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Photoemission electron microscopy (PEEM), leveraging
the photoelectric effect, has been extensively employed to
investigate optical near-field modes, including surface
plasmons18–30 and dielectric modes31–34. By imaging
optical-field-excited electrons (photons in, electrons out),
PEEM has almost no disturbance to the original optical
field as the density of induced photoelectrons35 is far
lower than that of the polarized electrons. The photo-
electrons collected by the imaging system originate from
the sample surface, with a mean free path (e.g., a few
nanometers for visible light36) closing to the near-field
decay length of the sub-nm-confined fields12. Further-
more, photoelectron emission is a nonlinear process
involving multiphoton absorption37, with photoemission
intensity proportional to |I |n (where |I| is the light field
intensity and n is the nonlinear order), obviating complex
optical field inversion processes. Besides, PEEM’s cap-
ability for rapid single-shot projection imaging facilitates
convenient near-field characterization of large-area sam-
ples. It is worth noting that for techniques with electron
beam excitation (e.g., cathodoluminescence (CL)38, elec-
tron energy loss spectroscopy (EELS)39,40, and photon-
induced near-field electron microscopy (PINEM)41,42),
illumination with high-energy electrons may damage
dielectric samples. Specifically, the working wavelength of
the CL technique is intrinsically limited by the material’s
cathodoluminescent spectrum, while EELS and PINEM
are typically performed within a transmission electron
microscope (TEM), imposing requirements on samples
thickness. The photon excitation in PEEM causes less
damage to samples than electron excitation, and the
parameters of the input laser pulses can be flexibly
controlled.
In this work, we utilize high spatial-resolved PEEM to

characterize sub-nm-confined nanoslit modes for the first
time. We excite the nanoslit mode using vertically
polarized incident light, and successfully observe its dis-
tinct standing-wave pattern within the mid-gap of the
CNP, resulting from the interference between the nanoslit
mode and the incident light along the nanowires. The
experimentally measured effective wavelength of the
nanoslit mode in a ZnO CNP is in good agreement with
theoretical calculations. The polarization-dependent
evolution of nanoslit modes and near-filed modes in
coupled nanowire triplets are also observed. Furthermore,
we demonstrate the quasi-three-dimensional character-
ization of the nanoslit mode, showing that the hotspot is
located precisely at the central slit in three-dimensional
space. Finally, owing to the high sensitivity of the pho-
toemission signals and fast imaging capabilities of PEEM,
we can effectively identify fabrication defects in the CNPs,
such as slightly large slit widths and non-uniform nano-
wires, which are difficult to identify through conventional
morphological characterization approaches.

Results
Near-field imaging of nanoslit modes
In our experiments, wide-bandgap ZnO nanowires

(bandgap, ~3.37eV43) are synthesized via a bottom-up
vapor-liquid-solid method43 (see “Materials and meth-
ods”), which exhibit atomic-level roughness on their
sidewalls (Fig. S1). Using a home-made high-precision
micro-manipulation system, we align and assemble two
identical nanowires closely along the edges to form a CNP
(see “Materials and methods”). The scanning electron
microscope (SEM) image of a typical CNP is shown in
Fig. 1a, with flat end faces milled by a focused ion beam
(FIB). Owing to the sub-nm roughness of the nanowire’s
sidewall, an ultra-narrow nanoslit is naturally formed at
the center of the CNP. For example, Fig. 1b gives a typical
high-resolution transmission electron microscope (HR-
TEM) image of such a slit, with a uniform and 1-nm-level
slit width. Meanwhile, due to the wurtzite crystal struc-
ture, the nanowire has an almost perfect hexagonal cross-
section (Fig. 1c), forming a sub-nm slit around the two
opposite vertexes (Fig. 1d). By strongly coupling the two
lowest-order modes (TE-like and TM-like modes) in each
single nanowire, typical CNP waveguides support four
lowest eigenmodes (Fig. S6). Among these four modes,
owing to coherent oscillation of bound electrons with
high charge density around the central slit, the TE0-like
nanoslit mode (The polarization and wave vector are close
to the TE0 mode) exhibits a maximum electric field
intensity within the slit (Fig. 1e), offering ultra-tight field
confinements of ~0.4-nm (y-axis) and ~4-nm (z-axis) in
full width at half-maximum (FWHM) of the electric field
intensity (Fig. 1f and Fig. S4). To avoid the accumulation
of surface charges during the PEEM experiment, the
CNPs are placed on a glass substrate coated with a ~ 20-
nm-thickness indium tin oxide (ITO) layer. The intro-
duction of the ultra-thin ITO layer has a negligible
influence on optical fields of TE0-like modes (Fig. S4),
while ensuring high-quality PEEM imaging34.
The schematic of the experimental setup of PEEM is

depicted in Fig. 1g. A beam of femtosecond pulses, after
passing through a half-wave plate for polarization control,
is focused on a sample either at normal or at oblique
incidence (74o to the normal, see “Materials and meth-
ods”). Subsequently, photoelectrons emitted from the
sample surface are collected by an electronic lens for
imaging. Around a representative operating wavelength of
420 nm, the photoemission (PE) process from ZnO
nanowires manifests as a two-photon process to over-
come the work function of ZnO (~5.3 eV44), which is
experimentally confirmed by the power-dependent PE
intensity curve (Fig. S3) and is used for mapping the near-
field distribution of the nanoslit modes, with a PE inten-
sity proportional to |E |4, where |E| represents the electric
field amplitude.
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Abstract
Ultra-confined optical fields are of great importance in fundamental optics and optical technologies. The extreme field
confinement in ultra-small nanostructures presents significant challenges in direct near-field characterization.
Conventional scanning near-field optical microscopy encounters difficulties in characterizing sub-10-nm confined light
fields due to significant disturbances of the optical field caused by the probe. Here, by employing a high spatial-
resolved photoemission electron microscopy (PEEM), we succeeded in imaging the ultra-confined near fields of a
nanoslit mode in a coupled nanowire pair (CNP) with weak disturbance for the first time and demonstrating a quasi-
three-dimensional field distribution of the nanoslit mode. We also show that a PEEM image can identify fabrication
defects that are influential to the confined field but are imperceptible to many other means. These results open an
opportunity for weak-disturbance characterization of ultra-confined optical near fields, which is an essential step
toward future optical devices or technology relying on ultra-confined light.

