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ABSTRACT: Surface charging is ubiquitously observable during higheeneray oriliee
in situ transmission electron microscopy of nonconducting incoming flux
specimens as a result of electron beam/sample interactions or  electrons

optical stimuli and often limits the achievable image stability and
spatial or spectral resolution. Here, we report on the electron-
optical imaging of surface charging on a nanostructured surface
following femtosecond multiphoton photoemission. By quantita-

tively extracting the light-induced electrostatic potential and ng&:gsry
studying the charging dynamics on relevant time scales, we gain capture Dhoto-
insights into the details of the multiphoton photoemission process electrons
in the presence of an electrostatic background field. We study the 7 SiN|
interaction of the charge distribution with the high-energy electron

beam and secondary electrons and propose a simple model to

describe the interplay of electron- and light-induced processes. In addition, we demonstrate how to mitigate sample charging by
simultaneously optically illuminating the sample.
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S ample charging in electron microscopy results from a Similarly, in the emerging field of electron microscopy with
number of interlinked interactions between high-energy in situ optical excitation”””>° and ultrafast transmission
electrons and nanoscale specimens, such as electronic electron microscopy,”®™*® sample charging is expected to
excitation, defect generation, and the emission of secondary simultaneously occur due to light- and electron-beam-driven
electrons.” processes. Fully understanding the effects contributing to
For example, in cryo-electron microscopy, the interaction of charge accumulation in these systems necessitates experiments
imaging electrons with accumulated charges in amorphous ice that address the sample response to optical and high-energy
films is often detrimental and poses a limit to the achievable electron stimuli as well as the interplay of these effects.
spatial resolution, image stability, and image contrast.”™> An Here, we report on the light-induced charging of individual
ongoing effort is made to quantify and understand the gold nanostructures, imaged via transmission electron micros-
contributing processes in detail®™® as well as to mitigate the copy (TEM). The induced photovoltages are quantitatively
adverse effects of sample charging.”" extracted by comparing the defocused experimental electron
While in many cases sample charging needs to be micrographs to electron-optical image simulations, using a
minimized, other fields like liquid phase electron microscopy'" numerically calculated electric potential distribution. The
often rely heavily on the interaction of the sample with the effective nonlinearity of the underlying photoemission process

electron beam, utilizing the charge accumulation for the
electron-beam-induced fragmentation of precursors'”"’ or
charging-induced ion transport.'*™"°

Despite the distinct underlying mechanisms, sample
charging in weakly conducting specimens is also commonly
encountered in photoemission spectroscopy and microscopy
approaches.'”~'” Here, light-induced surface charging mani-
fests as a shift and, for inhomogeneous charging, as a
broadening in the measured photoelectron spectra as well as
a suppression of the total photoelectron yield. In some cases,
sample charging can be counteracted by the use of an
additional low-energy electron beam neutralizing the charge
distribution.””*'

is precisely measured using interferometrically stable two-pulse
excitation and event-based electron detection, gaining insight
into the interplay of light- and electron-beam-induced charging
phenomena and their significance for photoemission processes
in electron microscopy with in situ optical excitation.
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To investigate light-induced charging in electron micros-
copy, we consider arrays of gold nanoislands on an insulating
silicon nitride membrane as a model system (see Methods for
details). Using the Oldenburg ultrafast transmisison electron
microscope (UTEM), we illuminate the sample in situ with
femtosecond optical pulses (800 nm central wavelength, 169 fs
pulse duration, illumination area widened to a diameter of 30
pum, 400 kHz repetition rate, p-polarized). The photon energy
is deliberately chosen to be below the workfunction so that
linear photoemission processes are excluded. For mapping the
temporally averaged charge state of individual islands, we
employ a continuous electron beam and large electron imaging
defoci of —10.5 mm. A typical defocused micrograph of a gold
island without optical illumination is shown in Figure Ib.
Upon illumination (1.2 mW average optical power), a drastic
change in image contrast occurs (see Figure 1c), which results
in an increase in the apparent nanostructure size by a factor of
1.4 and a change in the electron interference pattern around
the nanodisc. Different islands within the illuminated part of
the array show comparable light-induced contrast changes with
only minor variations, as shown in Figure la (bottom
micrograph).

Using an electron-optical simulation,®” the image contrast
can be quantitatively reproduced considering an optically
induced positive charging of the gold island to a photopotential
of 3.9 V (Figure 1d,e), corresponding to a charge depletion by
~500 electrons per island. The electrostatic potential
distribution surrounding the metallic island was determined
by numerically solving the electrostatic Laplace equation, using
a three-dimensional successive over-relaxation method*® and
cross-checked with a commercial finite-element simulation
software (Figure 1f,g). The electric potential imprints a phase
shift onto the imaging electron beam,* which translates into
an image contrast under out-of-focus conditions.”’ For a
quantitative determination of the induced photovoltage with
varying optical excitation, the image intensity is fitted by
minimizing the squared differences between experimental and
simulated image intensities, with the light-induced voltage Upy
on the metallic islands as the only free fitting parameter. We
attribute the observed charging to a multiphoton photo-
emission process facilitated by the high intensities of the
femtosecond light pulses (estimated peak intensity of 3.1 GW/
cm?). We note that our experimental conditions, with a
substrate with low electric conductivity, are tuned to achieve a
long lifetime of the charge-depleted state, so that the final state
after femtosecond charging can be studied with a continuous
electron beam.

To further characterize the multiphoton photoemission
process, we conducted experiments with phase-stable pairs of
collinear optical pulses with an adjustable delay. For this
purpose, a birefringent common-path interferometer was
introduced into the optical-beam path, similar to a trans-
1ating—wed§e—based identical pulses encoding system
(TWINS).*” For pulse delays smaller than the temporal
pulse widths, the interferometer modulates the overall optical
power due to the interference of both pulses, with the
modulation period given by the optical period of the light
pulses.

