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Abstract: Interference gating (iGate) has emerged as a groundbreaking technique for
ultrafast time-resolved electron holography in transmission electron microscopy, deliver-
ing nanometer spatial and nanosecond temporal resolution with minimal technological
overhead. This study employs iGate to dynamically observe the local projected electric
potential within the space-charge region of a contacted transmission electron microscopy
(TEM) lamella manufactured from a silicon diode during switching between unbiased
and reverse-biased conditions, achieving a temporal resolution of 25 ns at a repetition
rate of 3 MHz. By synchronizing the holographic acquisition with the applied voltage,
this approach enables the direct visualization of time-dependent potential distributions
with high precision. Complementary static and dynamic experiments reveal a remark-
able correspondence between modeled and measured projected potentials, validating the
method’s robustness. The observed dynamic phase progressions resolve and allow one
to differentiate between localized switching dynamics and preparation-induced effects,
such as charge recombination near the sample edges. These results establish iGate as a
transformative tool for operando investigations of semiconductor devices, paving the way
for advancing the nanoscale imaging of high-speed electronic processes.

Keywords: ultrafast electron holography; transmission electron microscopy; nanostructured
device; semiconductor electronics; dynamic imaging

1. Introduction
As electronic devices continue to shrink in size [1–10], their performance is increasingly

governed by nanoscale phenomena, where surface effects, charge dynamics, and localized
interactions play a pivotal role [11–14]. Modeling and optimizing these devices require
simulations capable of resolving dynamic processes at ultrafast timescales. However,
conventional modeling [15–19] and experimental techniques [20–23] often fall short in
capturing localized transient effects, particularly in active regions where ultrafast switching
and charge transport mechanisms are critical. From an experimental standpoint, due
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to structural dimensions, the use of electron microscopic techniques is unavoidable for
quantitative investigations of the general behavior of real-world nano-devices.

Transmission electron microscopy (TEM) has evolved over its 90-year history into
one of the most powerful tools for the quantitative analysis of materials, offering spatial
resolution down to the atomic scale [24]. Off-axis electron holography (EH), an advanced
TEM technique, goes a step further by providing access to the amplitude and phase of
reconstructed electron waves [25]. The reconstructed phases, in particular, encode spa-
tially resolved information about projected electromagnetic potentials [26,27], making
EH an excellent tool for studying electric potential distributions in semiconductor de-
vices [28]. When combined with in situ specimen holders that allow devices to be operated
during investigations, EH offers unique insights into the internal mechanisms of these
devices [29–34].

Despite these capabilities, existing methods for time-resolved measurements in a TEM,
primarily based on pulsed photoemission, have proven incompatible with EH [35,36],
limiting electron holographic investigations to static states. Consequently, the dynamic
switching processes in semiconductor nano-devices have remain unexplored using electron
holographic techniques. This gap highlights the pressing need for dynamic imaging
methods capable of capturing nanoscale electric potential distributions under operando
conditions with ultrafast temporal resolution.

In this context, interference gating (iGate) [37,38] has emerged as a transformative
technique for ultrafast time-resolved electron holography, addressing many of the aforemen-
tioned limitations. By synchronizing holographic acquisitions with fast electronic processes,
iGate enables the direct visualization of time-dependent distributions of projected poten-
tials at nanometer spatial and nanosecond temporal resolution. This capability bridges the
longstanding gap between static and dynamic investigations, offering a unique view into
transient behaviors such as charge transport, electric field evolution, and switching dy-
namics in semiconductor devices. The integration of iGate into in situ TEM-based EH thus
opens a new frontier for operando imaging, paving the way for a deeper understanding of
ultrafast electronic processes at the nanoscale.

In this study, the capabilities of iGate are demonstrated through a proof-of-concept
experiment. Specifically, the localized temporal progressions of the projected microscopic
electric potential of a contacted TEM lamella, prepared out of a commercial macroscopic
fast-switching silicon diode [39], are investigated with a temporal resolution of 25 ns
at a repetition rate of 3 MHz. The results establish iGate as a robust spatio-temporal
measurement technique for probing locally dependent dynamic effects in semiconductor
devices, while also confirming its applicability for investigating the nanoscopic potential
dynamics of nanostructured devices, provided that the remaining challenges are addressed.
Furthermore, an analysis of these challenges is presented, along with perspectives on
strategies to overcome them.

2. Methods
This section provides the theoretical and practical foundations of the methodologies, de-

tailing the experimental setup, data acquisition, sample preparation, and modeling approach.