Introduction
Pursuing an optical field with tighter spatial confine-

ment has always been a fundamentally important issue
and an essential step to pushing the limits of a broad
range of optical technologies ranging from nonlinear
optical processes1–3 to super-resolution microscopy4–6. In
recent years, ultra-confined optical fields have been
reported in both metal and dielectric nanostructures, with
the field confinement down to sub-10-nm7–10 or even
sub-1-nm atomic-scale levels1,5,11–14. In particular, relying
on coherent oscillation of polarized bound electrons
around a 1-nm-width slit in a coupled nanowire pair
(CNP), a sub-nm-confined optical field has been realized
in a nanoslit waveguiding mode supported by the

CNP12–14. Owing to its dielectric confinement with a
diffraction-limited background field, this kind of ultra-
confined optical field has low loss and less momentum
mismatch during the confining process, and is thus pro-
mising for exploring light-matter interactions and related
technologies on sub-10-nm or even sub-1-nm level.
However, as such a field exists only in the near field of
nanostructures with ultra-small feature sizes, its direct
imaging which is critical to its characterization and
applications, remains challenging.
Typically, scanning near-field optical microscopy

(SNOM) can effectively characterize optical near fields
with confinement down to the 10-nm level15–17. However,
to image and characterize a near-field confined tighter
than 10 nm, a closer probe-sample distance is required. In
that case, the approaching of a typical SNOM probe will
significantly influence the original field due to the rela-
tively large probe size and consequently nonnegligible
change in the dielectric environment, and thus make the
characterization complex and challenging. When the
confinement goes down to the sub-nm level, the huge
disturbance from a conventional SNOM probe will make
the characterization completely ineffective.
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Photoemission electron microscopy (PEEM), leveraging
the photoelectric effect, has been extensively employed to
investigate optical near-field modes, including surface
plasmons18–30 and dielectric modes31–34. By imaging
optical-field-excited electrons (photons in, electrons out),
PEEM has almost no disturbance to the original optical
field as the density of induced photoelectrons35 is far
lower than that of the polarized electrons. The photo-
electrons collected by the imaging system originate from
the sample surface, with a mean free path (e.g., a few
nanometers for visible light36) closing to the near-field
decay length of the sub-nm-confined fields12. Further-
more, photoelectron emission is a nonlinear process
involving multiphoton absorption37, with photoemission
intensity proportional to |I |n (where |I| is the light field
intensity and n is the nonlinear order), obviating complex
optical field inversion processes. Besides, PEEM’s cap-
ability for rapid single-shot projection imaging facilitates
convenient near-field characterization of large-area sam-
ples. It is worth noting that for techniques with electron
beam excitation (e.g., cathodoluminescence (CL)38, elec-
tron energy loss spectroscopy (EELS)39,40, and photon-
induced near-field electron microscopy (PINEM)41,42),
illumination with high-energy electrons may damage
dielectric samples. Specifically, the working wavelength of
the CL technique is intrinsically limited by the material’s
cathodoluminescent spectrum, while EELS and PINEM
are typically performed within a transmission electron
microscope (TEM), imposing requirements on samples
thickness. The photon excitation in PEEM causes less
damage to samples than electron excitation, and the
parameters of the input laser pulses can be flexibly
controlled.
In this work, we utilize high spatial-resolved PEEM to

characterize sub-nm-confined nanoslit modes for the first
time. We excite the nanoslit mode using vertically
polarized incident light, and successfully observe its dis-
tinct standing-wave pattern within the mid-gap of the
CNP, resulting from the interference between the nanoslit
mode and the incident light along the nanowires. The
experimentally measured effective wavelength of the
nanoslit mode in a ZnO CNP is in good agreement with
theoretical calculations. The polarization-dependent
evolution of nanoslit modes and near-filed modes in
coupled nanowire triplets are also observed. Furthermore,
we demonstrate the quasi-three-dimensional character-
ization of the nanoslit mode, showing that the hotspot is
located precisely at the central slit in three-dimensional
space. Finally, owing to the high sensitivity of the pho-
toemission signals and fast imaging capabilities of PEEM,
we can effectively identify fabrication defects in the CNPs,
such as slightly large slit widths and non-uniform nano-
wires, which are difficult to identify through conventional
morphological characterization approaches.

Results
Near-field imaging of nanoslit modes
In our experiments, wide-bandgap ZnO nanowires

(bandgap, ~3.37eV43) are synthesized via a bottom-up
vapor-liquid-solid method43 (see “Materials and meth-
ods”), which exhibit atomic-level roughness on their
sidewalls (Fig. S1). Using a home-made high-precision
micro-manipulation system, we align and assemble two
identical nanowires closely along the edges to form a CNP
(see “Materials and methods”). The scanning electron
microscope (SEM) image of a typical CNP is shown in
Fig. 1a, with flat end faces milled by a focused ion beam
(FIB). Owing to the sub-nm roughness of the nanowire’s
sidewall, an ultra-narrow nanoslit is naturally formed at
the center of the CNP. For example, Fig. 1b gives a typical
high-resolution transmission electron microscope (HR-
TEM) image of such a slit, with a uniform and 1-nm-level
slit width. Meanwhile, due to the wurtzite crystal struc-
ture, the nanowire has an almost perfect hexagonal cross-
section (Fig. 1c), forming a sub-nm slit around the two
opposite vertexes (Fig. 1d). By strongly coupling the two
lowest-order modes (TE-like and TM-like modes) in each
single nanowire, typical CNP waveguides support four
lowest eigenmodes (Fig. S6). Among these four modes,
owing to coherent oscillation of bound electrons with
high charge density around the central slit, the TE0-like
nanoslit mode (The polarization and wave vector are close
to the TE0 mode) exhibits a maximum electric field
intensity within the slit (Fig. 1e), offering ultra-tight field
confinements of ~0.4-nm (y-axis) and ~4-nm (z-axis) in
full width at half-maximum (FWHM) of the electric field
intensity (Fig. 1f and Fig. S4). To avoid the accumulation
of surface charges during the PEEM experiment, the
CNPs are placed on a glass substrate coated with a ~ 20-
nm-thickness indium tin oxide (ITO) layer. The intro-
duction of the ultra-thin ITO layer has a negligible
influence on optical fields of TE0-like modes (Fig. S4),
while ensuring high-quality PEEM imaging34.
The schematic of the experimental setup of PEEM is