At larger pulse-to-pulse delays, the interferometer can be
utilized to investigate potential non-instantaneous light-
induced dynamics. Thus, the control of the optical fluence
and the study of transient effects are conducted with the same
setup, ensuring high comparability throughout the different
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Figure 1. Electron imaging of light-induced charging in a transmission
electron microscope. (a) Scheme of the experimental setup. Optically
induced charging of isolated metallic islands in the sample plane
results in strong contrast modulations in the image plane under out-
of-focus imaging conditions. (b and c) Experimental Lorentz
micrographs without and with illumination, respectively, are
compared to image simulations (d and e). The scale bar is 500 nm.
The spatial electric potential distribution used in the image
simulations is numerically calculated by employing a successive
over-relaxation approach. Summed distribution shown in (f) side view
and (g) top view, with the sample structure indicated by the sketch
(not to scale).

experiments. Experimentally, we observe that the defocused
micrographs strongly depend on the pulse delay. In Figure 2a,
image intensity profiles across a single disc are shown for
varying pulse delays close to zero. The corresponding recorded
optical power (blue line) and extracted photovoltage (red
circles) are displayed in Figure 2b (see also Movie 1). Whereas
the optical power exhibits a simple harmonic dependency on
pulse delay as expected, both the experimental profile widths
and the extracted photovoltage show a more complex behavior.
We accumulate the data from the four optical cycles shown in
Figure 2b and plot the photovoltage depending on the light
intensity (Figure 2c), confirming that for these delays the
photovoltage is given as a function of the optical power. In a
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Figure 2. Interferometric two-pulse optical excitation and quantitative
determination of the photovoltage. (a) Image intensity profiles
through the center of a metallic island, averaged over three pixels, for
a respective optical power from experimental micrographs (top) and
simulated image intensities (bottom). (b) Incident optical power
(blue line) during an interferometric two-pulse excitation measure-
ment in the vicinity of zero pulse-to-pulse delay. The optically
induced voltage on a metallic island (pink circles) is determined by
nonlinear least-squares fitting of the image simulation to experimental
micrographs with the photovoltage as the only free parameter. (c)
Light-induced voltage on a metallic island as a function of optical
power. The straight line represents a slope of 6.5 in the logarithmic
plot. The right panel shows experimental micrographs of a column of
gold islands at the indicated optical power. The scale bar is 500 nm.

logarithmic plot, the power scaling of the photovoltage at a low
fluence shows a slope of 6.5, which is higher than the expected
value of 4, given the photon energy of 1.55 eV and gold’s
workfunction of ~5.3 eV."' At higher light intensities, the
photovoltage saturates. A potential explanation could be space
charge effects within a photoemitted electron cloud.”™**
However, as detailed below, for our system this behavior is
linked to the cumulative charging of the sample over successive
light pulses. We note that beyond driving the nonlinear
photoemission, the optical excitation also results in an
increased base temperature of the sample, influencing to
some extent the photoelectron yield and substrate con-

5748

ductivity. Comparing the employed optical pulse fluences of
<0.5 mJ/cm® to those of previous experiments on a similar
sample system,45 we estimate the average temperature increase
in our case to be <50 K.

We further investigated the induced photovoltage for larger
pulse delays (see Figure 3a). The optical power variation traces
the field autocorrelation of the optical excitation pulse
(spectral width of ~6.8 nm). Due to the nonlinear intensity
dependence mentioned above, the photovoltage shows a
distinctly different behavior compared to the autocorrelation
but without a clear signature of a delayed sample response, for
example, due to a hot electron gas.

To understand the apparent saturation of the photoemission
efficiency at higher fluences, we apply an electron microscopy
approach with high temporal resolution and investigate the
cumulative charging over successive optical pulses by using an
event-based electron detector based on a TimePix3 chip
architecture.*™** Using a Pockels cell, we precisely chop the
optical excitation at a frequency of S Hz (50% duty cycle) and
collect an 8 s electron event stream on the TimePix detector.
The events are sorted into 500 ys wide bins according to their
relative delay to the S Hz control signal. The photovoltages
extracted from these reconstructed micrographs (see also
Movie 2 and Movie 3) are shown in Figure 3d for electron-
beam dose rates of 0.012 electron nm ™2 s™* (pink circles) and
0.043 electron nm™* s™* (yellow circles).

For delays from 0 to 100 ms, no illumination of the sample
occurs and a decharging of the metallic islands can be
observed. This process is governed by the emission of
secondary electrons in the vicinity of the charged islands by
the incident high-energy electron beam, which neutralize the
positively charged metallic nanostructures.” Generally, the
number of emitted secondary electrons depends on the
electron dose and the substrate material. In our case, part of
the silicon frame that holds the silicon nitride membrane is
iluminated by the electron beam, resulting in a higher
secondary electron yield. Consequently, different decharging
rates of 8 and 21 V/s are observed for the different electron-
beam dose rates. A further contributing charging mechanism
might be an electron-beam-induced increase in the electrical
conductivity of the silicon nitride substrate. We note that the
gold islands themselves can also be considered as a source of
secondary electrons, albeit with a much weaker influence in
comparison to the dominant contribution of the 200 ym thick
silicon frame.

Upon reillumination of the sample at a delay of 100 ms, a
fast increase in the photovoltage can be observed, with a time
constant of ~2 ms. Subsequently, after the cumulative effect of
~10* optical pulses, the measured photovoltage remains at a
constant Upy for the duration of the optical excitation.