2.1. Operando Off-Axis Electron Holography

In the past decades, off-axis electron holography has emerged as a widely used phase-
resolving measurement technique in electron microscopy. For a complete picture of this
method, readers are referred to the following review articles and textbooks: [27,40–42].
The following section serves more as a brief overview of the core concepts behind EH and
a description of the instrumentation needed for operando investigations.
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As a two-step process, consisting of the acquisition of the electron hologram (Figure 1a)
and its subsequent reconstruction (Figure 1b), EH’s strength lies in its ability to image both
the amplitude and the phase modulation of an electron wave passing through a sample.
The approach, pioneered by Möllenstedt and Düker in the 1950s [43], utilizes an electron
optical biprism, located near the selected area aperture plane (Figure 1a), to overlap two
partial electron waves, neglecting aberrations of the objective lens: an object wave (Obj),

ψobj (⃗r) = aobj (⃗r)e
iφobj (⃗r), (1)

that has passed through the sample and a reference wave (Ref),

ψre f (⃗r) = are f (⃗r)e
iφre f (⃗r), (2)

that passes through a nearby vacuum region, where r⃗ = (x, y) describes 2D coordinates,
aobj (⃗r) and are f (⃗r) are the amplitudes, and φobj (⃗r) and φre f (⃗r) are the phases of both partial
waves, respectively. At this point, it should be noted that the reference wave is not generally
to be regarded as unmodulated and the reconstructed phase, therefore, does not necessarily
represent the phase modulation of the object wave. This is particularly true for electrically
biased samples, which may feature strong stray fields. This represents a well-known
problem, the so-called perturbed reference wave (PRW) [44–46].

The overlap leads to a superposition of both partial waves and, hence, to the formation
of an interference pattern, the electron hologram:

Ihol (⃗r) = aobj (⃗r)2 + are f (⃗r)2 + 2µaobj (⃗r)are f (⃗r) cos(2πq⃗ · r⃗ + (φobj (⃗r)− φre f (⃗r))︸ ︷︷ ︸
φ(⃗r)

), (3)

in the detector plane over an exposure time Texp, where q⃗, with its magnitude |⃗q| = s−1

being inverse proportional to the fringe spacing s, represents the spatial carrier frequency
determined by the overlap angle β, φ(⃗r) is the phase difference between the object
and reference waves, representing the phase of the reconstructed electron wave ψ(⃗r)
(Figure 1b, last panel), and µ represents the fringe contrast or fringe visibility Vhol defined
by Michelson [47].

After acquiring the hologram, the complex electron wave ψ(⃗r) can be reconstructed
through a series of Fourier operations (Figure 1b). In Fourier space, the hologram yields a
centerband containing (ideally) only amplitude information and two sidebands containing
amplitude and phase information. Selecting and inverse-transforming only “one” sideband,
by means of a circular mask with a cut-off frequency fcut as its radius in Fourier space,
enables the retrieval of both the amplitude and the phase image φ(⃗r), which provides
access to the sample’s internal electromagnetic potentials.

In the absence of a magnetic potential, the phase shift φobj (⃗r) caused by an electric
potential V (⃗r, z) within and surrounding the sample is given by

φobj (⃗r) =
π

λE

∫
V (⃗r, z) dz =

π

λE
Vproj (⃗r), (4)

where λ is the electron wavelength, E is the relativistic electron energy, and V (⃗r) is the
potential along the electron’s path through the sample. This phase shift directly maps
the projected potential Vproj (⃗r), making off-axis holography a valuable tool for studying
electrical properties in semiconductor devices down to the nanoscale.
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Figure 1. Schematic of the time-resolved electron holography setup with interference gating in a
transmission electron microscope (TEM). (a) The TEM configuration uses an RF biasing holder to
apply a periodic voltage to the sample, creating an electron hologram by overlapping object (Obj) and
reference (Ref) waves with a biprism. (b) Holographic reconstruction process: Fourier transformation
(FT), isolating sideband (SB) from centerband (CB), extracting amplitude and phase information.
(c) Interference Gating: dynamic fringe contrast Vhol with gate length τ (top panel), FT within and
outside the gate (second panel), noise-based gating signal applied to dynamic phase shifter (third
panel), control signal applied to RF biasing holder (bottom panel), synchronized to each other with
an adjustable temporal delay ∆t for setting the gate position tg.