depicted in Fig. 1g. A beam of femtosecond pulses, after
passing through a half-wave plate for polarization control,
is focused on a sample either at normal or at oblique
incidence (74o to the normal, see “Materials and meth-
ods”). Subsequently, photoelectrons emitted from the
sample surface are collected by an electronic lens for
imaging. Around a representative operating wavelength of
420 nm, the photoemission (PE) process from ZnO
nanowires manifests as a two-photon process to over-
come the work function of ZnO (~5.3 eV44), which is
experimentally confirmed by the power-dependent PE
intensity curve (Fig. S3) and is used for mapping the near-
field distribution of the nanoslit modes, with a PE inten-
sity proportional to |E |4, where |E| represents the electric
field amplitude.
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Introduction
Pursuing an optical field with tighter spatial confine-

ment has always been a fundamentally important issue
and an essential step to pushing the limits of a broad
range of optical technologies ranging from nonlinear
optical processes1–3 to super-resolution microscopy4–6. In
recent years, ultra-confined optical fields have been
reported in both metal and dielectric nanostructures, with
the field confinement down to sub-10-nm7–10 or even
sub-1-nm atomic-scale levels1,5,11–14. In particular, relying
on coherent oscillation of polarized bound electrons
around a 1-nm-width slit in a coupled nanowire pair
(CNP), a sub-nm-confined optical field has been realized
in a nanoslit waveguiding mode supported by the

CNP12–14. Owing to its dielectric confinement with a
diffraction-limited background field, this kind of ultra-
confined optical field has low loss and less momentum
mismatch during the confining process, and is thus pro-
mising for exploring light-matter interactions and related
technologies on sub-10-nm or even sub-1-nm level.
However, as such a field exists only in the near field of
nanostructures with ultra-small feature sizes, its direct
imaging which is critical to its characterization and
applications, remains challenging.
Typically, scanning near-field optical microscopy

(SNOM) can effectively characterize optical near fields
with confinement down to the 10-nm level15–17. However,
to image and characterize a near-field confined tighter
than 10 nm, a closer probe-sample distance is required. In
that case, the approaching of a typical SNOM probe will
significantly influence the original field due to the rela-
tively large probe size and consequently nonnegligible
change in the dielectric environment, and thus make the
characterization complex and challenging. When the
confinement goes down to the sub-nm level, the huge
disturbance from a conventional SNOM probe will make
the characterization completely ineffective.
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plane. In the case of normal incidence (i.e., θ= 0), Λ is
equal to λeff. The λeff obtained from the experimental PE
intensity and simulated electric field distribution in Fig. 2c
are ~260 nm and ~263 nm, respectively. The consistency
of these results confirms that the interference pattern is
derived from the near-field nanoslit mode. The slight
deviation between experimental and calculated results
may be due to the slight deviation in the refractive index
of the material and the measurement of topography
parameters (e.g., diameter of the nanowire)46. When the
CNP is excited by an oblique incidence, the period of
the standing-wave pattern becomes larger than that in the
case of normal incidence (see Fig. S9) as expected. In
addition, although the confinement ability of the nanoslit
mode is ~1 nm (the inset of Fig. 2b), due to the limit of the
spatial resolution of PEEM18 and possible surface charge
accumulation effect, the measured FWHM (y-axis) of the
PE intensity is ~40 nm (Fig. 2d). Because the F-P cavity of
CNPs modulates the coupling of the nanoslit mode, the
wavelength-dependent PE intensity oscillates periodically,
which is consistent with the simulation results (Fig. 2e),

indicating a quality factor (Q) of ~60, and an equivalent
lifetime of ~13 fs of the F-P cavity at 406-nm wavelength.
At a longer wavelength (e.g., at around 530 nm), the
nanoslit mode almost leaks into the substrate, causing a
weak mode intensity in the PEEM images (Fig. S10).
Interestingly, when the polarization of the incident

light is adjusted to the direction parallel to the nano-
wire, the position of the standing-wave pattern changes
from the central slit to the body of the nanowire
(Fig. 2f), due to the coupling of the incident light mainly
into the TM-like mode. The extra blurred bright stripes
on both sides of the CNP in the image of PEEM (Fig. 2f)
can be attributed to the evanescent field of the TM0-like
mode, which leads to the PE intensity generation from
the ITO substrate. The simulated distribution of |E |4

with the horizontal polarization (Fig. 2g) is in good
agreement with the experimental results (Fig. 2f). At the
wavelength of 420 nm, the λeff of the TM0-like mode is
~248 nm obtained from the distribution of the experi-
mental PE intensity, consistent with the simulated
results (~253 nm). Compared with the TE0-like nanoslit

a b

1�mE 1�m

0.5

1.0

N
or

m
al

iz
ed

P
E

in
te

ns
ity

–2 –1 0 1 2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 P
E

 in
te

ns
ity

x (�m) y (nm)

0.0

0.5

1.0

N
or

m
al

iz
ed

�E
�4

Experiment

Simulation

0
–150 –100 –50 0 50 100 150

c d

�40 nm

200 nm

400 410 420 430 440
0.7

0.8

0.9

1.0

1.1

N
or

m
al

iz
ed

 P
E

 in
te

ns
ity

Wavelength (nm)

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

�E
�4

Experiment
Simulation

e

f g

E 1�m 1�m

x
y

20 nm

�E�4

10

0

�E �4

103

0

Fig. 2 Near-field distribution of nanoslit modes in a CNP. a PEEM image of a 5.3-μm-long ZnO CNP with a nanowire diameter of 267 nm under
vertical polarization at normal incidence at 420-nm wavelength. The orange rectangular box represents the location of the CNP. b Corresponding
simulated distribution of |E |4 in a in the x-y plane at the position of the slit. The inset represents the close-up distribution of |E |4 around the slit. The
white arrow represents the direction of the electric field. c Experimental normalized photoelectrons (PE) intensity and simulated normalized |E |4

along the x-axis at the slit position. The experimental and simulated data are obtained from (a, b), respectively. d Normalized PE intensity along the
orange line in the inset. The inset represents the close-up PEEM image of the CNP around the slit. eWavelength-dependent normalized experimental
PE intensity and simulated |E |4. The data are obtained by integrating the PE intensity and |E |4 within the regions of the orange rectangular box.
f PEEM image of the ZnO CNP in a with horizontal polarization at normal incidence at 420-nm wavelength. g Corresponding simulated distribution of
|E |4 in (f) in the x-y plane at the top surface of the CNP

