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Abstract

We investigate - both experimentally and theoretically - the inelastic interaction
between fast electrons and the electromagnetic field scattered by metallic apertures
and nanostructures on dielectric membranes using photon induced near-field electron
microscopy. The experiments - performed in a high brightness ultrafast transmission
electron microscope - on gold apertures on silicon nitride membranes reveal strong mod-
ulations of the electron-light coupling strength. We demonstrate that this effect results
from the combined action of the electric field scattered by the aperture edges and the
reflection and transmission of the incident wave by the dielectric membrane. More-
over, when a nanostructure is added inside the metallic aperture, the new scattered
field interferes with the previous contributions, thus imprinting the optical response
of the nanostructure in additional modulations of the electron-light coupling strength.
Using systematic electrodynamics simulations based on the Green dyadic method, we
quantitatively analyze these different contributions to the electron-light coupling and

propose further applications.
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Introduction

Ultrafast Transmission Electron Microscopes (UTEM) combining the femtosecond temporal
resolution of ultrafast optical spectroscopies and the nanometric spatial resolution of electron
microscopy have opened up many new possibilities to study the ultrafast dynamics and opti-
cal response of materials at unique spatio-temporal scales'2. Their development has already
had a major impact on several fields of nanosciences such as nano-optics, nanomechanics?®
or nanomagnetism* and detailed reports of the progress made in this rapidly evolving field
can be found in several review articles*%5. Photon-Induced Near-field Electron Microscopy
(PINEM) is one of the most impactful electron based spectroscopy techniques enabled by
UTEMs. It exploits the inelastic coupling between the fast electrons and an optically excited

™9 In the latter, the inelastic interaction between the fast electron and the

nanostructure
electromagnetic field results in multiple exchanges of light quanta by the moving charge with
a probability that depends on the strength of the electric field at the position of the electron
beam ™'Y, The quantitative analysis of the electron energy spectrum after interaction there-
fore enables the mapping of the electric field at metallic interfaces or the study of the optical

=13 Furthermore, the

modes of photonic or plasmonic nanostructures and nanoparticles
coherence of the interaction between electrons and light allows more sophisticated schemes
involving multiple interactions of the electron with phase-locked optical pulses to coherently
control the free electron wavefunction 47,

In this context, the use of dielectric membranes has several advantages for the imple-
mentation of coherent control schemes. Contrary to the case of nano-objects that yield
strongly inhomogeneous evanescent fields, the electric field strength at planar interfaces is
homogeneous on the entire electron beam cross-section. Furthermore, it is possible to adjust
the membrane tilt angle so that each part of the electron beam interacts with the same
optical phase'®. These assets have been used for instance to coherently manipulate on the
attosecond timescale the free-electron wave function using pairs of light pulses reflected from

a mirror .



Recently, it has been proposed to exploit the inelastic interactions of fast electrons with a
tailored light beam reflected by a dielectric membrane to correct the spherical aberration of
electron microscopes?’. In a first proof-of-principle experiment in this direction, the electron-
light coupling mediated by a dielectric membrane illuminated by a tilted plane wave has been
exploited to imprint different transverse intensity profiles on the electron wave function?!.
The interaction of a tilted plane wave with a dielectric membrane or metallic mirror can also
be used in so-called holographic PINEM experiments. While conventional PINEM experi-
ments give access to the optical-near field intensity along the electron trajectory, holographic
PINEM experiments detect the interference of the studied optical excitation with a refer-
ence wave generated e.g. by a reflection of the incident wave by a planar interface. It has
been shown that such interference between the plasmon field excited at a metal/dielectric
interface and the reflection from the sample can imprint the phase of the plasmon field in

122, Holographic

the electron/near-field coupling constant extracted from the PINEM signa
PINEM experiments have also been performed in a different geometry involving two sequen-
tial inelastic interactions induced by two distinct samples placed at different locations along
the electron beam trajectory'*. Even though the presence of a membrane in electron spec-
troscopy experiments is unavoidable, its has been shown that it is possible to minimize its
influence on the electron-light coupling by choosing the incidence angle so that the contri-
butions from the incident and reflected electric fields almost completely cancel each other®.
This is however not always possible in particular when the space available in the objective
lens of the microscope is very limited or when short focal distance focusing optics are used
on the sample. In these latter cases, a detailed knowledge of the contribution from the
membrane to the inelastic signal is required prior to any demanding PINEM experiment.
In this study, we investigate both experimentally and theoretically the inelastic interac-
tion between fast electrons and the electromagnetic field scattered by metallic apertures and

nanostructures fabricated on a dielectric membrane (see Figure 1). Using Photon Induced

