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The imaging of dynamical processes at interfaces and on the nanoscale is of great importance throughout
science and technology. While light-optical imaging techniques often cannot provide the necessary spatial
resolution, electron-optical techniques damage the specimen and cause dose-induced artifacts. Here, opti-
cal near-field electron microscopy (ONEM) is proposed, an imaging technique that combines noninvasive
probing with light, with a high-spatial-resolution readout via electron optics. Close to the specimen, the
optical near fields are converted into a spatially varying electron flux using a planar photocathode. The
electron flux is imaged using low-energy electron microscopy, enabling label-free nanometric resolution
without the need to scan a probe across the sample. The specimen is never exposed to damaging electrons.

DOI: 10.1103/PhysRevApplied.16.014008

I. INTRODUCTION

Interfaces are of utmost importance throughout science,
technology, industry, biology, and medicine. The imag-
ing of dynamical processes happening at interfaces can
yield crucial information on the underlying processes,
ranging from electroplating, through corrosion to protein
dynamics in lipid bilayers. Despite great progress over
recent decades, there is currently no microscopy technique
that can image dynamics at interfaces with nanometric
resolution, label free, damage free, and over extended
periods:

Optical super-resolution microscopy [1—6] has shown
remarkable results over the past two decades, offering a
resolution in the single-digit nanometer range for selected
applications (see, e.g., Refs. [7,8] and references therein).
But, besides phototoxicity, fluorescence-based methods
face a tradeoff between frame rate, accuracy, and obser-
vation time, due to the finite number of photons that
can be collected per fluorophore. And while high label-
ing density can affect biological function [9], low label-
ing density can lead to severe statistical artifacts due to
blinking and bleaching [10]. Label-free optical techniques
[such as interferometric scattering microscopy (iSCAT)
[11,12] or plasmonics-enhanced protein characterization
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[13]] enable the detection and weighing of proteins but
their spatial resolution is diffraction limited. Resolution
of this issue by decreasing the wavelength to the x-ray
regime is not an option for dynamic single-molecule stud-
ies, as they are precluded by the tradeoff between the
signal-to-noise ratio and damage [14].

Scanning probe techniques enable atomic resolution in
surface imaging [15] and subnanometer resolution in the
imaging of membrane-bound proteins [16] but can per-
turb soft membranes in high-speed imaging [17]. Also,
the scanning of the probe can limit imaging frame rates
and the field of view. Similar tradeoffs are faced in near-
field scanning optical microscopes, where, additionally, the
finite probe size often limits the spatial resolution to tens
of nanometers [18].

Electron optical techniques enable the determination of
the ensemble-averaged atomic structure of proteins [19]
and the imaging of the proteome of a cell [20]. However,
these techniques require frozen samples, which precludes
real-time imaging of dynamics. Recently, thin liquid cells
have enabled the observation of proteins in their native
environment within electron microscopes with nanome-
ter resolution [21]. However, dose-induced damage leads
to artifacts in electrochemical studies and limits extended
dynamical studies of sensitive materials [22]. Recently,
transmission electron microscopy at electronvolt energies
(eV-TEM) has been developed by some of us [23], to
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decrease electron-induced damage while imaging. In fact,
eV-TEM has been combined with low-energy electron
microscopy (LEEM) so as to image samples in electron
transmission and reflection at energies of 0 — 100 eV [23].
Although the first results of the combination of these tech-
niques are promising, this method is yet to prove itself for
dynamical processes.

Techniques that correlate light and electron microscopy
are promising alternatives to the techniques discussed
above [24]. Traditionally, light microscopy is first used
for live imaging, or for imaging with fluorescence-enabled
specificity, and electron microscopy is then used to retrieve
one final high-resolution snapshot of the specimen under
study.

Here, we propose a technique that combines noninva-
sive probing with light with a readout based on electron
optics offering nanometric resolution. Probing and read-
out are coupled via a photocathode placed in the optical
near field of the scattered light, where the resolution is not
limited by the optical wavelength. We will first describe
the idea in more detail, then discuss its technological fea-
sibility, its theoretical resolution and contrast, and lastly
explore the potential application space of optical near-field
electron microscopy (ONEM).