Yang et al. Light: Science & Applications ���������(2025)�14:358� Page 4 of 9

Experimentally, when exciting ZnO CNPs with a beam
of femtosecond pulses with a spot diameter of ~150 μm at
normal incidence, incident light couples into the wave-
guiding modes in the CNP waveguide mainly from the
end faces of the CNPs. For a representative ZnO CNP
with a nanowire diameter of 273 nm at a wavelength of
420 nm, the CNP waveguide can support four lowest-
order strong coupling-induced eigenmodes12,13 (Fig. S6).
Fortunately, among these four modes, the in-phase-
coupling modes (TE0-like and TM0-like mode, Fig. S6a
and Fig. S6b) can be effectively coupled due to the in-
phase polarization of the CNP upon excitation by the
incident light. Conversely, the coupling channels of π-
phase-coupling modes (TE1-like and TM1-like mode,
Fig. S6c and Fig. S6d) are almost blocked. Consequently,
the incident light can couple into pure TE0-like mode
efficiently when the CNP is excited by vertically polarized
light (i.e., with the polarization direction perpendicular to
the long axis of the nanowire). Due to the interference
between the nanoslit mode and the incident light, a
characteristic standing-wave pattern emerges at the cen-
tral slit of the ZnO CNP in a typical PEEM image (Fig. 2a).
As a natural Fabry-Pérot (F-P) cavity, the end-face

reflectivity of the CNP cavity typically remains low (e.g.,
~5% for a CNP with a nanowire diameter of 273 nm at
420-nm wavelength). Therefore, the interference with
light reflected from the end face is relatively weak, not
observed in the interference pattern. The simulated dis-
tribution of |E |4 in the x-y plane by Lumerical FDTD (see
“Materials and methods”) shows a maximum electric field
at the slit with vertical polarization (Fig. 2b). The spatial
distributions of experimental PE intensity and simulated
|E |4 at the nanoslit along the x-axis are in good agree-
ment (Fig. 2c). The standing-wave pattern satisfies the
interference equation21,26,45:

Knano � K==

� � � Λ ¼ 2π
λneff

� 2π
λ
sin θ

� �
� Λ ¼ 2π

ð1Þ
Where Knano is the wave vector of the nanoslit mode
along the long axis of the nanowire, K// is the in-plane
wave vector of the incident light, Λ is the period of the
standing-wave pattern, λeff is the effective wavelength of
the nanoslit mode, λ is the vacuum wavelength, θ is the
incidence angle with the normal direction of sample
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plane. In the case of normal incidence (i.e., θ= 0), Λ is
equal to λeff. The λeff obtained from the experimental PE
intensity and simulated electric field distribution in Fig. 2c
are ~260 nm and ~263 nm, respectively. The consistency
of these results confirms that the interference pattern is
derived from the near-field nanoslit mode. The slight
deviation between experimental and calculated results
may be due to the slight deviation in the refractive index
of the material and the measurement of topography
parameters (e.g., diameter of the nanowire)46. When the
CNP is excited by an oblique incidence, the period of
the standing-wave pattern becomes larger than that in the
case of normal incidence (see Fig. S9) as expected. In
addition, although the confinement ability of the nanoslit
mode is ~1 nm (the inset of Fig. 2b), due to the limit of the
spatial resolution of PEEM18 and possible surface charge
accumulation effect, the measured FWHM (y-axis) of the
PE intensity is ~40 nm (Fig. 2d). Because the F-P cavity of
CNPs modulates the coupling of the nanoslit mode, the
wavelength-dependent PE intensity oscillates periodically,
which is consistent with the simulation results (Fig. 2e),

indicating a quality factor (Q) of ~60, and an equivalent
lifetime of ~13 fs of the F-P cavity at 406-nm wavelength.
At a longer wavelength (e.g., at around 530 nm), the
nanoslit mode almost leaks into the substrate, causing a
weak mode intensity in the PEEM images (Fig. S10).
Interestingly, when the polarization of the incident

light is adjusted to the direction parallel to the nano-
wire, the position of the standing-wave pattern changes
from the central slit to the body of the nanowire
(Fig. 2f), due to the coupling of the incident light mainly
into the TM-like mode. The extra blurred bright stripes
on both sides of the CNP in the image of PEEM (Fig. 2f)
can be attributed to the evanescent field of the TM0-like
mode, which leads to the PE intensity generation from
the ITO substrate. The simulated distribution of |E |4

with the horizontal polarization (Fig. 2g) is in good
agreement with the experimental results (Fig. 2f). At the
wavelength of 420 nm, the λeff of the TM0-like mode is
~248 nm obtained from the distribution of the experi-
mental PE intensity, consistent with the simulated
results (~253 nm). Compared with the TE0-like nanoslit
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Experimentally, when exciting ZnO CNPs with a beam
of femtosecond pulses with a spot diameter of ~150 μm at
normal incidence, incident light couples into the wave-
guiding modes in the CNP waveguide mainly from the
end faces of the CNPs. For a representative ZnO CNP
with a nanowire diameter of 273 nm at a wavelength of
420 nm, the CNP waveguide can support four lowest-
order strong coupling-induced eigenmodes12,13 (Fig. S6).
Fortunately, among these four modes, the in-phase-
coupling modes (TE0-like and TM0-like mode, Fig. S6a
and Fig. S6b) can be effectively coupled due to the in-
phase polarization of the CNP upon excitation by the
incident light. Conversely, the coupling channels of π-
phase-coupling modes (TE1-like and TM1-like mode,
Fig. S6c and Fig. S6d) are almost blocked. Consequently,
the incident light can couple into pure TE0-like mode
efficiently when the CNP is excited by vertically polarized
light (i.e., with the polarization direction perpendicular to
the long axis of the nanowire). Due to the interference
between the nanoslit mode and the incident light, a
characteristic standing-wave pattern emerges at the cen-
tral slit of the ZnO CNP in a typical PEEM image (Fig. 2a).
As a natural Fabry-Pérot (F-P) cavity, the end-face

reflectivity of the CNP cavity typically remains low (e.g.,
~5% for a CNP with a nanowire diameter of 273 nm at
420-nm wavelength). Therefore, the interference with
light reflected from the end face is relatively weak, not
observed in the interference pattern. The simulated dis-
tribution of |E |4 in the x-y plane by Lumerical FDTD (see
“Materials and methods”) shows a maximum electric field
at the slit with vertical polarization (Fig. 2b). The spatial
distributions of experimental PE intensity and simulated
|E |4 at the nanoslit along the x-axis are in good agree-
ment (Fig. 2c). The standing-wave pattern satisfies the
interference equation21,26,45:

Knano � K==

� � � Λ ¼ 2π
λneff

� 2π
λ
sin θ

� �
� Λ ¼ 2π

ð1Þ
Where Knano is the wave vector of the nanoslit mode
along the long axis of the nanowire, K// is the in-plane
wave vector of the incident light, Λ is the period of the
standing-wave pattern, λeff is the effective wavelength of
the nanoslit mode, λ is the vacuum wavelength, θ is the
incidence angle with the normal direction of sample
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becomes blurred again (fourth and fifth rows in Fig. 4a).
As a comparison, the PEEM images with horizontal
polarization become increasingly distinct when moving
the focus plane from the bottom to the top surface of the
CNP (Fig. 4c). The above results give a quasi-three-
dimensional spatial distribution of the nanoslit mode,
offering richer evidence for its near-field existence and
serving as a demonstration for the three-dimensional
reconstruction of the optical fields for bulk samples in
PEEM experiments.

Defect characterization in CNPs
The central electric field of the TE0-like nanoslit mode

is strongly correlated with the morphology (e.g., slit width
and alignment of vertexes) and optical properties of the
material around the slit (e.g., refractive index and
absorption coefficient). For example, when the slit width
increases from 1 to 10 nm, the maximum of |E |4 of the
TE0-like mode decreases to 10% of its original value
(Fig. S13) due to the diminished oscillation strength of the
bound electrons at the interface. Due to the inability to
accurately obtain the morphology (Fig. S2) and optical
properties, conventional morphological characterization
methods (e.g., SEM and TEM) struggle to identify the

defects of the CNP samples (e.g., slightly large slit widths
and non-uniform nanowires), Therefore, an efficient
technique for defects characterization in CNPs is highly
desired.
In PEEM characterization, minimal imperfections in the

CNP can affect the PE intensity that is proportional to
|E |4. Combined with SEM characterization, we employ
PEEM to effectively identify the defects in CNP samples.
For example, in the PEEM image of the CNPs with a
slightly large slit width (~15 nm), the PE intensity at the
slit decreases obviously, while remains an evident contrast
against the surrounding background (Fig. 5a), indicating
that the central electric field intensity is significantly
weakened. Moreover, in addition to local field intensity,
the PE intensity is related to the photoemission efficiency
of the material’s surface, and is thus a reflection of the
nanowire surface uniformity. Although the CNP sample
appears almost uniform from the SEM image (middle row
in Fig. 5b), the PE intensity at the left end of the CNP is
anomalous (bottom row in Fig. 5b), which can be attrib-
uted to possible surface contaminations or growth defects
on the nanowire.
To verify the ability to characterize optical fields in the

CNP sample with more complex morphologies, the

a b

E E

c

Focus plane

CNP

1 �m 1 �m
x

y

x

y
CNP

y

z

Fig. 4 Quasi-three-dimensional characterization of the near-field modes in the CNP. a PEEM image of a typical ZnO CNP with vertical
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mode, the maximum of the electric field in the TM0-like
mode is much smaller (Fig. 2b, g), indicating the ability
of the nanoslit mode to enhance the optical field sig-
nificantly. In addition, we have also measured the total
polarization-dependent evolution of the near-field
mode, as shown in Fig. S11.
Similarly, a series of eigenmodes in a coupled nanowire

triplet waveguide arise from the strong coupling between
eigenmodes in individual nanowires (Fig. S7). More spe-
cifically, TE0-like mode in the coupled nanowire triplet
waveguide originates from the in-phase coupling of the
fundamental TE mode in individual nanowires (Fig. 3c),
generating two hotspots with strongly confined optical
field at the slits (Fig. 3b). The SEM image of a typical
coupled nanowire triplet is shown in Fig. 3a. Under a
vertically polarized light at normal incident, the TE0-like
mode in the coupled nanowire triplet is excited, resulting
in two-row clear interference patterns at the slits with
strong PE intensity (Fig. 3d). While under the excitation of
horizontally polarized light, three-row interference pat-
terns appear on nanowire bodies as the incident light
couples into the TM0-like mode (Fig. 3f). Figure 3e and
Fig. 3g plot the simulated distributions of |E |4 with ver-
tical and horizontal polarizations, consistent with the
experimental results. The near-field experimental results
of other typical coupled nanowire triplets are shown in
Fig. S12.

Quasi-three-dimensional characterization of
nanoslit modes
To further investigate the spatial distribution of the

nanoslit modes in the z-axis direction, we perform a
quasi-three-dimensional characterization of the nanoslit
modes by altering the focal plane of the electronic ima-
ging system. Unlike the planar samples typically used in
PEEM experiments30,34, the CNPs possess non-flat
structures with a hexagonal cross-section, while the col-
lected photoelectrons are induced by the electric field on
the sample surface. Therefore, it is necessary to image the
near-field mode of CNPs along the depth direction (i.e., z-
axis) in the PEEM experiments. The simulated electric
field in the y-z plane reveals that the location of the
electric field maximum is around the slit with vertical
polarization, while the hotspots occur on nanowires’ top
and bottom surfaces with horizontal polarization (Fig. S8).
When focused onto the ITO substrate (bottom surface of
CNP), the PEEM images of the CNP modes with vertical
and horizontal polarization are both obscure (first rows in
Fig. 4a, c). Under the excitation of vertically polarized
light, as the focus plane is moved upward, the image of the
CNP mode gradually becomes more evident and gets the
best imaging contrast around the center height of the
CNP (third rows in Fig. 4a), indicating the hotspot is
located exactly at the slit (mid-gap of the CNP). By con-
tinuing to move the focus plane upward, the PEEM image
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becomes blurred again (fourth and fifth rows in Fig. 4a).
As a comparison, the PEEM images with horizontal
polarization become increasingly distinct when moving
the focus plane from the bottom to the top surface of the
CNP (Fig. 4c). The above results give a quasi-three-
dimensional spatial distribution of the nanoslit mode,
offering richer evidence for its near-field existence and
serving as a demonstration for the three-dimensional
reconstruction of the optical fields for bulk samples in
PEEM experiments.