The observed behavior can be explained within the
framework of photoemission in a background electric field.
Photoemitted electrons have to overcome the electrostatic
potential that surrounds the charged islands. As a consequence,
electrons with insufficient initial energy from the multiphoton
absorption are unable to escape the potential well and instead
fall back to the surface of the metallic island, not contributing
to a further charging of the island. At a saturated photovoltage
(at delays >100 ms), only a few photoelectrons escape the
Coulomb potential around the islands, that balance the
electron-beam-induced decharging, thereby maintaining an
equilibrium potential state of the island. Supporting this
picture, TimePix-based recordings with nanosecond time bins
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Figure 3. Dynamics of the charging/decharging process and interplay of light- and electron-beam-induced phenomena. (a) Photovoltage (pink
line) during interferometric double-pulse optical excitation for pulse delays of up to +150 fs. The measurement of the optical power (blue circles)
corresponds to the field autocorrelation function. (b) Simulation of the photovoltage for varying pulse-to-pulse delays of the optical excitation in an
interferometric measurement scheme. (c) Overview of the electron-beam- and light-induced processes contributing to the charging/decharging of
individual metallic islands. (d) Charging/decharging cycle measured with an event-based electron detector for an electron dose rate of 0.012

electron nm™ s™! (pink circles) and 0.043 electron nm™>

s7" (yellow circles). The dynamics are modeled with a rate equation (dark red and yellow

lines) including optical- and electron-beam-induced contributions to the charge state of the islands (see the text for details). (e) Experimentally
measured photovoltages for optical excitation with varying pulse lengths and comparison to the simulated results considering a multiphoton
photoemission process and a thermionic emission process. Simulations are adjusted to replicate the experimental photovoltage for unstretched light

pulses.

(see Movie 4) did not show any apparent contrast changes
between optical pulses, highlighting that in the saturated state,
only minimal charging occurs. The contributing processes are
sketched in Figure 3c.

Along these lines, also the observed distinctive intensity
dependence, characterized by a consistent decrease in slope as
the optical power increases, can be explained. We describe the
dynamic charging process with a rate equation model, in which
the change in photovoltage Upy of an island is given by

dUpy

dt = _klleacapture(UPV) + kZIpnaescape(UPV) + k31e

(1)

The first part of the expression corresponds to the decharging
of the metallic nanoisland due to the capture of secondary
electrons induced by the beam current I. The capture
probability of secondary electrons, O'capture(UPV): depends on
the charge state of the islands. For the sake of simplicity, we
consider a simple relation G,p.e(Upy) = Upy that results in an
exponential decay of the island’s charge state. The second term
describes the charging of the islands due to photoemission and
depends on the optical intensity I, the effective nonlinearity of
the photoemission process n and the probability c)'escape(UpV)
that a photoemitted electron escapes the electrostatic potential
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of the charged island. The third term represents the
contribution of the electron-beam-induced positive charging
to the overall dynamics due to the emission of secondary
electrons from the nano disc. ky, k, and k; are rate constants of
the involved processes. The escape probability can be
approximately connected to the photoelectron energy
distribution g(E), yielding

O-escape(UPV) = /Oo g(E) dE

eUpy (2)
In general, g(E) will change with the optical intensity due to
the opening of multiphoton emission channels with higher
nonlinearities at increased intensities. By using a constant
photoelectron energy distribution with an upper limit of 2.99
eV, we already obtain a good fit to the experimental time-
resolved photovoltage traces, as shown in Figure 3d. With the
same set of fit parameters, also the absolute value of the
photovoltage induced by double-pulse excitation can be well
reproduced (Figure 3a,b), despite the different electron-beam
dose rates and temporal optical pulse shapes employed for
these experiments. Minor misalignments in the common-path
interferometer lead to a nonvanishing fluence for destructive
interference around zero delay. This is taken into account in
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the simulations by assigning slightly different amplitudes to the
electric fields of the two pulse copies.

To clarify the characteristics of the photoemission process,
we further conducted measurements with varying optical pulse
lengths (see Figure 3e). We incorporated dense-flint glass
cylinders with an effective length of 10 cm (20 cm, 30 cm) into
the optical-beam path, thus introducing a strong chirp to the
pulses, effectively stretching the optical excitation to a duration
of 0.55 ps (0.97 ps, 1.4 ps). A comparison of the experimental
data (pink circles) to the photovoltages expected from a pure
multiphoton photoemission process in a background field
(black cirlces) and a thermionic emission process in a
background field (yellow circles), calculated by utilizing a
simple two-temperature model, suggests that the multiphoton
pathway is dominating at the employed excitation parameters.

Whereas, so far, we have focused on the quantitative
description of the light-induced charging and photoemission
characteristics, we note that light-driven processes can also be
utilized to compensate electron-beam-induced charge accu-
mulation. Under illumination conditions for which the primary
beam is not impinging on the silicon support frame of the
membrane, secondary electron emission is minimized, and
other decharging mechanisms may become relevant. In Figure
4a—d, gold islands are imaged under such conditions and at
different light intensities. Without optical illumination (Figure
4a), the image of the island array is strongly distorted and
changed in its effective magnification by a factor of 3.5 due to
an electron-beam-induced local charge accumulation and
thereby the formation of an electrostatic lens. As compared
to the laser-induced charging experiments, less contrast is seen
around each nanoisland, putatively due to a more homoge-
neous charge distribution in the electron-beam-induced case.
We observe a reduction in the apparent magnification upon
illuminating the charged area with femtosecond light pulses,
indicating a neutralization of the accumulated electron-beam-
induced charge (see Figure 4a—d). The decharging effect
becomes more pronounced for higher optical powers (see
Figure 4e; optical spot diameter of 10—15 pm) and occurs
only when the spatial overlap between the electron beam and
the optical focus is maintained.