Near-field Electron Microscopy (PINEM), we map the inelastic interaction probability and



analyze the combined influence of the light scattering by the aperture edges or nanostructures
and the electric field reflected or transmitted by the dielectric membrane illuminated by a
tilted plane wave on the electron-light coupling. We have performed two sets of experiments
on apertures and nano-antennas engraved in a 50 nm gold film with a focused ion beam (See
SI). The gold film is deposited on a silicon nitride membrane. First, we have investigated
the spatial distribution of the inelastic signal when the fast electrons travel through sim-
ple apertures of different shapes then we considered the case in which a gold nanostructure
stands in the middle of the aperture. The results of the PINEM experiments are analyzed

using electrodynamical simulations based on the Green dyadic Method.
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Fig. 1: (Color Online) a) Photon-Induced Near-field Electron Microscopy. The excitation
laser pulse is focused on the sample by a parabolic mirror (incidence angle 6; = 35°). The
electron and laser pulses are synchronized by a delay line (not shown) and the energy spec-
trum of the electron pulse is analyzed by an electron spectrometer after interaction with the
optical pulse. Inset: Bright field image of the sample recorded with a continuous electron
beam. b) Electron energy spectra (solid line) and fit (dashed lines) recorded at different
positions along the arrow. Right Top : Bright field image recorded at the same time as the
electron energy spectrum. Right bottom: Map of the electron-light coupling constant (g)
extracted from a fit of the electron energy spectra acquired at each pixel. Scale bar : 200
nm
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Inelastic electron-light interactions in apertured metal-
lic films

PINEM works on a so-called pump-probe scheme: A first laser pulse (pump) excites the
optical near-field around a nanostructure which is then probed by a subsequent electron
pulse (probe). During its transit in the optical near-field, the travelling electron can emit
or absorb photons, thus leading to a modification of its energy. This inelastic interaction
yields a characteristic electron energy spectrum composed of a series of peaks reflecting the
discrete nature of the photon exchange. The magnitude of these peaks only depends on the
so-called electron-light coupling strength g which is proportional to the Fourier transform of

the electric field component along the electron trajectory %19

e —wwz/v
g = %/dz Ez(z)e / (1)

After interaction, the exit wavefunction of the electron, initially having an energy Ej, is
a superposition of wavelets of different kinetic energies F,, = Ey + nhw. The amplitude of
the different components is a function of the electron-light coupling constant g.

The PINEM experiments have been performed on the high-brightness ultrafast TEM
developed in CEMES-CNRS. The latter is a customized 200 kV cold-field emission Hitachi
High-Technology HF2000%3. The electron gun has been modified so that femtosecond laser
pulses can be focused onto the tungsten nanotip and trigger the emission of femtosecond
electron pulses?*. The high brightness of the femtosecond electron source provides sub-400
fs electron pulses that can be focused in spots as small as 1 nm on the sample. The electron
microscope has been modified to allow optical excitation of the sample inside the objective
lens. A high numerical aperture parabolic mirror with XYZ translation stage has been added
between the objective lens pole pieces yielding a tilt angle of 35° between the electron probe

and the optical pump focused on the sample (see Figure 1). Both the electron emission and



excitation of the sample are achieved using the 515 nm second harmonic of an ytterbium-
doped fiber laser (Amplitude Satsuma, 1030 nm, 2 MHz, 250 fs). The average power incident
on the sample typically lies in the 20-30 mW range. Figure 1-b shows an example of the
nanostructures investigated by PINEM in this study. These structures are nano-antennas
within a 1.1 pm square aperture fabricated from a 40 nm thick gold film evaporated on
a 50 nm thick SizN, membrane (see the Supplementary Information for more details). At
each point of the map, an electron energy spectrum such as the ones shown in Figure 1-b
is acquired with a Gatan PEELS 666 with a typical integration time between 300 and 500
ms/pixel. The collection of energy spectra is then post-processed to extract the electron-
light coupling constant at each point of the map (see the Supplementary Information for
more details about PINEM theory and data processing). In the experiments reported in this
study, the electron beam is accelerated at 150 keV. The ultrafast TEM is operated close to
the single electron regime with electron pulses each comprising 1-10 electrons. As discussed
in a previous publication, even in this regime the electron pulse has a non-negligible chirp
which strongly depends on the number of electrons per pulse and causes the splitting of the
zero loss peak visible on the spectra displayed in Figure 1-b?°. Even if this phenomenon is
very well understood and accurately simulated it makes it very difficult to extract from the
fit an accurate value of the coupling constant g. The g maps displayed in Figures 1, 2 and
3 used a fit routine detailed in the SI. Although the routine nicely reproduces the shape of
the experimental spectrum and provides g values having the correct order of magnitude, the
estimated precision is rather low. The supplementary material provides more details about
the fitting procedure and influence of the splitting of the zero loss peak. The use of a 30