The following electron holographic experiments feature two different setups:

1. Electron holograms from static experiments with a large field of view (FoV) that
extends over the entire object under investigation (approx. 23.4 µm × 24.6 µm) were
acquired on the FEI Titan G2 60-300 Holo in Jülich, Germany [48]. For this purpose,
a special low-mag mode was used at an acceleration voltage of Uacc = 300 kV, in which
neither the objective lens nor the conventional Lorentz lens is used for imaging. Ten
electron holograms with an exposure time of Texp = 1 s each were acquired by a Gatan
K2 direct electron detector. The holograms feature a fringe spacing of s = 40 nm over a
hologram width of whol = 19 µm and are averaged using the HoloWorks 6 plugin [49]
for DigitalMicrograph 3 [50] during the reconstruction, with a cut-off frequency of
fcut = 8 µm−1;

2. Time-resolved electron holograms were acquired on the FEI Titan 80-300 Holography
Special Berlin TEM [51] in Berlin, Germany at an acceleration voltage of Uacc = 200 kV
in a special extended Lorentz microscopy mode (detailed description given in [38])
with a smaller field of view (approx. 5.3 µm × 5.3 µm) that captures a more central
region in the object under investigation. This setup also features an additional de-
centered biprism in the C2 aperture plane condenser system, acting as a dynamic
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phase shifter (Figure 1b), capable of introducing slight tilts in the electron beam at
radio frequencies (RF). At each gate position tg, five time-resolved electron holograms
with an exposure time of Texp = 8 s each were acquired by a Gatan US1000 CCD de-
tector. These holograms feature a fringe spacing of s = 25 nm over a hologram width
of whol = 6 µm and are averaged using the holoaverage software package [37] during
the reconstruction with a spatial cut-off frequency in Fourier space of fcut = 11 µm−1.

Furthermore, all holograms were normalized during the reconstruction by unbiased
ones (i.e., Uext = 0 V), leading to reconstructed phases that only show the modulation
induced by an external bias as features like inherent potentials, while modulations due to
artifacts (e.g., dynamic diffraction) are compensated. In both setups, a modified Protochips
Aduro Specimen Holder served as an RF biasing holder, enabling the static electrical
biasing and rapid switching of the sample for operando investigations. Constant voltages
for static biasing experiments were applied using a Keithley 2450 source meter, while the
dynamic signals for the time-resolved experiments were generated and synchronously
applied by a GW Instek MFG-2260MRA arbitrary waveform generator (both from the same
laboratory in Berlin, Germany). The parameters for the gating signal were chosen such that
the amplitude of the noise (without gate) with UG ≈ 2.7 V ensures that the interference
pattern is completely canceled out.

2.2. Time-Resolved Electron Holography by Interference Gating

In recent years, interference gating (iGate) has emerged as a promising and robust
method for acquiring time-resolved electron holograms. A detailed description of the
method and its implementation in TEM can be found in [37,38,52]. In the following, a brief
description of its basic idea and mechanics is given with reference to Figure 1c.

The method is based on the intentional destruction of the interference pattern for a
large part of a measurement, utilizing short undisturbed time periods (called gates), which
are synchronized to a periodic process under investigation, to generate time-resolved
interferometric information. Thereby, iGate represents a fundamentally novel shutter
mechanism for the generation of time-resolved information, which is neither based on a
total suppression of the amplitude (i.e., conventional mechanical shutter or stroboscopic
illumination) nor on an artificial temporal segmentation (readout time) of the intensity
(i.e., ultrafast detection). In comparison, the presented method uses only a dynamic
phase shift between two partial waves for a synchronized suppression or enabling of the
formation of an interference pattern. In particular, its simple technical realization (i.e., only
a two-channel signal generator and two coaxial cables) enables low-barrier access to the
investigation of ultrashort periodic phenomena on existing instruments.

Figure 1c conceptually illustrates iGate, which enables time-resolved electron hologra-
phy by selectively synchronizing the formation of an interference pattern (top panel) with a
periodic external voltage signal (green curve, bottom panel). The panels, from top to bottom,
show the visibility Vhol of the interference fringes (red curve) according to Equation (3),
the Fourier transforms of disturbed electron holograms outside and undisturbed ones
within the gate (second panel), and the correlated periodic gating signal (black and red
curve, third panel) applied to the dynamic phase shifter.