II. CONCEPT

The proposed method is sketched in Fig. 1: Visible
light is focused onto a sample (e.g., a protein) that is
close to an ultrathin vacuum-liquid interface [e.g., in a
liquid cell (LC) [25,26]]. The sample scatters light elas-
tically, leading to nanometric features in the near field.
This spatial light distribution is then converted, still in
the near field, into a spatially varying electron flux via
the photoelectric effect within a thin layer of low-work-
function photocathode (PC) material [27,28]. The emitted
photoelectrons are then imaged using aberration-corrected
low-energy electron optics [29,30]. The electrons therefore
provide a nondestructive readout of the nanometric optical
near fields.

The proposed technique would be intrinsically damage
free. First, low-work-function photocathodes can be effi-
ciently excited with green light [27] and thus at photon
energies significantly below the absorption band of most
proteins. The inset in Fig. 1 shows the simulated near-field
intensity distribution caused by a 50-kDa protein in water
and at distance of 5 nm from the photocathode. Near-field
simulations predict a signal-to-background ratio of about
1.4% (Fig. 1, simulated using the MNPBEM toolbox [31]).
Shot-noise-limited detection, in which the intensity vari-
ance is proportional to the background, therefore requires
about 5 x 103 photoelectrons per spatially resolved area to
achieve a signal-to-noise ratio of 1. Assuming a photoelec-
tron conversion efficiency of 3% (a conversion efficiency
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FIG. 1. Optical near-field electron microscopy (ONEM). Vis-
ible light illuminates a specimen (e.g., protein) in a liquid cell
(LC). The resulting optical near-field interference pattern is con-
verted into a spatially varying electron flux via a photocathode
(PC). The spatial information is retrieved using aberration-
corrected electron microscopy. Scale bar 5 nm.

of approximately 15% has been measured for a 25-30-
nm-thick photocathode [27] with excitation at 2.5 eV)
and unity detection efficiency, this will require illuminat-
ing the protein with about 4.6 x 10° photons. For a frame
rate of 1 kHz and 5 nm resolution, the required illumi-
nation intensity is about 2.5 uW um™2, i.e., well below
intensities reported in, for example, iSCAT using light at
405 nm [11]. This is not surprising: both iSCAT and
ONEM are shot noise limited. While iSCAT detects scat-
tered light more efficiently (no photocathode), this is by
far compensated by the narrower point spread function in
ONEM, which increases contrast and resolution.

Second, the photocathode material will have a work
function much lower than that of its liquid-cell support
(1.9 eV for bialkali antimonide K,CsSb [27], 1.3 eV for
cesiated graphene [28], versus 4.4 eV for a few-layer
graphene support [32]). The photocathode will be excited
with visible light (e.g., iv = 2.3 eV for A = 532 nm, where
h is Planck’s constant, v is the frequency of the excitation
light, and A is its wavelength in vacuum), such that the
energy of the created photoelectrons will be insufficient
to overcome the internal potential barrier. The sample is
therefore not exposed to electrons.
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III1. FEASIBILITY

The feasibility of ONEM relies on three technologies
that have recently been developed independently.

First, electrons emitted from the photocathode have to
be imaged with nanometer resolution. Interestingly, similar
requirements are to be met in LEEM [29,30] and eV-
TEM [23]. Typical LEEM systems have a lateral resolution
of about 5 nm. In the past decade, however, aberration-
corrected low-energy electron microscopy (AC LEEM)
has been introduced, with an optimal resolution down to
1.5 nm and a field of view up to 75 um [29,30]. Moreover,
using novel algorithms, many images can now be stitched
together smoothly. Thus, the effective field of view can
be dramatically extended, without loss of resolution [33].
Furthermore, we note that a resolution smaller than 3 nm
has been predicted for photoelectron emission microscopy
(PEEM) on such state-of-the-art systems [29]. Figure 2
shows how ONEM can be implemented within an existing
LEEM setup. The LEEM sample holder will be modified
to allow for optical rear illumination of the sample. The
low-work-function photocathode faces the LEEM objec-
tive lens, which extracts the emitted photoelectrons in a
strong electrostatic field of 100 kV cm™!. The electrons are
accelerated to the column potential of 15 keV, after which
they follow the red solid path in Fig. 2, from the photo-
cathode, via an electron mirror (for aberration correction)
and electron lenses, to the camera. The use of miniature
objectives [34] within the light illumination path would
allow for a correlative readout using light optics (dashed
green line), which could provide additional information
(e.g., molecular specificity via fluorescent labeling).