2325 The electron

pm STEM aperture allows to focus the electron probe in a few nm spo
is travelling along the (Oz) axis, perpendicular to the (OXY) plane of the membrane. The
position of the electron beam on the membrane is identified by the coordinates x and y. The

(Ox) axis lies in the plane of incidence whereas the (Oy) axis is perpendicular to the latter

(see Figure 1).
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Fig. 2: (Color Online) Map of the electron-light coupling strength on an apertured gold film
deposited on a silicon nitride membrane. Bright field image of respectively a square (top)
and a circle (bottom) aperture fabricated in a 40 nm thick gold film deposited on a 50 nm
thick SisN4 membrane. Experiment : Map of the electron-light coupling strength ¢ extracted
from numerical fits of the electron energy spectra for the square (top) and circle (bottom)
aperture. Simulation: Electron-light coupling constant computed from electrodynamical
simulations based on the Green Dyadic Method. Top : Overlay on top of the experimental
data, a comparison of the simulation (red line) and experiment (dark blue line), the gray
line represent the bright field intensity profile). Bottom : 2D simulation map in the case of
the circle aperture. For each panel, the scale bar is 200 nm and the black arrow represents
the direction of the light.



In a first set of experiments, we study the electron energy exchanges when the fast
electrons travel through apertures of different shapes. The spatial variations of the electron-
light coupling constant g extracted from the PINEM maps acquired on square and circular
apertures are shown in Figure 2. Clear modulations of g are visible in the apertures.

The origin of these modulations can be traced back from the definition of the coupling
constant g (Equ. (1)) that governs the electron-light interaction probability. In vacuum, the
momentum mismatch between light in free space and the moving electron leads to a vanishing
g and therefore no interaction. Additional data acquired on similar apertures without the
silicon nitride membrane confirm that there is no detectable inelastic signal at the center
of the aperture (data available in SI). On the opposite, in the presence of a membrane,
the coupling between the electron and the electromagnetic field is possible and the inelastic
interaction probability depends on the wavelength, the intensity and the angle of incidence
of the incident wave, as well as the membrane dielectric constant!'®. Taking into account the

multiple reflections at the two vacuum/membrane interfaces, gmen can be written as:

e

_ U7 ikigx )
9mem = 2710.)6 f(w7927nm7v7d) (2>

in which f is a complex function of the angular frequency of light w, the electron speed v,
the membrane refractive index n,, and thickness d and the incidence angle #;. The complete
expression of gen taking into account the multiple reflections at the two vacuum/membrane
interfaces is given in supplementary information. It is clear from equation (2) that the
modulus of g,en On a simple membrane is not expected to display any spatial modulation.

The spatial modulations of the electron-light coupling strength visible in Figure (2) may
arise from the combined influence of (i) the contrast in reflectivities between the metal and
the dielectric surface and (ii) the scattering from the film edge. First, the existence of

a separation between two regions of different reflectivities in the sample plane makes the



moving charge interact with the electric field reflected either by the gold surface or by the
silicon nitride membrane depending on the distance between the electron and the membrane.
The transition between the two cases does not occur for the same value of z depending on
the distance of the electron beam to the aperture edge. The expression of the electron-light
coupling strength resulting solely from the difference in reflectivities predicted by a simple
model in the geometrical approximation can be found in the SI. This model predicts a spatial
modulation of the electron-light coupling strength in poor agreement with the experiment.
The origin of the discrepancy lies in the fact that a crude geometrical approach neglects the
important contribution of the wave scattered by the film edge. For p-polarized illumination,
the scattering by the film edge yields an electric field having a z-component comparable to
the incident wave and therefore a significant contribution to the electron-light coupling. The
latter is expected for p-polarized illumination to contribute to the electric field along the
electron trajectory. The electric field scattered by the metallic film edge predicted by the

Sommerfeld model is shown in Figure 3-b,
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Fig. 3: (Color Online) a) Sketch of the experiment showing the beams reflected and trans-
mitted by the membrane. b) Component along the electron trajectory of the electric field
scattered by a semi-infinite half plane as predicted by the Sommerfeld model. ¢) Total elec-
tric field on the sample computed from 2D electrodynamical simulations based on the Green
Dyadic Method. Scale bar = 500 nm

To take into account the different contributions discussed above, we have performed elec-

trodynamical simulations using the Green Dyadic Method (GDM)?™?%. We have used the
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pyGDM open-source python toolkit?