In the top panel, the visibility of the interference fringes is depicted as an interference
pattern in the background. These fringes, which are essential for capturing phase infor-
mation, appear only during the selected gating intervals τ when the interference pattern
is allowed to form. Outside these intervals, the interference pattern is intentionally dis-
rupted, eliminating fringe visibility Vhol . This selective gating creates brief periods where
the acquisition of interferometric information is switched “on”, shown by visible fringes,
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allowing phase information to be acquired at specific time points (or gate positions tg)
within each cycle.

The second panel shows exemplary Fourier transforms outside, featuring only center
band (CB) information, and inside, featuring additional sidebands (SB), the gate. The latter
carry the desired amplitude and phase information. Since the acquisition over the exposure
time Texp is an integrative process, the time-resolved hologram contains the sum of all time
points (with and without SBs), where the holographic reconstruction acts as a temporal
filter, which only encodes the interferometric information from the gate τ. iGate is thus
independent of the readout time of the detector used.

For the technical implementation, a noise-based gating signal (black and red curve,
third panel) is applied to the dynamic phase shifter, synchronized to the control signal
applied to the sample (green curve, bottom panel). The latter varies over a period T
and hence induces potential changes in the sample. The gating intervals τ, marked in
red, are aligned with specific time points in the period T (gate position tg) that can be
shifted by ∆t relative to the control signal (green curve, bottom panel) in order to sample
the whole periodic process. By this, iGate provides temporal snapshots of the sample’s
potential distribution.

2.3. Preparation of Contacted TEM Lamella

The objective of this experiment is to evaluate the potential of interference gating
for investigating electric nano-devices by applying it to a conventional semiconductor
component, namely, an ultrafast switching silicon diode (UG1A [39]). This serves as a proof-
of-concept to determine whether time-resolved electron holography (EH)—specifically,
iGate—can effectively capture dynamic processes in such devices. A key challenge for
this is the preparation of a suitable sample, which involves creating a contacted, electron-
transparent TEM lamella. While a detailed explanation of the complete preparation process
and the electrical characterization of the diode is provided in [52,53], this section concen-
trates on summarizing the most critical steps. Using Figure 2a, an overview of the sample
structure and the experimental setup is presented to ensure the clarity and understanding
of the procedure.

The UG1A diode, manufactured using thermal diffusion for doping the Boron-doped
silicon waver with phosphorus, is expected to have an extended space-charge region (SCR)
that spans several µm. The preparation for this diode involves a series of precise steps,
beginning with mechanical preparation to create a suitable sample for further focused ion
beam (FIB) processing. Initially, the whole device is mechanically ground (utilizing a T-tool
grinding device [54]) in order to reduce its overall size and achieve a polished surface.
By this, the p- and n-contacts with the device situated centrally between them are exposed
(macroscopic view in the first panel of Figure 2a).

After this, the exact position of the p-n junction is determined through voltage con-
trast microscopy in a scanning electron microscope (SEM). By applying a reverse bias of
Uext = −2 V across the contacts using the micro-manipulator (transfer needle), a potential
difference becomes visible across the diode, with a strong contrast near the p-contact. This
contrast, highlighted in the second panel of Figure 2a, identifies the p-n interface, enabling
accurate targeting during FIB preparation.

For the FIB preparation, an FEI Helios NanoLab 600 located in Berlin, Germany with
30 kV Ga-ion beams of 2.8 nA, 280 pA, and 93 pA was used for the extraction, thinning, and
polishing of the lamella. The final sample, shown in the third and fourth panels of Figure 2a,
is an electron-transparent foil, approx. 22 µm in length, 8 µm in width, and 400 nm in
thickness, contacted on an FIB-optimized carrier chip (Protochips) using FIB-deposited
Pt. This special configuration, in which the p–n interface lies parallel to the contacts of the
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carrier chip, allows for the application of a controlled electrical bias across the diode in the
TEM while minimizing the probability of a short circuit.

Figure 2. (a) Sample preparation and multiscale imaging of the UG1A diode, showcasing the
individual steps, ranging from the mechanical preparation to the contacted TEM lamella. The top
panel shows a macroscopic view (light microscopy, LM) of the mechanically ground UG1A diode
with the device visible, centered in between p- and n-contacts. The middle panel displays a voltage
contrast image acquired by Scanning Electron Microscopy (SEM) utilizing a micro-manipulator
(colored red) as an electrical contact, indicating a potential difference across the p–n junction interface
(plotted in red, from −2 V on the p-side to 0 V on the n-side). The bottom panels show SEM images
of the FIB-prepared lamella in top (electron image) and side views (ion image), highlighting the p-
and n-doped areas within and the vacuum region surrounding the sample. (b) Potential model using
SIMP. The upper diagram depicts the initial 2D potential distribution across the p–n junction (red
line) and within the supporting chip with an applied reverse-bias Vtot, while the black dashed lines
represent the electric potential extending into the vacuum calculated by SIMP. The lower diagram
shows a schematic cross-section of the SIMP-based extension of the initial 2D potential with an
effective thickness te f f along the z-axis to the full 3D potential distribution, needed for calculating
the projected potentials and simulated phases.