Second, in order to reach suboptical-wavelength resolu-
tion, the distance of the object to the photocathode layer
needs to be much shorter than the optical wavelength.
Ultrathin highly efficient photocathodes [27,28] have just
been developed and have been shown to be smooth on
the nanometer scale [35]. Most importantly, these photo-
cathodes are efficient at green light excitation. Since these
photocathodes are not to be exposed to air, they have to be
prepared in situ, e.g., via evaporation, sputter deposition,
or pulsed-laser deposition [36] from a solid photocathode
target [37]. Alternatively, alkali metals or other photocath-
ode materials could be stabilized in between graphene lay-
ers [27,38], potentially allowing for an ex situ preparation
of the required photocathode.

Third, the study of specimens in their natural environ-
ment seems incompatible with the vacuum requirements
for electron optics and the operation of photocathodes.
Recently, however, this has become possible by the use
of ultrathin interfaces between vacuum and air or lig-
uid environments [39,40]. The latter have been devel-
oped for liquid-cell TEM [25] and modalities for electro-
chemistry experiments, photoactivation of specimens, and
in situ specimen mixing are now commercially available.
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FIG. 2. A schematic of the ONEM setup. A specimen within a
liquid cell is illuminated (solid green line) and optically inspected
(dashed green line) with a continuous-wave (cw) laser. Photo-
electrons (solid red line) generated in the photocathode at the
backside of the liquid cell are imaged in an aberration-corrected
LEEM. For this, the electrons travel through a set of lenses and
are reflected by an aberration-correcting mirror. The electron gun
at the top is off in ONEM but it can be turned on to perform
LEEM experiments, e.g., on the photocathode material (dashed
red line).

This toolbox can be directly applied for ONEM. Note that
ONEM liquid cells do not need to be ultrathin, as it is
light (and not electrons) that passes through the liquid,
potentially allowing for more elaborate and robust sample
manipulation.

The advance of the three techniques described above
makes ONEM technologically feasible, allowing for
damage-free measurements on dynamic processes in a
liquid. Next, we discuss the contrast and resolution that
ONEM could deliver.

IV. CONTRAST AND RESOLUTION

In the following section, we simulate the expected con-
trast and resolution of ONEM. All simulations are calcu-
lated using the MNPBEM toolbox [31]. We assume that the
sample is excited with an x-polarized plane wave traveling
in the z direction (reference field):

Eref(i:z H= Erefei(kz_wt)ﬁm (1)
where k = 2mn,,A~!, with A = 532 nm the wavelength of

the reference field in vacuum, w its angular frequency,
n, = 1.33 the refractive index of water, and uy a unitary
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vector in the x direction. The particle of interest (e.g., pro-
tein, gold nanoparticle, copper cluster, etc.) is assumed
to be spherical, with its center at the origin of the coor-
dinate system [Fig. 3(a)]. The intensity distribution / ()
results from interfgring the scattered field Eqcq: (T, £) with
the reference field E (T, £):

I(F) o [[Eqot (@, D> = ||Eret(F, D) + Eqeat @, 01> (2)

Figures 3(b)-3(d) show the intensity distribution obtained
for a protein in water (radius R = 2.5 nm, index of refrac-
tion n, = 1.44) at a distance of z = 5 nm, z = 50 nm, and
z = 5 pum, respectively.

On the z axis (y =x = 0), we observe the following
behavior. In the near-field region (R < z <« 1), [Fig. 3(b)],
the scattered field is out of phase with the reference field,
resulting in a total on-axis intensity, /(0, 0, z), smaller than
the intensity of the reference field alone /y o< £2;. In the
far field (A < z), [Fig. 3(d)], the scattered field is in phase
with the reference field, leading to 7(0,0,z) > .

These results can be understood considering the model
of an ideal radiating dipole, excited by the reference field.
In this case, the total dipole moment of the particle is
given by

P(1) = enarkrer(0, ), 3)

where €, is the permittivity of the surrounding medium
and o is the complex polarizability of the particle,
given by

€1 — €y

=3y, 4
* €1+ 2¢, @

where V is the volume of the particle and €, the complex
permittivity of the particle (see, e.g., ch. 5.2 in Ref. [41]).
For a protein in water, «, €], and €, are real and the dipole
moment is in phase with the excitation field, which is con-
sistent with the model of a Lorentz oscillator driven at
frequencies far below the (material-dependent) resonance
frequency (ch. 3.5 in Ref. [42]). The on-axis (x = 0,y = 0)
scattered field is given by

pe®=en (k2 gk 1Y\ .
T Uy, (5)