Defect characterization in CNPs
The central electric field of the TE0-like nanoslit mode

is strongly correlated with the morphology (e.g., slit width
and alignment of vertexes) and optical properties of the
material around the slit (e.g., refractive index and
absorption coefficient). For example, when the slit width
increases from 1 to 10 nm, the maximum of |E |4 of the
TE0-like mode decreases to 10% of its original value
(Fig. S13) due to the diminished oscillation strength of the
bound electrons at the interface. Due to the inability to
accurately obtain the morphology (Fig. S2) and optical
properties, conventional morphological characterization
methods (e.g., SEM and TEM) struggle to identify the

defects of the CNP samples (e.g., slightly large slit widths
and non-uniform nanowires), Therefore, an efficient
technique for defects characterization in CNPs is highly
desired.
In PEEM characterization, minimal imperfections in the

CNP can affect the PE intensity that is proportional to
|E |4. Combined with SEM characterization, we employ
PEEM to effectively identify the defects in CNP samples.
For example, in the PEEM image of the CNPs with a
slightly large slit width (~15 nm), the PE intensity at the
slit decreases obviously, while remains an evident contrast
against the surrounding background (Fig. 5a), indicating
that the central electric field intensity is significantly
weakened. Moreover, in addition to local field intensity,
the PE intensity is related to the photoemission efficiency
of the material’s surface, and is thus a reflection of the
nanowire surface uniformity. Although the CNP sample
appears almost uniform from the SEM image (middle row
in Fig. 5b), the PE intensity at the left end of the CNP is
anomalous (bottom row in Fig. 5b), which can be attrib-
uted to possible surface contaminations or growth defects
on the nanowire.
To verify the ability to characterize optical fields in the

CNP sample with more complex morphologies, the
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mode, the maximum of the electric field in the TM0-like
mode is much smaller (Fig. 2b, g), indicating the ability
of the nanoslit mode to enhance the optical field sig-
nificantly. In addition, we have also measured the total
polarization-dependent evolution of the near-field
mode, as shown in Fig. S11.
Similarly, a series of eigenmodes in a coupled nanowire

triplet waveguide arise from the strong coupling between
eigenmodes in individual nanowires (Fig. S7). More spe-
cifically, TE0-like mode in the coupled nanowire triplet
waveguide originates from the in-phase coupling of the
fundamental TE mode in individual nanowires (Fig. 3c),
generating two hotspots with strongly confined optical
field at the slits (Fig. 3b). The SEM image of a typical
coupled nanowire triplet is shown in Fig. 3a. Under a
vertically polarized light at normal incident, the TE0-like
mode in the coupled nanowire triplet is excited, resulting
in two-row clear interference patterns at the slits with
strong PE intensity (Fig. 3d). While under the excitation of
horizontally polarized light, three-row interference pat-
terns appear on nanowire bodies as the incident light
couples into the TM0-like mode (Fig. 3f). Figure 3e and
Fig. 3g plot the simulated distributions of |E |4 with ver-
tical and horizontal polarizations, consistent with the
experimental results. The near-field experimental results
of other typical coupled nanowire triplets are shown in
Fig. S12.

Quasi-three-dimensional characterization of
nanoslit modes
To further investigate the spatial distribution of the

nanoslit modes in the z-axis direction, we perform a
quasi-three-dimensional characterization of the nanoslit
modes by altering the focal plane of the electronic ima-
ging system. Unlike the planar samples typically used in
PEEM experiments30,34, the CNPs possess non-flat
structures with a hexagonal cross-section, while the col-
lected photoelectrons are induced by the electric field on
the sample surface. Therefore, it is necessary to image the
near-field mode of CNPs along the depth direction (i.e., z-
axis) in the PEEM experiments. The simulated electric
field in the y-z plane reveals that the location of the
electric field maximum is around the slit with vertical
polarization, while the hotspots occur on nanowires’ top
and bottom surfaces with horizontal polarization (Fig. S8).
When focused onto the ITO substrate (bottom surface of
CNP), the PEEM images of the CNP modes with vertical
and horizontal polarization are both obscure (first rows in
Fig. 4a, c). Under the excitation of vertically polarized
light, as the focus plane is moved upward, the image of the
CNP mode gradually becomes more evident and gets the
best imaging contrast around the center height of the
CNP (third rows in Fig. 4a), indicating the hotspot is
located exactly at the slit (mid-gap of the CNP). By con-
tinuing to move the focus plane upward, the PEEM image
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c Corresponding surface polarized bound charge density distribution of the TE0-like nanoslit mode in (b). d PEEM image of the sample in a with a
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operating wavelengths can be extended from the visible
to near-infrared spectrum. Moreover, using a time-
resolved PEEM (TR-PEEM) with femtosecond resolu-
tion, it is possible to study ultrafast dynamics of an ultra-
confined optical near field.

Materials and methods
Fabrication of ZnO CNPs
The ZnO nanowires were synthesized via vapor-

liquid-solid method43 in a high-temperature furnace.
A mixture of ZnO powder (Sigma-Aldrich Inc., 99.9%
purity) and carbon powder (Sigma-Aldrich Inc., 99.5%
purity) with a molar ratio of 1:1 was used as the source
placed on an alumina boat in the center of the furnace
at a growth temperature of 950 °C. A 300 SCCM
nitrogen gas flow transferred the evaporated vapor to
silicon wafers in downstream for depositing nanowires.
After 200 min under atmospheric pressure, single-
crystal ZnO nanowires were synthesized on the Si
substrate. Then, nanowires with a suitable diameter
were transferred onto a glass substrate coated with an
ITO layer. In a homemade high-precision micro-
manipulation system based on an optical microscope,
the nanowire was cut through a bend-to-fracture pro-
cess using a fiber taper, ensuring that the nanowires for
assembling were almost identical. Finally, after the
nanowires were assembled closely to form a CNP using
a fiber taper, the end face of the CNP was milled by FIB
milling. Before entering the PEEM chamber, CNP
samples were annealed under an ultra-high vacuum
(~10–9 Torr) at 100 °C for 200 min.