We investigate the dynamics of charge buildup and light-
induced neutralization using the event-based electron
detection scheme, while chopping the optical excitation at a
frequency of 1 Hz (50% duty cycle), on an array of gold
nanoislands as described above and an empty silicon nitride
membrane. For delays between 0 and 500 ms, no optical
illumination occurs, and in both samples, an increase in the
apparent magnification due to electron-beam-induced charge
accumulation can be observed. Reillumination at a delay of 500
ms results in a decrease in the apparent magnification. For the
silicon nitride membrane (without gold islands), we observe a
progressive decharging for the remainder of the illumination
period, just starting to saturate at a delay of 1 s. If additionally
gold nanoislands are present in the area under investigation, we
observe a step-like compensation of the accumulated charge,
reaching an equilibrium state after a few milliseconds.

Optical illumination has been reported to reduce surface
charging effects in electron microscopy,” using photon
energies close to the workfunction of the materials by
detrapping accumulated charges. As a direct excitation of
surface defects is expected to be largely suppressed at the
wavelength employed in our experiments, we hypothesize that
instead the observed behavior could be attributed to an
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Figure 4. Mitigating electron-beam-induced charging by optical
illumination. (a—d) Experimental Lorentz micrographs showing a
strong electron-beam-induced change in the apparent magnification
and image distortions (electron dose rate of 0.02 electron nm™ 5™/,
defocus value of —10 mm). The sample is illuminated with
femtosecond light pulses with the indicated average optical power.
The image intensity is multiplied by the indicated factor to increase
the contrast. The nanoisland periodicity is 1.5 ym. (e) Change in the
apparent magnification for an array of illuminated gold nanoislands as
a function of average optical power. The apparent magnification is
measured as the Gaussian width of the electron spot along one
dimension. (f) Change in the apparent magnification measured with
an event-based electron detector while chopping the optical excitation
(50% duty cycle, 1 Hz). The decharging dynamics are investigated on
an array of gold nanoislands (optical power of 0.8 mW, yellow circles)
and an empty silicon nitride membrane (optical power of 2.3 mW,
pink circles). Both measurements were conducted with an electron
dose rate of 0.012 electron nm™ s™" and a defocus value of —20 mm.
We note that the photoinduced magnification changes sensitively
depend on the illumination conditions.

optical-pumping-induced, locally increased sample temper-
ature. The enhanced electrical conductivity would shift the
equilibrium point of electron-beam-induced charge accumu-
lation to smaller values. Additionally, internal photoemission
processes might contribute to the observed behavior.

We note that optical illumination serves as an effective
method for mitigating the detrimental impacts of sample
charging in electron microscopy, reducing electron-beam-
induced lensing effects by a factor of <3 in our experiments.
Beyond this application, the strong image contrast modulations
upon optical illumination through either charging of individual
gold nanoislands or decharging of the sample provide a viable
tool for finding the spatial overlap between an electron beam
and optical foci on the sample, necessary in optical in situ
TEM and in UTEM approaches, which is usually a very time-
consuming task requiring meticulous alignment. Furthermore,
this technique offers an easy approach for estimating the size of
the illuminated area on the sample (see Figure S1 for an
electron micrograph of an inhomogeneously illuminated array
of square-shaped nanoislands).
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In conclusion, we present the electron-optical imaging of
light-induced charge distributions on a nanostructured surface.
We quantitatively determined the photovoltage by reproducing
the experimental micrographs with electron-optical image
simulations using a numerically calculated electrostatic
potential distribution. By utilizing interferometric two-pulse
excitation measurements and event-based electron recording,
we could identify the underlying process as a multiphoton
photoemission process in a background electric field in the
presence of low-energy secondary electrons. We modeled the
charging dynamics with a rate equation and quantified the
contributions of light- and electron-beam-induced effects. With
the same set of parameters, we were able to quantitatively
reproduce the observed photovoltages for different electron-
beam doses, optical powers, and effective optical pulse lengths,
highlighting the quality of our model. In the future, our
findings may help to disentangle the various charging-related
phenomena and enable a more precise and controlled
characterization of nanoscale materials and devices. First
results on light-induced decharging processes show potential
to mitigate adverse effects of charging dynamics in high-
resolution electron microscopy.

B METHODS

Specimen Preparation. The investigated samples consist
of an array of disc-shaped Au islands with a diameter of 500
nm and an interisland spacing of 1 um. Using a lift-off process,
the specimens were prepared on 50 nm thick silicon nitride
membranes (PELCO) as a substrate. A mask was patterned by
electron-beam lithography into a poly(methyl methacrylate)
(PMMA) resist with subsequent development. Using electron-
beam vapor deposition (base pressure of 1077 mbar), the
sample was coated with a 3 nm chromium layer, followed by a
17 nm gold layer. The chromium film acts as a wetting layer for
the subsequently evaporated gold, promoting adhesion to the
substrate and enabling the lift-off procedure. The interdiffusion
and alloy formation of the two metallic layers are limited to a
range of 2—3 nm,*° so that the influence of the chromium layer
is neglected in the interpretation of the photoemission data.
The final structure thickness was confirmed by atomic force
microscopy measurements.

Electron Microscopy. Electron micrographs were re-
corded with the Oldenburg ultrafast transmission electron
microscope, which is based on a JEOL JEM-F200 instrument
(200 keV electron energy, Schottky-type electron gun). The
microscope was operated in the low-magnification mode with
the objective lens turned off, and a defocus of —10.5 mm was
chosen, unless stated otherwise. For electron illumination, a
100 pm diameter condenser aperture and a spot size of 5 were
used. Micrographs were acquired with a complementary metal
oxide semiconductor (CMOS) detector (TVIPS TemCam-
XF416R, 4096 pixels X 4096 pixels, 15.5 pm pixel size). Matlab
was used for all further evaluation steps, which included
binning (4 pixels X 4 pixels) and Gauss filtering (standard
deviation of the two-dimensional Gaussian smoothing kernel
of 2) and analysis of the photovoltage. For time-resolved
measurements, we utilized a TimePix3 detector (Cheetah T3,
Amsterdam Scientific Instruments), which is an event-based
electron detector with a nominal time bin width of 1.6 ns.