Eqeat(0,0,2,1) = S-S

z z z

(ch. 9.2 in Ref. [43]). We find that the results of the
simulations agree with the analytical expression to better
than 2% (see Fig. S1 in the Supplemental Material [44]).
For z <« 1/k, the —1/z° term dominates and the scattered
field is antiparallel to the reference field. For 1/k < z,
the 1/z term dominates and the scattered field is parallel
to the reference field, in agreement with Figs. 3(b)-3(d).
For A =532 nm and n, = 1.33, the transition occurs
at z=1/k~ 64 nm (see Fig. S2 in the Supplemental
Material [44]).
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FIG. 3. (a) A three-dimensional drawing of a spherical

nanoparticle and the interference pattern /(x,y) obtained on a
screen (photocathode) in the near field (z = 5 nm). (b)~(d) The
simulated interference pattern /(x,y) for a spherical protein of
radius R = 2.5 nm and an index of refraction n, = 1.44, at (b)
z =5 nm (scale bar 10 nm, AI/I; = 8 x 107%), (c) z = 50 nm
(scale bar 100 nm, AI/Iy = 6 x 107%), and (d) z = 5 um (scale
bar 1 um, AI/Iy = 8 x 107%). (e) The simulated Michelson con-
trast C = (Imax — Zmin) Tmax + Imin) ~! of the interference pattern
1(x,y) as a function of the distance of the screen, for gold (Au)
particles, copper (Cu) particles, and proteins (all R = 2.5 nm),
as well as for a simian virus 40 (SV40, R = 22.5 nm). (f) The
full width at half maximum (FWHM) of the central feature of
the simulated interference pattern /(x,y) for a particle of radius
R = 2.5 nm, as a function of the distance z to the particle (the
FWHM is found to be independent of the particle material).

The simulated Michelson contrast

C= (]max - Imin)/(lmax + Imin), (6)
as a function of the distance to the screen (i.e., the pho-
tocathode), is shown in Fig. 3(e) for different particle
materials. The refractive indices of the protein and the
virus are taken from Refs. [11] and [45], respectively. For
gold (Au) and copper (Cu), the complex refractive indices
are interpolated at 532 nm from data in Refs. [46] and [47],
respectively. In the near field, the contrast is found to drop
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FIG. 4. The Michelson contrast of the simulated interference
pattern / (x, y) for a nanoparticle, as a function of the nanoparticle
diameter, for z = 25 nm.

as C o 1/23, which will enable excellent suppression of
signal from scatterers that are not bound to the interface.
Figure 3(f) shows the resolution of ONEM as a function of
z, evaluated by the full width at half maximum (FWHM)
of the central feature in the interference pattern along the
x direction. The calculation is again performed assuming
a R = 2.5 nm protein. Within the plotted parameter range,
the simulated FWHM increases linearly with the distance,
with a fitted slope of )FWHM/0z = 0.82.

The expected contrast as a function of the particle diam-
eter is plotted in Fig. 4 for three different materials. All of
them are assumed to be immersed in water and at a distance
of 25 nm from the photocathode. In the absence of reso-
nances, the polarizability is proportional to the volume of
the particle, resulting in an R* dependence of the Michel-
son contrast. For metallic nanoparticles, the contrast is
seen to saturate for particle radii > 20 nm.

V. POTENTIAL APPLICATION SPACE

By enabling dynamic studies of interfaces on the
nanometer scale, ONEM has applications ranging from
materials science to membrane biology.

One of these is the study of plasmonic fields. It is
challenging to characterize light-matter interactions and
devices based on optical near fields, on the nanome-
ter scale. Laser-triggered electron microscopy has proven
to be a versatile tool for mapping optical near fields
on nanometer spatial and femtosecond temporal scales
[48—50]. ONEM could enable this in liquid environments
and at much lower optical excitation powers, allowing for

a precise characterization, and consequent further develop-
ment, of plasmonic (bio)sensors [13,51,52].

ONEM could also be applied in electrochemistry, study-
ing, for example, the nucleation and growth of nanoscale
copper clusters in a liquid environment. Such experi-
ments have been the first application of in situ liquid-cell
TEM [39], starting a new area of research that has grown
rapidly over the past decade [25], both in material science
and in biology. However, a serious and unresolved issue
with such experiments is that the high-energy electron
beam passes through the electrochemical cell above the
working electrode, creating a large number of free solvated
electrons. These can strongly affect the electrochemistry
[22,53] and may even lead to the formation of hydrogen
bubbles [54]. ONEM could be used to observe the nucle-
ation and growth during electrodeposition with nanome-
ter resolution and without electron-dose-induced artifacts.
Successful implementation of this prototype liquid-cell
experiment will open the door to the investigation of many
electrochemical problems that are of significant industrial
interest and that are currently out of reach for high-
resolution real-time studies (e.g., corrosion, mass transport
in batteries, swelling, liquid crystal switching, etc.).