TEM characterization
CNP samples were transferred onto copper grids or

SiNx membranes through micro-manipulation for the
characterization of nanowire edge roughness and CNP
slits in an HR-TEM (The operation voltage is 200 kV). To
observe the morphology of slits from a cross-sectional
perspective, CNP samples were first deposited with a thick
carbon layer and a Pt layer for protection and then thin-
ned to a thickness of ~50 nm along the length direction by
FIB milling for HR-TEM imaging.

PEEM experiments
The PEEM experiments were conducted in a high-reso-

lution, low-energy electron microscopy (LEEM)/PEEM
system (ACSPELEEM III, Elmitec GmbH). A commercial
Ti: sapphire femtosecond pulse light source (Spectra-
Physics Mai Tai HP, pulse duration: 80–100 fs, repeti-
tion: 80MHz) operating at 690–1040 nm was used to
pump an optical parametric oscillation (OPO, Inspire
Auto 100, Spectra-Physics) to obtain a second harmonic
generation (SHG, 390-440 nm) and an OPO signal light
(490–750 nm). Another outside BBO was used to

produce SHG between 440-500 nm. These lasers were
used as the excitation pulses in the PEEM experiment at
normal incidence with a spot diameter of ~150 μm or at
oblique incidence (74o to the normal) with a spot size
of ~30 μm× 70 μm.

Numerical simulation
In the three-dimensional FDTD simulation, we used

the plane wave as a light source and the mesh of the area
near slits with a maximum size of 0.2 nm to obtain the
distribution of the electric field. In the two-dimensional
COMSOL simulation, we calculated the electric field
and effective refractive index of the eigenmodes in the
CNP structure. The maximum size of the mesh around
slits is 0.1 nm. The optical constant of ZnO, ITO, and
the glass substrate are obtained from refs. 48–50,
respectively. For example, the refractive indices of ZnO,
ITO and the glass substrate are set to 1.86, 2.00+ 0.008i
and 1.53 at 420-nm wavelength in the simulation,
respectively.
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PEEM characterization results of a typical coupled
nanowire triplet sample are presented here. Despite the
difficulty in discerning differences in the morphology of
the two slits in the SEM image (top row in Fig. 5c), the
PEEM image exhibits a significant contrast in the PE
intensity of the two slits (middle and bottom rows in Fig.
5c). The PE pattern of the lower slit (slit2) is distinctly
bright, with the PE intensity much higher than that of
the upper slit (slit1). The sectional HR-TEM image of
the sample is shown in Fig. 5d. Although the width of
the slit1 (sub-nm level) is smaller than that of the slit2
(~1.3 nm), the overall tilt of the left nanowire reduces
the oscillation strength of the bound electrons at the
slit1 interface, while the slit2 exhibits two perfectly
aligned opposite vertices with a width of ~1.3 nm. In
addition, the slit2 with a larger area has a higher fraction
of the total mode power. The above-mentioned techni-
que can also be used for the rapid characterization of
minor defects in large-area coupled nanowire arrays
with high sensitivity (Fig. S14).

Discussion
In conclusion, using the weak-disturbance and high

spatial-resolved imaging ability of a PEEM, we have
successfully demonstrated near-field imaging and char-
acterization of ultra-confined optical near fields in
nanoslits for the first time. Compared with many other
morphological techniques that are difficult or inadequate
for characterizing atomic-scale optical fields, PEEM holds
a promising prospect as a powerful characterization tool
for extremely confined optical fields with minimal dis-
turbance, such as ultra-confined fields in both dielectric
and metal nanostructures9–11,47 (Supplementary Note
12). By selecting appropriate material systems (e.g., high
photoemission efficiency, balanced conductivity and
optical loss) and electron detectors with higher sensitivity
(e.g., single-electron level) to reduce the number of
photoelectrons involved, the spatial resolution of the
PEEM may be further increased to a certain degree
(Supplementary Note 12). Also, by depositing atomic-
thickness cesium (Cs) to lower the work function23,25, the
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operating wavelengths can be extended from the visible
to near-infrared spectrum. Moreover, using a time-
resolved PEEM (TR-PEEM) with femtosecond resolu-
tion, it is possible to study ultrafast dynamics of an ultra-
confined optical near field.

Materials and methods
Fabrication of ZnO CNPs
The ZnO nanowires were synthesized via vapor-

liquid-solid method43 in a high-temperature furnace.
A mixture of ZnO powder (Sigma-Aldrich Inc., 99.9%
purity) and carbon powder (Sigma-Aldrich Inc., 99.5%
purity) with a molar ratio of 1:1 was used as the source
placed on an alumina boat in the center of the furnace
at a growth temperature of 950 °C. A 300 SCCM
nitrogen gas flow transferred the evaporated vapor to
silicon wafers in downstream for depositing nanowires.
After 200 min under atmospheric pressure, single-
crystal ZnO nanowires were synthesized on the Si
substrate. Then, nanowires with a suitable diameter
were transferred onto a glass substrate coated with an
ITO layer. In a homemade high-precision micro-
manipulation system based on an optical microscope,
the nanowire was cut through a bend-to-fracture pro-
cess using a fiber taper, ensuring that the nanowires for
assembling were almost identical. Finally, after the
nanowires were assembled closely to form a CNP using
a fiber taper, the end face of the CNP was milled by FIB
milling. Before entering the PEEM chamber, CNP
samples were annealed under an ultra-high vacuum
(~10–9 Torr) at 100 °C for 200 min.

TEM characterization
CNP samples were transferred onto copper grids or

SiNx membranes through micro-manipulation for the
characterization of nanowire edge roughness and CNP
slits in an HR-TEM (The operation voltage is 200 kV). To
observe the morphology of slits from a cross-sectional
perspective, CNP samples were first deposited with a thick
carbon layer and a Pt layer for protection and then thin-
ned to a thickness of ~50 nm along the length direction by
FIB milling for HR-TEM imaging.

PEEM experiments
The PEEM experiments were conducted in a high-reso-

lution, low-energy electron microscopy (LEEM)/PEEM
system (ACSPELEEM III, Elmitec GmbH). A commercial
Ti: sapphire femtosecond pulse light source (Spectra-
Physics Mai Tai HP, pulse duration: 80–100 fs, repeti-
tion: 80MHz) operating at 690–1040 nm was used to
pump an optical parametric oscillation (OPO, Inspire
Auto 100, Spectra-Physics) to obtain a second harmonic
generation (SHG, 390-440 nm) and an OPO signal light
(490–750 nm). Another outside BBO was used to

produce SHG between 440-500 nm. These lasers were
used as the excitation pulses in the PEEM experiment at
normal incidence with a spot diameter of ~150 μm or at
oblique incidence (74o to the normal) with a spot size
of ~30 μm× 70 μm.