Optical Setup. For triggering multiphoton photoemission
from the gold nanoislands, we used optical pulses from a
collinear optical parametric amplifier (OPA, Orpheus HP,
Light Conversion) seeded and pumped by an amplified Yb-
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doped potassium gadolinium tungstate (KGW) femtosecond
laser system (Carbide, Light Conversion). Optical pulses were
characterized by a self-built frequency-resolved optical gating
setup (FROG). Femtosecond light pulses are focused on the
sample using an incoupling unit installed on a flange located at
the height of the TEM pole piece. The incoupling unit consists
of a vacuum viewport and a focusing lens (focal length of SO
mm, diameter of 0.5 in.) that is mounted on three piezo stages,
enabling high-precision scanning of the optical focus over the
sample, with an incident angle of ~57° relative to the electron
beam. An active beam stabilization system (Aligna, TEM
Messtechnik) is utilized to accommodate the relative move-
ments of the optical laser system and the TEM column, each
supported on individual vibration damping systems.

For the generation of interferometrically stable optical pulse
pairs with an adjustable delay, we used a birefringent common-
path interferometer.*’ Specifically, a half-wave plate is used to
polarize the light at 45° relative to the fast axis of a planar a-
BBO crystal (thickness of 4 mm). The fast axis of the following
pair of @-BBO wedges (length of SO mm, opening angle of 7°)
is rotated by 90° with respect to that of the planar a-BBO
crystal. The last element of the interferometer is a polarization
filter, with the transmission axis at a 45° angle with respect to
the fast axes of the planar and the wedged a-BBO crystals.

B ASSOCIATED CONTENT
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Assembled video of the data presented in Figure 2
(Movie 1) (AVI)

Assembled video of the data presented in Figure 3, with
a high-dose electron beam (Movie 2) (AVI)
Assembled video of the data presented in Figure 3, with
a low-dose electron beam (Movie 3) (AVI)

In situ observation of nanoislands, optically excited with
a repetition rate of 400 kHz (Movie 4) (AVI)
Additional details of the data analysis and computational
methods, including a micrograph showing an inhomoge-
neously excited array of nanoislands (PDF)

B AUTHOR INFORMATION

Corresponding Author

Sascha Schifer — Institute of Physics, Carl-von-Ossietzky
University of Oldenburg, 26129 Oldenburg, Germany;
Department of Physics, University of Regensburg, 93053
Regensburg, Germany; Regensburg Center for Ultrafast
Nanoscopy (RUN), University of Regensburg, 93053
Regensburg, Germany; © orcid.org/0000-0003-1908-8316;
Email: sascha.schaefer@ur.de

Author
Jonathan T. Weber — Institute of Physics, Carl-von-Ossietzky
University of Oldenburg, 26129 Oldenburg, Germany;
Department of Physics, University of Regensburg, 93053
Regensburg, Germany; © orcid.org/0000-0001-9481-976X

Complete contact information is available at:

https://pubs.acs.org/10.1021/acs.nanolett.4c00773

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acs.nanolett.4c00773
Nano Lett. 2024, 24, 5746—5753


https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00773?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00773/suppl_file/nl4c00773_si_001.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00773/suppl_file/nl4c00773_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00773/suppl_file/nl4c00773_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00773/suppl_file/nl4c00773_si_004.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c00773/suppl_file/nl4c00773_si_005.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sascha+Scha%CC%88fer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1908-8316
mailto:sascha.schaefer@ur.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+T.+Weber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9481-976X
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00773?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

B ACKNOWLEDGMENTS

The authors acknowledge financial support by the Volkswagen
Foundation as part of the Lichtenberg Professorship “Ultrafast
nanoscale dynamics probed by time-resolved electron imag-
ing”. The authors also thank the German Science Foundation
for the funding of the ultrafast transmission electron
microscope (INST 184/211 1 FUGG) and the electron-
beam lithography instrument (INST 184/107-1 FUGG).

B REFERENCES

(1) Cazaux, J. Correlations Between Ionization Radiation Damage
and Charging Effects in Transmission Electron Microscopy. Ultra-
microscopy 1995, 60, 411—425.

(2) Russo, C. J.; Henderson, R. Charge Accumulation in Electron
Cryomicroscopy. Ultramicroscopy 2018, 187, 43—49.

(3) Brink, J.; Sherman, M. B.; Berriman, J.; Chiu, W. Evaluation of
Charging on Macromolecules in Electron Cryomicroscopy. Ultra-
microscopy 1998, 72, 41—52.

(4) Béttcher, B. Electron Cryo-Microscopy of Graphite in
Amorphous Ice. Ultramicroscopy 1995, 58, 417—424.

(5) Russo, C. J.; Henderson, R. Microscopic Charge Fluctuations
Cause Minimal Contrast Loss in Cryoem. Ultramicroscopy 2018, 187,
56—63.

(6) Schreiber, M. T.; Maigné, A.; Beleggia, M.; Shibata, S.; Wolf, M.
Temporal Dynamics of Charge Buildup in Cryo-Electron Microscopy.
J. Struct. Biol.: X 2023, 7, No. 100081.

(7) Glaeser, R. M.; Downing, K. H. Specimen Charging on Thin
Films with One Conducting Layer: Discussion of Physical Principles.
Microsc. Microanal. 2004, 10, 790—796.

(8) Beleggia, M.; Gontard, L. C.; Dunin-Borkowski, R. E. Local
Charge Measurement Using Off-Axis Electron Holography. J. Phys. D:
Appl. Phys. 2016, 49, No. 294003.

