit of how tightly
light can be confined? Beyond this, can we truly “witness”
light at such an ultimate scale without disturbing it?
Achieving sub-wavelength or even atomic-scale confine-
ment promises profound insights into nanoscale
light—matter interactions’, with far-reaching implications
for nonlinear optics®™*, super-resolution microscopy™®,
and next-generation photonic devices’. Recent progress in
metallic and dielectric nanostructures has enabled optical
field confinement down to sub-10-nm®*™*' and even sub-
1-nm**™'* scales, with applications ranging from nano-
waveguides to nanolasers. However, in metallic plasmonic
modes, when the optical field is confined to extremely
small scales, the problems of momentum mismatch and
material damage become pronounced16’17. In contrast,
dielectric nanostructures'® exploit the coherent oscilla-
tion of polarized bound electrons to achieve extreme
optical field confinement at sub-nm scales under low-loss
conditions. In particular, sub-nm optical field confine-
ment in a coupled nanowire pair (CNP) with a ~1-nm-
wide slit has been demonstrated'®> . However, such
fields are restricted to the near-field region of ultra-small
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feature sizes, where even minimal detector interaction can
disturb their fragile near-field distribution. This challenge
makes the pursuit of “observation without disturbance”
both paradoxical and essential.

Conventional scanning near-field optical microscopy can
characterize optical near fields at ~10-nm resolution'®~>,
but probing even more tightly confined fields requires
reducing the probe—sample distance to the point where
significant disturbance becomes unavoidable. Photoemis-
sion electron microscopy (PEEM), on the other hand,
leverages the photoelectric effect™ to detect photoelectrons
emitted from the illuminated surface (“photons in, electrons
out”), offering high spatial resolution and sensitivity with
minimal perturbation to the original field. These features
make PEEM an ideal platform for imaging and character-
izing ultra-confined near fields that are otherwise inacces-
sible to conventional near-field probes®~°.

In a recent study’® published in Light: Science &
Applications, Prof. Limin Tong’s team at Zhejiang Uni-
versity, in collaboration with Guowei Lyu and Yaolong Li
from Peking University reports, for the first time, weak-
disturbance imaging of a sub-nm-confined nanoslit mode
in a CNP using high-spatial-resolution PEEM. PEEM
detects photoelectrons emitted via the photoelectric effect
without the need for a physical probe, offering high sen-
sitivity and minimal perturbation to the optical field. The
experimental setup (Fig. la) employed a femtosecond
laser beam, passed through a half-wave plate (HWP) for
polarization control, and focused onto the CNP posi-
tioned on an indium tin oxide (ITO)-coated substrate.
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Fig. 1 Weak-disturbance imaging and quasi-3D characterization of ultra-confined nanoslit modes using PEEM. a Schematic of PEEM
experimental setup. A femtosecond laser beam passes through a half-wave plate (HWP) for polarization control and is focused onto the CNP placed
on an indium tin oxide (ITO)-coated substrate; inset: simulated electric field distribution of the TEy-like nanoslit mode in the CNP cross-section.

b Morphological characterization of a ZnO CNP: top left, scanning electron microscopy (SEM) image; top right, cross-sectional high-resolution
transmission electron microscopy (HR-TEM) image showing the hexagonal cross-section and the ~1 nm slit; bottom left, SEM image of the nanoslit
region; bottom right, high-magnification HR-TEM image of the slit. ¢ Quasi-three-dimensional imaging of the nanoslit mode by varying the focal
plane along the z-axis: schematic of focal plane positions (left) and corresponding PEEM images (right), revealing maximum contrast at the CNP mid-
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The inset in Fig. 1a shows the simulated electric field
distribution of the TE,-like nanoslit mode in the CNP
cross-section. The CNP samples were fabricated by
assembling single-crystal ZnO nanowires, grown via a
bottom-up method to achieve atomically smooth surfaces,
into structures that naturally formed uniform ~1 nm-wide
slits between opposing facets. Morphological character-
ization (Fig. 1b), including scanning electron microscopy
(SEM) and high-resolution transmission electron micro-
scopy (HR-TEM), confirmed the precise nanoslit geo-
metry. When vertically polarized femtosecond laser pulses
were applied, the TE,-like nanoslit mode, with its electric
field concentrated in the slit, was successfully excited.
PEEM imaging revealed a distinct standing-wave pattern
localized at the mid-gap of the CNP, originating from
coherent interference between the nanoslit mode and
incident light guided along the nanowires. Simulations
predicted field confinement of ~0.4 nm along the y-axis
and ~4 nm along the z-axis (full width at half maximum,
FWHM). While the PEEM-measured profile along y-axis
was broadened to ~40 nm due to the limited instrumental
resolution, the measured mode shape and effective
wavelength closely matched theoretical predictions.

To examine the nanoslit mode’s spatial distribution
along the z-axis, the research team performed quasi-

three-dimensional (3D) imaging by adjusting the focal
plane of the PEEM system (Fig. 1c). When focused at the
ITO substrate (the bottom of the CNP), the PEEM images
appeared blurred for both vertical and horizontal polar-
izations. As the focal plane was raised to the CNP’s mid-
plane, the contrast of the vertically polarized nanoslit
mode reached its maximum, pinpointing the localized
hotspot at the central slit. These observations provide
direct experimental evidence of the nanoslit mode’s quasi-
3D spatial distribution and highlight PEEM’s potential for
reconstructing volumetric field distributions in nanos-
tructures. Moreover, PEEM characterization proved
highly sensitive to subtle structural variations in the CNP,
such as slightly increased slit widths or non-uniform
nanowire alignment, that can significantly alter photo-
emission intensity but are difficult to detect with con-
ventional techniques like SEM or TEM.

Looking forward, although the current PEEM resolution
(~40 nm) still limits direct visualization of sub-nm fea-
tures and precludes direct retrieval of phase and vectorial
information, its unique non-perturbative detection cap-
ability and high surface sensitivity make it a powerful tool
for probing extreme optical fields. Future progress could
come from several promising directions: (1) Integrating
multi-angle illumination®” or focal-plane scanning® to
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further enhance axial (z-axis) resolution and enable
faithful 3D reconstruction of light-field distributions
within bulk samples®’; (2) Leveraging femtosecond time-
resolved PEEM (TR-PEEM)***!' to dynamically capture
the electronic response during the formation, evolution,
and annihilation of extreme optical fields, thereby
revealing transient light-matter interaction mechanisms
at the nanoscale; (3) Combining PEEM with computa-
tional imaging techniques, such as physics-based optical
field inversion®*~>* and deep learning-driven field recon-
struction®3, to further surpass intrinsic resolution and
information-dimensionality limits, enabling recovery of
nonlinear responses, excitation lifetimes, and other key
physical quantities. Together, these advances could
transform PEEM from a tool for “field intensity mapping”
into a platform for “computational multidimensional
sensing,” deepening our understanding of nanoscale light-
matter interactions and providing essential characteriza-
tion capabilities for the development of next-generation
high-performance photonic chips, nanophotonic sensors,
and optical information devices.
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