. pyGDM relies on the concept of a generalized prop-
agator and allows to perform electro-dynamical simulations giving access to a large variety
of near-field or far-field optical properties of individual nano-structures under either optical
or electronic excitation®. More details about the GDM simulations are provided in the
supplementary information. The influence of the scattering by the metallic film edge and
the difference in reflectivities from the gold film and silicon nitride membrane have first
been simulated using 2D GDM simulations considering a silicon membrane half covered by
a gold film. We have plotted in Figure 2) the electron-light coupling strength computed
using 2D-GDM across a 1100 nm gap made in a gold film deposited on a silicon nitride
membrane. The results of the 2D-GDM calculations are in good agreement with the profile
extracted from the experimental data acquired on the square aperture. We show in Fig-
ure 3-c¢ the total electric field on the sample computed using 2D-GDM. A detailed study of
the different contributions to the spatial variations of the electron-light coupling constant (
see supplementary information) shows that scattering by the aperture edges and the reflec-
tion/transmission by the dielectric membrane contribute in comparable proportions to the
modulation of the inelastic interaction strength. The case of more complex in-plane shapes
requires full 3D electrodynamical simulations. Figure 2 shows the results of 3D-GDM -cal-

culations performed on the circular aperture. Again, a good agreement is obtained between

the experiment and the electrodynamical calculations.

In a second set of experiments, we have studied the electron-light coupling strength on
apertured metallic films in which a nanostructure has been added on the silicon nitride
membrane in the square apertures. As shown in Figure 4, the sample consists of a square
aperture with a bowtie antenna made of two equilateral gold prisms with an edge length
e = 200 nm located at the center of the aperture. The exact same geometry has been
fabricated several times with varying orientations with respect to the optical excitation.

Figure 4 shows the bright field images and maps of the electron-light coupling strength

10
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Fig. 4: (Color Online) Experiment: Top) PINEM maps of the electron-light coupling con-
stant |g| acquired on 3 different apertures with different orientations with respect to the illu-
mination. Scale bar : 100 nm. Bottom) Bright field image of the studied sample. Simulation
: Maps of the electron-light coupling constant |g| computed using 3D-GDM simulations on
a gold bow-tie (200 nm edge length, 160 nm gap) placed in on a silicon nitride membrane.

extracted from the electron energy spectra acquired at each position. Away from the bowtie
antenna, the spatial distribution of the inelastic interaction strength is very similar to the case
of the empty aperture. Closer to the nano-antenna, the interaction strength shows complex
spatial variations with both regions in which the presence of the nano-antenna reinforces the
coupling strength and regions in which the latter is diminished with respect to the case of
the empty aperture. To analyze these observations, we have performed 3D-GDM simulations
considering a gold bowtie on a silicon nitride membrane. The results are displayed in Figure
4. In the near-field region, the optical near-field includes large wavevector components that
couple efficiently with the moving electron. When the orientation of the particle with respect
to the plane of incidence is changed, the regions where the electron couples efficiently to the
electron are also modified, following the topography of the optical near-field of the nano-
antenna. The electron-light coupling does not vanish away from the antenna as the dielectric
contrast at the surface of the substrate mediates the coupling between the incident wave and

the moving charge. The situation would be different for a gold nano-antenna placed in

11



vacuum : the electron-light coupling would vanish outside of the near-field zone due to the
momentum mismatch between the fast particle and free space light. In the simulations of
Figure 4 the gold nano-antenna is deposited on a bare dielectric membrane (with no metallic
aperture) and the measured electron-light coupling results from the combined influence of
the membrane and the gold nano-antenna. Neglecting the mutual influence of the membrane

and nano-antenna, the electron-light coupling can be written as :

€ mem an —wwz /v
g = g [ Az [E2(2) + B e )

in which E7*™(z) (resp. E2"(z)) is the z-component of the electric field scattered by
the dielectric membrane (resp. the antenna). Equation (3) shows that the variations of the
electron-light coupling originate from the interference between the optical response of the
membrane and the antenna. In the PINEM experiments, the electric field radiated by the
edges of the metallic aperture yields a supplementary term that adds up to the electric field
scattered by the nanostructure itself and to the electric field reflected/transmitted by the
membrane. This additional contribution is excited for p-polarized tilted illumination yielding
a field component along the electron trajectory that can efficiently couple with the moving
charge. We discuss more in details in the supplementary information the relative magnitude
of the contribution of the reflection on the membrane and scattering from the aperture edge
as well as a comparison of different membrane material. The experimental and theoretical
results of Figure 4 reveal the interferences in the near-field of gold nano-antennas but similar

interference effect should be visible in the far-field of a nano-scatterer.