Finally, ONEM could also be used to image proteins
interacting on, in, or with biomembranes under condi-
tions mimicking a native membrane environment. It has
been shown that lipid bilayers can be formed on sur-
faces with the use of cushions or tethers to allow for the
embedding of proteins in the membrane—in particular,
transmembrane proteins—while maintaining the mobility
and functionality of the inserted proteins [55-57]. If this
is done on the vacuum-liquid interface, ONEM could be
used for continuous high-resolution imaging (see Fig. S3
in the Supplemental Material [44] for simulated images of
a circular array of spherical proteins in water). The first
examples could include the visualization of supramolecu-
lar protein assemblies formed on lipid bilayers. In general,
oligomerization of membrane proteins into multicompo-
nent units is often critical for their function, or dysfunction.
For instance, a change in the aggregation behavior of
a proapoptotic protein Bax, the subsequent formation of
Bax complexes with a broad distribution of oligomer-
ization numbers, and, finally, the opening of functional
pores in the mitochondrial membrane represent key steps
in programmed cell death [58]. Similarly, supramolecu-
lar in-membrane assemblies consisting of 7—8 monomeric
units are formed by a functionally unrelated protein named
fibroblast growth factor 2 (FGF2), which regulates tumor
growth and metastasis. ONEM has the potential to provide
information on the dimensions [58—60] and also on the
dynamics of these supramolecular complexes, the forma-
tion of which is crucial for cellular function. Additionally,
since the contrast in ONEM decreases as 1/z°, unwanted
protein signal from the solution is efficiently suppressed.
It can therefore be used for imaging membrane related
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processes even in the cases where the equilibrium between
bound and unbound protein is shifted in favor of the
unbound protein.

VI. DISCUSSION AND OUTLOOK

ONEM exploits light and electron optics according to
their respective strengths: light for noninvasive probing
and electrons for high-spatial-resolution readout. Light and
electrons are coupled using an ultrathin photocathode and
superresolution is enabled by the near-field components of
the scattered light. ONEM is therefore ideally suited for
the damage- and label-free study of physical, chemical,
or biological processes happening at interfaces. A reso-
lution below 5 nm and dynamic imaging over extended
periods seem feasible. Various experimental difficulties
will have to be overcome to realize such specifications.
A low-energy electron microscope has to be modified to
include a custom sample chamber and speckle-free optical
excitation, as well as in situ photocathode coating capa-
bilities. Coating procedures will have to be optimized for
sensitivity and homogeneity and potential issues such as
photocathode ageing, poisoning, or charging will have to
be addressed.

ONEM can be operated, and extended, in many ways.
Measurements can be performed in liquid, gas, or vac-
uum. They can be performed label free, characterizing
the refractive-index distribution of a sample, or using
labels (e.g., metal nanoparticles, fluorophores) bound to
an object of interest. Correlative in situ light microscopy
can provide additional information, for example, on the
three-dimensional environment of the interface, option-
ally with fluorescence-enabled specificity. Polarization-
dependent scattering cross sections (e.g., chiral molecules
or chiral photonic structures) could enable shot-noise-
limited measurements in challenging environments or in
the presence of temporal changes of photocathode effi-
ciency. Pump-probe measurements could make studies on
ultrashort time scales possible.

ONEM offers unique measurement opportunities on the
dynamics of various processes, by allowing for the use of
liquid cells. Optical (plasmonic) properties of nanostruc-
tured materials can be probed in a liquid environment,
which can yield information that is essential for bio-
optical sensor design. Electrochemical experiments will
yield insights into physical and chemical processes at inter-
faces, some of which play an important role in the energy
transition. Finally, the exploration of tethered lipid bilayers
will allow for the investigation of biological systems, offer-
ing information on protein clustering and dynamics within
biological membranes.

Given recent developments in technology and method-
ology, we consider ONEM a feasible form of microscopy.
Clearly, several practical challenges are still to be
overcome, but once these are addressed, ONEM will

offer opportunities for damage-free imaging of dynamic
processes at interfaces.
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