2.4. Modeling of Projected Potentials

Accurately modeling the electrostatic potential distribution of semiconductor devices,
such as the UG1A diode, is essential for understanding device behavior but is often com-
putationally demanding. The Simple and Intuitive Model for Potentials (SIMP) addresses
this by modeling the potential distribution through a diffusion equation, where the so-
lution is a heat kernel that naturally adopts a Gaussian shape across all dimensions [55].
Through independent convolutions of the initial potential distribution with a propagation-
distance-dependent Gaussian kernel, SIMP efficiently captures the potential spread into
the surrounding vacuum with minimal computational load.

In detail, SIMP can first be utilized to construct the 2D initial potential distribution
of the UG1A diode in the x–y-plane (Figure 2b, upper diagram), where the 1D initial
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potential distribution inside the device is determined using the analytical p–n junction
equation (Figure 2b, red curve in the upper diagram) for any arbitrary externally ap-
plied reverse bias Vtot [56]. In obtaining this 1D initial potential distribution, the SCR is
set to 4.5 µm in width. The potential at the supporting chip is held at a constant value
of ±Vtot/2, and the modeled area spans 45 µm × 89 µm. Additionally, boundary con-
ditions at the lower edge of the modeled x–y plane impose a potential with a linear
gradient profile in the x-direction in between the two sides of the supporting chip.
Using the same approach of independent convolutions, the 3D potential distribution
is subsequently calculated by applying a normalized, propagation-distance-dependent
Gaussian kernel (Figure 2b, lower diagram). This yields a total 3D volume that spans
45 µm × 89 µm × 40 µm, with a sampling factor of 1 px ∼= 10 nm in all dimensions, re-
sulting in a total number of 160,200,000,000 nodes. To obtain the modeled phase shift,
this 3D potential distribution is then projected along the z-axis according to Equation (4),
where te f f describes the effective thickness (and its contribution) to the overall phase shift.
In order to obtain comparable phase images to the experimental measurement conditions,
an object and reference wave region can likewise be defined and subtracted from each
other, satisfying Equation (3). Additionally, the projected potential of the unbiased diode
(built-in potential) is subtracted from all projections with different applied voltages to
account for the normalization in the experiments. Furthermore, a half-modeling approach
that utilities the axial symmetry of the sample around the z-axis can be used to reduce the
computational complexity of the calculations. For the geometry described above, the total
computation time on an Intel i9-14900KF CPU is less than 5 min.

3. Experimental Results and Discussion
In the following, the experimental results are described in the context of comparisons

between modeled and measured static phases as well as the transition to the dynamic
phases. The aim is to correlate the reduced fields of view from the time-dependent mea-
surements with the projected potential distribution of the entire device.

3.1. Static Imaging of Projected Potentials

An important step in the analysis of reconstructed phases of measurements with large
fields of view is the comparison with suitable models of the sample. The reason for this is
the non-negligible influence of electrical stray fields on the reference wave, especially in
operando experiments with electronic devices. Figure 3a shows the calculated normalized
phase (according to Equation (4)) from the projected 3D potential (SIMP). In the area of the
diode (indicated by the dashed white rectangle centered in the object wave region, lower
white rectangle), a monotonic increase from the p- to the n-side can be clearly observed.
However, if the phase from the reference wave region (upper white rectangle) is subtracted
(Equation (3)), this results in a strongly deviating phase course (Figure 3b, top row). Here,
especially for the reverse-biased diode (dashed white rectangle), a phase valley can be
observed in the region of the p-doped side. At this point it should be noted that this is
only caused by the perturbed reference wave and is not related to a possible potential
well within this region. Overall, for the modeled normalized phases in the upper row,
it can be observed that the total phase shift drops linearly with decreasing reverse bias.
For the unbiased diode, the normalization (subtraction of the 0 V phase) results in a constant
modeled phase course.