To address this point, we simulated PINEM experiments on individual nano-scatterers
deposited on a membrane and illuminated by a tilted plane-wave (6; = 35°). The nano-
scatterers were chosen high enough so that the tilted illumination yields an out-of-plane

dipole capable of radiating electric fields with z-components of magnitude large enough to
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Fig. 5: (Color Online) a) PINEM map computed on a 2um x 2um centered on a gold disc
(R = 150 nm, H = 300 nm) on a silicon nitride substrate. b) PINEM map computed on
an optical corral composed of 10 identical gold nanodiscs (R = 50 nm, H = 300 nm) on a
silicon nitride substrate. Scale bar = 500 nm

interfere efficiently with the incident wave. Figure 5-a displays the results in the case of a
single gold nanodisc. The electron-light coupling strength displays spatial modulations rem-
iniscent of the Doppler effect arising from the interference between the tilted incident plane
wave and the secondary wave scattered by the excited metallic nano-object. We provide in
supplementary information additional data computed for both s-polarized and p-polarized
tilted optical excitation which confirm that the observed interferences are obtained only
when the incoming electric field has a non-zero out-of-plane component, i.e for p-polarized
excitation. The interferences obtained here between the scattering from the nanodiscs and
the reflection from the dielectric substrate are connected to the results of?? where the in-
terferences between the surface plasmon polariton field propagating away from an optically
excited nano-hole and the reflection from the sample were reported. Contrary to the case
of Figure 4, these interferences are also visible in the far-field region of the antenna i.e at
distances from the antenna much larger than the wavelength of the incident wave. It is the
dielectric contrast at the membrane surface which allows the coupling between the electron

and the electromagnetic field radiated by the antenna. As illustrated in Figure 5-b, when

more nanostructures are considered, the spatial modulation of the electron-light coupling re-
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sults from the interference between (i) the incident wave, (ii) the waves reflected /transmitted
by the substrate and (iii) the different waves scattered by the nanostructures.

In the case of PINEM performed using a normally incident illumination, the spatial dis-
tribution of the electron-light coupling resembles closely the topography of the amplitude
ef-the z-component of the total electric field. Our study shows that a tilted illumination is
associated with a significant contribution from the substrate to the electron-light coupling
that yields more complex modulations of the inelastic interaction probability due to inter-
ference effects. Such interference effects could be exploited to gain access to the phase of the
different contributions to the total electric field. However, this would require careful electro-
dynamical simulation to take into account the different contributions to the electromagnetic
field probed by the moving electron. As shown in the expression of g,e, provided in Eq. (1),
the amplitude and phase of the contribution of the dielectric membrane to the electron/light
coupling is highly sensitive to the dielectric constant, membrane thickness and geometrical
parameters of the interaction. The interferences between the scattering from different nano-
objects or with an aperture edge will also be very sensitive to the geometrical arrangement.
Finally, the proximity of the studied nano-object with the substrate may alter the measured
optical response. The configuration in which the fast electron interacts sequentially with
electromagnetic fields in two different locations is demanding from the experimental point of
view but should be privileged for phase-resolved measurements for two reasons'*3!. First,
a proper choice of the experimental geometry allows to exactly compensate the difference
in phase velocities of the fast electron and the electromagnetic wave so that each part of
the electron beam on the membrane interacts with the same optical phase providing a con-
stant reference electron-light coupling constant throughout the studied nanostructure 4131,
Second, this configuration offers the possibility of changing the separation between the two
interaction regions and therefore the phase difference between the two interfering contri-
butions. The interference effects studied in this work must however be taken into account

whenever several nano-objects are probed simultaneously or with an optical excitation away

14



from normal incidence.

Conclusions

In conclusion we have studied both experimentally and theoretically the electron-light cou-
pling in apertures and nanostructures fabricated on a dielectric membrane. Our results show
that the scattering from the aperture edges as well as the electric field reflected or transmitted
by the dielectric membrane illuminated by a tilted plane wave contribute significantly to the
modulation of the electron-light coupling strength measured in PINEM. This contribution
from the membrane interferes with the electric field scattered by nanostructures fabricated
on the membrane and alters the electron-light coupling both in the near-field and far-field re-
gion. Whereas the analysis of the experimental results in this configuration requires a careful
analysis and comparison with electrodynamical simulations, these interference effects could

be exploited to map the phase of the electric fields scattered by complex nanostructures.
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