(9) Berriman, J. A.; Rosenthal, P. B. Paraxial Charge Compensator
for Electron Cryomicroscopy. Ultramicroscopy 2012, 116, 106—114.

(10) Park, J.; Park, H.; Ercius, P.; Pegoraro, A. F.; Xu, C.; Kim, J. W,;
Han, S. H; Weitz, D. A. Direct Observation of Wet Biological
Samples by Graphene Liquid Cell Transmission Electron Microscopy.
Nano Lett. 2015, 15, 4737—4744.

(11) Ross, F. M., Ed. Liquid Cell Electron Microscopy, lst ed.;
Cambridge University Press, 2016.

(12) Gonzalez-Martinez, 1. G.; Bachmatiuk, A,; Bezugly, V.;
Kunstmann, J.; Gemming, T.; Liu, Z.; Cuniberti, G.; Rimmeli, M.
H. Electron-Beam Induced Synthesis of Nanostructures: A Review.
Nanoscale 2016, 8, 11340—11362.

(13) Pyrz, W. D.; Park, S.; Vogt, T.; Buttrey, D. J. Electron Beam-
Induced Fragmentation and Dispersion of BiNi Nanoparticles. J. Phys.
Chem. C 2007, 111, 10824—10828.

(14) Chen, Y.-T.; Wang, C.-Y,; Hong, Y.-]; Kang, Y.-T.; Lai, S.-E;
Chang, P; Yew, T.-R. Electron Beam Manipulation of Gold
Nanoparticles External to the Beam. RSC Adv. 2014, 4, No. 31652.

(15) Jiang, N. On the in Situ Study of Li Ion Transport in
Transmission Electron Microscope. J. Mater. Res. 2015, 30, 424—428.

(16) White, E. R; Mecklenburg, M.; Shevitski, B.; Singer, S. B;
Regan, B. C. Charged Nanoparticle Dynamics in Water Induced by
Scanning Transmission Electron Microscopy. Langmuir 2012, 28,
3695—3698.

(17) Suzer, S. Differential Charging in X-Ray Photoelectron
Spectroscopy: A Nuisance or a Useful Tool? Anal. Chem. 2003, 75,
7026—7029.

(18) Cazaux, J. About the Charge Compensation of Insulating
Samples in XPS. J. Electron Spectrosc. Relat. Phenom. 2000, 113, 15—
33.

(19) Mihaychuk, J. G.; Shamir, N.; Van Driel, H. M. Multiphoton
Photoemission and Electric-Field-Induced Optical Second-Harmonic
Generation as Probes of Charge Transfer Across the Si/SiO2
Interface. Phys. Rev. B 1999, 59, 2164—2173.

(20) Audi, A. A; Sherwood, P. M. A. Valence-Band X-Ray
Photoelectron Spectroscopic Studies of Manganese and its Oxides

5752

Interpreted by Cluster and Band Structure Calculations. Surf. Interface
Anal. 2002, 33, 274—282.

(21) Huchital, D. A.; McKeon, R. T. Use of an Electron Flood Gun
to Reduce Surface Charging in X-Ray Photoelectron Spectroscopy.
Appl. Phys. Lett. 1972, 20, 158—159.

(22) Eggebrecht, T.; Méller, M.; Gatzmann, J. G.; Rubiano Da Silva,
N,; Feist, A.; Martens, U.; Ulrichs, H.; Miinzenberg, M.; Ropers, C,;
Schifer, S. Light-Induced Metastable Magnetic Texture Uncovered by
In Situ Lorentz Microscopy. Phys. Rev. Lett. 2017, 118, No. 097203.

(23) Berruto, G.; Madan, 1; Murooka, Y.; Vanacore, G.; Pomarico,
E.; Rajeswari, J.; Lamb, R; Huang, P.; Kruchkov, A.; Togawa, Y,;
LaGrange, T.; McGrouther, D.; Ronnow, H.; Carbone, F. Laser-
Induced Skyrmion Writing and Erasing in an Ultrafast Cryo-Lorentz
Transmission Electron Microscope. Phys. Rev. Lett. 2018, 120,
No. 117201.

(24) Voss, J. M; Olshin, P. K; Charbonnier, R.; Drabbels, M.;
Lorenz, U. J. In Situ Observation of Coulomb Fission of Individual
Plasmonic Nanoparticles. ACS Nano 2019, 13, 12445—12451.

(25) Bongiovanni, G.; Harder, O. F.; Voss, J. M.; Drabbels, M,;
Lorenz, U. J. Near-Atomic Resolution Reconstructions from In Situ
Revitrified Cryo Samples. Acta Crystallogr. D Struct. Biol. 2023, 79,
473—478.

(26) Feist, A.; Bach, N.; Rubiano Da Silva, N.; Danz, T.; Méller, M.;
Priebe, K. E.; Domrose, T.; Gatzmann, J. G.; Rost, S.; Schauss, J.;
Strauch, S.; Bormann, R.; Sivis, M.; Schifer, S.; Ropers, C. Ultrafast
Transmission Electron Microscopy Using a Laser-Driven Field
Emitter: Femtosecond Resolution with a High Coherence Electron
Beam. Ultramicroscopy 2017, 176, 63—73.

(27) Nabben, D.; Kuttruff, J.; Stolz, L.; Ryabov, A; Baum, P.
Attosecond Electron Microscopy of Sub-Cycle Optical Dynamics.
Nature 2023, 619, 63—67.

(28) Feist, A.; Rubiano Da Silva, N.; Liang, W.; Ropers, C.; Schifer,
S. Nanoscale Diffractive Probing of Strain Dynamics in Ultrafast
Transmission Electron Microscopy. Struct. Dyn. 2018, 5, No. 014302.

(29) Cao, G Jiang, S.; Akerman, J.; Weissenrieder, J. Femtosecond
Laser Driven Precessing Magnetic Gratings. Nanoscale 2021, 13,
3746—-3756.