Numerical simulation
In the three-dimensional FDTD simulation, we used

the plane wave as a light source and the mesh of the area
near slits with a maximum size of 0.2 nm to obtain the
distribution of the electric field. In the two-dimensional
COMSOL simulation, we calculated the electric field
and effective refractive index of the eigenmodes in the
CNP structure. The maximum size of the mesh around
slits is 0.1 nm. The optical constant of ZnO, ITO, and
the glass substrate are obtained from refs. 48–50,
respectively. For example, the refractive indices of ZnO,
ITO and the glass substrate are set to 1.86, 2.00+ 0.008i
and 1.53 at 420-nm wavelength in the simulation,
respectively.
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PEEM characterization results of a typical coupled
nanowire triplet sample are presented here. Despite the
difficulty in discerning differences in the morphology of
the two slits in the SEM image (top row in Fig. 5c), the
PEEM image exhibits a significant contrast in the PE
intensity of the two slits (middle and bottom rows in Fig.
5c). The PE pattern of the lower slit (slit2) is distinctly
bright, with the PE intensity much higher than that of
the upper slit (slit1). The sectional HR-TEM image of
the sample is shown in Fig. 5d. Although the width of
the slit1 (sub-nm level) is smaller than that of the slit2
(~1.3 nm), the overall tilt of the left nanowire reduces
the oscillation strength of the bound electrons at the
slit1 interface, while the slit2 exhibits two perfectly
aligned opposite vertices with a width of ~1.3 nm. In
addition, the slit2 with a larger area has a higher fraction
of the total mode power. The above-mentioned techni-
que can also be used for the rapid characterization of
minor defects in large-area coupled nanowire arrays
with high sensitivity (Fig. S14).

Discussion
In conclusion, using the weak-disturbance and high

spatial-resolved imaging ability of a PEEM, we have
successfully demonstrated near-field imaging and char-
acterization of ultra-confined optical near fields in
nanoslits for the first time. Compared with many other
morphological techniques that are difficult or inadequate
for characterizing atomic-scale optical fields, PEEM holds
a promising prospect as a powerful characterization tool
for extremely confined optical fields with minimal dis-
turbance, such as ultra-confined fields in both dielectric
and metal nanostructures9–11,47 (Supplementary Note
12). By selecting appropriate material systems (e.g., high
photoemission efficiency, balanced conductivity and
optical loss) and electron detectors with higher sensitivity
(e.g., single-electron level) to reduce the number of
photoelectrons involved, the spatial resolution of the
PEEM may be further increased to a certain degree
(Supplementary Note 12). Also, by depositing atomic-
thickness cesium (Cs) to lower the work function23,25, the
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Significant reduction of corrosion of stainless steel
by strong-field laser surface passivation
Liansheng Zheng1, Hongwei Zang1,2, Yuan Liu3,4, Yukun Xiao3,4, Yingbo Cong5, Zhen Cheng6, Ganwen Chen3,4,
Zhenxiang Xing7, Jisheng Pan7, Qing Jiang8, Wei Chen 3,4, Kaoru Yamanouchi 9, Huailiang Xu 1,10✉ and
Ruxin Li 2,11✉

Abstract
Stainless steels are basic corrosion-resistant materials, but despite great efforts for over a century, they still suffer
inevitably from environmental erosions by ubiquitous chemical reactions, resulting in typical corrosion rates at dozens
of μm∙yr-1. Here, we developed a strong-field laser passivation strategy to obtain super corrosion-resistant stainless
steels through forming a hybrid µm-Fe3O4/Fe2O3/Cr2O3 passivation layer with unique bionic taro-leaf-like hierarchically
heterogeneous Cassie-state micro/nanostructure morphologies. We observed up to 100,000-fold reduction in the
corrosion rate of AISI 304 steel in saline, acidic as well as alkaline solutions. The ultralow corrosion rate can remain for
>6500 hours. The generality was exemplified by exhibiting extreme anticorrosion enhancements of AISI 316, 420, 201,
430, and 2205 steels under the same conditions. This study reveals a new strategy for achieving super corrosion-
resistant performance of stainless steels in various harsh environments.

Introduction
Steels are widely used not only in daily life but also in

urban infrastructure and industry owing to their good
ductility, thermal and electrical conductivity, weldability,
and malleability. However, the corrosion of steels by
chemical reactions under aggressive environments such as
humid marine atmosphere, saline seawater, and acidic/
alkaline electrolytes results in massive annual losses
worldwide1–5. The most often used anticorrosion strategy
is to form corrosion-resistant polycrystalline stainless
steels by the addition of alloying elements to steels, typi-
cally Ni and Cr. It has been known that Cr in the stainless-
steel alloys plays a key role in creating a thin passive oxide
layer against oxidation6,7, making the steels essentially
rust-proof with a common corrosion rate of a few to
hundreds of μm·yr−1 under most corrosive environ-
ments1. Because of this anti-corrosion mechanism,

stainless steels can retain their original appearance for
long periods under normal conditions and survive for a
longer period than most other metals. Nevertheless,
stainless steels often show a sudden onset of corrosion
with a sharp rise in the corrosion rate due to localized
pitting corrosion that happens with only small changes in
conditions such as temperature, potential, or solution
concentrations8,9. This type of sudden corrosion leads to
serious problems in stainless-steel-based facilities such as
underground sewer infrastructures, port terminals, and
marine oil and gas exploiting facilities10–13, whose life-
times can be significantly shortened by the seriously
rusted stainless steels.
To control and prevent the pitting corrosion, a variety

of technologies for coating stainless-steel surfaces have
been developed14–16. However, the passive coating films
made by organic, inorganic, or carbon-based materials as
corrosion inhibitors (for example, polymer14, metallic
oxide15, and graphite16) are not completely impermeable
to certain corrosive species such as chlorine ions and
hydroxyl ions when the surfaces are exposed chronically
to harsh environments. In addition, microscopic pores
and cracks frequently created in coating films may even
accelerate local corrosions, resulting in deterioration of
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