(30) Cremons, D. R; Plemmons, D. A; Flannigan, D. J.
Femtosecond Electron Imaging of Defect-Modulated Phonon
Dynamics. Nat. Commun. 2016, 7, No. 11230.

(31) Houdellier, F.; Caruso, G.; Weber, S.; Kociak, M.; Arbouet, A.
Development of a High Brightness Ultrafast Transmission Electron
Microscope Based on a Laser-Driven Cold Field Emission Source.
Ultramicroscopy 2018, 186, 128—138.

(32) Vanacore, G. M,; Berruto, G.; Madan, I; Pomarico, E.;
Biagioni, P.; Lamb, R. J.; McGrouther, D.; Reinhardt, O.; Kaminer, L;
Barwick, B.; Larocque, H.; Grillo, V.; Karimi, E.; Garcia De Abajo, F.
J.; Carbone, F. Ultrafast Generation and Control of an Electron
Vortex Beam Via Chiral Plasmonic Near Fields. Nat. Mater. 2019, 18,
573-579.

(33) Wang, K.; Dahan, R; Shentcis, M.; Kauffmann, Y.; Ben Hayun,
A.; Reinhardt, O.; Tsesses, S.; Kaminer, I. Coherent Interaction
Between Free Electrons and a Photonic Cavity. Nature 2020, 582,
50—-54.

(34) Biicker, K; Picher, M.; Crégut, O.; LaGrange, T.; Reed, B;
Park, S.; Masiel, D.; Banhart, F. Electron Beam Dynamics in an
Ultrafast Transmission Electron Microscope with Wehnelt Electrode.
Ultramicroscopy 2016, 171, 8—18.

(35) Kim, Y.-J; Lee, Y,; Kim, K; Kwon, O.-H. Light-Induced
Anisotropic Morphological Dynamics of Black Phosphorus Mem-
branes Visualized by Dark-Field Ultrafast Electron Microscopy. ACS
Nano 2020, 14, 11383—11393.

(36) Zhu, C.; Zheng, D.; Wang, H.; Zhang, M.; Li, Z.; Sun, S.; Xu,
P; Tian, H; Li, Z; Yang, H,; Li, ]J. Development of Analytical
Ultrafast Transmission Electron Microscopy Based on Laser-Driven
Schottky Field Emission. Ultramicroscopy 2020, 209, No. 112887.

(37) Zuo, J. M; Spence, J. C. Advanced Transmission Electron
Microscopy; Springer: New York, 2017.

https://doi.org/10.1021/acs.nanolett.4c00773
Nano Lett. 2024, 24, 5746—5753


https://doi.org/10.1016/0304-3991(95)00077-1
https://doi.org/10.1016/0304-3991(95)00077-1
https://doi.org/10.1016/j.ultramic.2018.01.009
https://doi.org/10.1016/j.ultramic.2018.01.009
https://doi.org/10.1016/S0304-3991(97)00126-5
https://doi.org/10.1016/S0304-3991(97)00126-5
https://doi.org/10.1016/0304-3991(95)00010-X
https://doi.org/10.1016/0304-3991(95)00010-X
https://doi.org/10.1016/j.ultramic.2018.01.011
https://doi.org/10.1016/j.ultramic.2018.01.011
https://doi.org/10.1016/j.yjsbx.2022.100081
https://doi.org/10.1017/S1431927604040668
https://doi.org/10.1017/S1431927604040668
https://doi.org/10.1088/0022-3727/49/29/294003
https://doi.org/10.1088/0022-3727/49/29/294003
https://doi.org/10.1016/j.ultramic.2012.03.006
https://doi.org/10.1016/j.ultramic.2012.03.006
https://doi.org/10.1021/acs.nanolett.5b01636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6NR01941B
https://doi.org/10.1021/jp071414i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp071414i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4RA03350G
https://doi.org/10.1039/C4RA03350G
https://doi.org/10.1557/jmr.2014.355
https://doi.org/10.1557/jmr.2014.355
https://doi.org/10.1021/la2048486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la2048486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034823t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034823t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0368-2048(00)00190-0
https://doi.org/10.1016/S0368-2048(00)00190-0
https://doi.org/10.1103/PhysRevB.59.2164
https://doi.org/10.1103/PhysRevB.59.2164
https://doi.org/10.1103/PhysRevB.59.2164
https://doi.org/10.1103/PhysRevB.59.2164
https://doi.org/10.1002/sia.1211
https://doi.org/10.1002/sia.1211
https://doi.org/10.1002/sia.1211
https://doi.org/10.1063/1.1654090
https://doi.org/10.1063/1.1654090
https://doi.org/10.1103/PhysRevLett.118.097203
https://doi.org/10.1103/PhysRevLett.118.097203
https://doi.org/10.1103/PhysRevLett.120.117201
https://doi.org/10.1103/PhysRevLett.120.117201
https://doi.org/10.1103/PhysRevLett.120.117201
https://doi.org/10.1021/acsnano.9b06664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b06664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2059798323003431
https://doi.org/10.1107/S2059798323003431
https://doi.org/10.1016/j.ultramic.2016.12.005
https://doi.org/10.1016/j.ultramic.2016.12.005
https://doi.org/10.1016/j.ultramic.2016.12.005
https://doi.org/10.1016/j.ultramic.2016.12.005
https://doi.org/10.1038/s41586-023-06074-9
https://doi.org/10.1063/1.5009822
https://doi.org/10.1063/1.5009822
https://doi.org/10.1039/D0NR07962F
https://doi.org/10.1039/D0NR07962F
https://doi.org/10.1038/ncomms11230
https://doi.org/10.1038/ncomms11230
https://doi.org/10.1016/j.ultramic.2017.12.015
https://doi.org/10.1016/j.ultramic.2017.12.015
https://doi.org/10.1038/s41563-019-0336-1
https://doi.org/10.1038/s41563-019-0336-1
https://doi.org/10.1038/s41586-020-2321-x
https://doi.org/10.1038/s41586-020-2321-x
https://doi.org/10.1016/j.ultramic.2016.08.014
https://doi.org/10.1016/j.ultramic.2016.08.014
https://doi.org/10.1021/acsnano.0c03644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ultramic.2019.112887
https://doi.org/10.1016/j.ultramic.2019.112887
https://doi.org/10.1016/j.ultramic.2019.112887
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

(38) Hansen, P. B. Numerical Solution of Laplace’s Equation.
Electrical Engineering and Computer Science - Technical Reports; 1992;
Vol. 168.

(39) Aharonov, Y.; Bohm, D. Significance of Electromagnetic
Potentials in the Quantum Theory. Phys. Rev. 1959, 115, 485—491.

(40) Brida, D.; Manzoni, C.; Cerullo, G. Phase-Locked Pulses for
Two-Dimensional Spectroscopy by a Birefringent Delay Line. Opt.
Lett. 2012, 37, 3027.

(41) Sachtler, W.; Dorgelo, G.; Holscher, A. The Work Function of
Gold. Surf. Sci. 1966, S, 221—229.

(42) Riffe, D. M.; More, R. M.; Wang, X. Y.; Downer, M. C.; Fisher,
D. L,; Tajima, T.; Erskine, J. L. Femtosecond Thermionic Emission
from Metals in the Space-Charge-Limited Regime. J. Opt. Soc. Am. B
1993, 10, 1424.

(43) Bach, N.; Domrése, T.; Feist, A.; Rittmann, T.; Strauch, S.;
Ropers, C.; Schifer, S. Coulomb Interactions in High-Coherence
Femtosecond Electron Pulses from Tip Emitters. Struct. Dyn. 2019, 6,
No. 014301.

(44) Van Oudheusden, T.; De Jong, E. F.; Van Der Geer, S. B,
Op’T Root, W. P. E. M,; Luiten, O. J.; Siwick, B. J. Electron Source
Concept for Single-Shot Sub-100 fs Electron Diffraction in the 100
keV Range. J. Appl. Phys. 2007, 102, No. 093501.

(45) Rubiano Da Silva, N.; Méller, M.; Feist, A.; Ulrichs, H.; Ropers,
C.; Schifer, S. Nanoscale Mapping of Ultrafast Magnetization
Dynamics with Femtosecond Lorentz Microscopy. Phys. Rev. X
2018, 8, No. 031052.

(46) Poikela, T.; Plosila, J.; Westerlund, T.; Campbell, M.; Gaspari,
M. D,; Llopart, X.; Gromov, V.; Kluit, R.; Beuzekom, M. V.; Zappon,
F.; Zivkovic, V.; Brezina, C.; Desch, K; Fu, Y.; Kruth, A. Timepix3: A
65K Channel Hybrid Pixel Readout Chip with Simultaneous ToA/
ToT and Sparse Readout. J. Inst. 2014, 9, C05013—C05013.

(47) Schréder, A.; Rathje, C.; Van Velzen, L.; Kelder, M.; Schifer, S.
Improving the temporal resolution of event-based electron detectors
using neural network cluster analysis. Ultramicroscopy 2024, 256,
No. 113881.

(48) Van Schayck, J. P.; Zhang, Y.; Knoops, K; Peters, P. J.; Ravelli,
R. B. G. Integration of an Event-Driven Timepix3 Hybrid Pixel
Detector into a Cryo-EM Workflow. Microsc. Microanal. 2023, 29,
352-363.

(49) Seniutinas, G.; Balcytis, A.; Juodkazis, S. Ultraviolet-photo-
electric effect for augmented contrast and resolution in electron
microscopy. APL Photonics 2016, 1, No. 021301.

(50) Todeschini, M.; Bastos Da Silva Fanta, A.; Jensen, F.; Wagner,
J. B.; Han, A. Influence of Ti and Cr Adhesion Layers on Ultrathin Au
Films. ACS Appl. Mater. Interfaces 2017, 9, 37374—3738S.

5753

https://doi.org/10.1021/acs.nanolett.4c00773
Nano Lett. 2024, 24, 5746—5753


https://doi.org/10.1103/PhysRev.115.485
https://doi.org/10.1103/PhysRev.115.485
https://doi.org/10.1364/OL.37.003027
https://doi.org/10.1364/OL.37.003027
https://doi.org/10.1016/0039-6028(66)90083-5
https://doi.org/10.1016/0039-6028(66)90083-5
https://doi.org/10.1364/JOSAB.10.001424
https://doi.org/10.1364/JOSAB.10.001424
https://doi.org/10.1063/1.5066093
https://doi.org/10.1063/1.5066093
https://doi.org/10.1063/1.2801027
https://doi.org/10.1063/1.2801027
https://doi.org/10.1063/1.2801027
https://doi.org/10.1103/PhysRevX.8.031052
https://doi.org/10.1103/PhysRevX.8.031052
https://doi.org/10.1088/1748-0221/9/05/C05013
https://doi.org/10.1088/1748-0221/9/05/C05013
https://doi.org/10.1088/1748-0221/9/05/C05013
https://doi.org/10.1016/j.ultramic.2023.113881
https://doi.org/10.1016/j.ultramic.2023.113881
https://doi.org/10.1093/micmic/ozac009
https://doi.org/10.1093/micmic/ozac009
https://doi.org/10.1063/1.4945357
https://doi.org/10.1063/1.4945357
https://doi.org/10.1063/1.4945357
https://doi.org/10.1021/acsami.7b10136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b10136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