A similar pattern emerges for the reconstructed phases from the static electron holo-
graphic measurements with large FoV (Figure 3b, bottom row) at all three applied voltages
of Uext = −2 V, −1 V, and 0 V. In addition to a strong visual similarity between modeled
and experimental phases, especially with regard to the phase valley in the p-doped region
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of the diode, the plotted phases for all voltages in Figure 3c (taken from the lower region of
the diode, indicated by the white arrow) show an excellent agreement in their courses. Only
in the vicinity of x = 8 µm are there small deviations, which can be attributed to dynamic
electron diffraction due to the bending of the TEM lamella. Considering the simplicity of
the model, the agreement of the phase courses for the reverse-biased cases is remarkable.
Only for the unbiased case is there a deviation towards the contacts (especially towards the
p-contact). Possible causes for this may include surface effects (e.g., charging) or potential
barriers at interfaces (i.e., Schottky barrier), which are not taken into account in the model.
However, since this effect is not observed in the biased cases, it is highly likely caused by
accumulated charges on the surface and at the interface.

Figure 3. (a) Normalized simulated phase (calculated by SIMP) of the UG1A diode under reverse-bias
condition (Uext = −2 V). The white boxes indicate the areas used as reference and object wave
regions in the static electron holographic experiments and the dashed white box highlight the area
of the contacted TEM lamella. (b) Comparison of the modeled phase (difference between object
and reference wave regions, top row) with experimental phase reconstructions (bottom row) at
different applied biases: Uext = −2 V, −1 V, and 0 V. The dashed white boxes highlight the area of
the contacted TEM lamella. (c) Phase profiles extracted from SIMP (dotted lines) and experimental
data (solid lines) across the diode for varying biasing conditions.

3.2. Dynamic Imaging of Projected Potentials

For the transition to dynamic imaging, Figure 4 is used to discuss the comparability
to the static measurements, in particular taking into account the strongly differing fields
of view between static and dynamic measurements. As an overview, the reconstructed
phase for −1 V from Figure 3b, bottom row, is shown in Figure 4a. Here, the field of
view for the time-resolved measurements is additionally marked with an orange polygon.
Corresponding reconstructed dynamic phases are shown in Figure 4b. These originate
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from a time-resolved experiment in which the diode is operated with a square-wave
signal that switches between unbiased (i.e., Uext = 0 V) and reverse-biased conditions
(i.e., Uext = −1 V) at a repetition rate of f = 3 MHz, resulting in a period of T = 333.3 ns.
The dynamic phases were reconstructed from time-resolved electron holograms recorded
using iGate, whereby the noise-based gating signal has a peak-to-peak amplitude of 2.7 V,
a gate length of τ = 25 ns, and a sampling resolution (i.e., temporal distance between gate
positions) of ∆t = 11.1 ns. The phases shown correspond to gate positions at t = 150 ns
and t = 61 ns, which correlate with reverse-biased and unbiased conditions, respectively.
Analogous to the static measurements, the areas and directions from which the phase
profiles (Figure 4c–e) were taken are marked in orange. Visually, the reverse-biased phases
from the static and dynamic experiments, despite strongly differing fields of view, appear
to match very well. A more detailed insight can be obtained by comparing the phase
profiles plotted in Figure 4c.

Figure 4. (a) Static phase reconstruction of the UG1A diode biased with −1 V, highlighting the space-
charge region (SCR) between the p- and n-doped sides. The dashed white box outlines the area of the
contacted TEM lamella; the orange polygon outlines the FoV for the time-resolved measurements.
(b) Reconstructed dynamic phases, acquired with a time resolution of τ = 25 ns at a repetition rate
of f = 3 MHz, showing the phase distribution for different switching states (−1 V at t = 150 ns and
0 V at t = 61 ns) of the diode. The regions marked by orange lines indicate the areas used for the
phase profiles in x- and y-directions. (c) Phase profiles at different biases (−1 V and 0 V) with orange
dashed lines indicating the spatial range for time-resolved measurements (small FoV), (d) plot of the
phase slopes along the x-axis, and (e) phase profiles along the y-axis for −1 V and 0 V.
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Here, Figure 4c shows the phase profiles for the reverse-biased and unbiased condi-
tions obtained from static measurements with a large field of view, along with the dynamic
phase profiles from time-resolved measurements using iGate, superimposed in orange. It
can be seen that the dynamic phases, which constitute an extract of the static phases, are
in excellent agreement with these. However, it should be noted that the dynamic phases
are inherently noisier than their static counterpart due to the limited signal-to-noise ratio
(i.e., reduced contrast) imposed not only by iGate but also by the use of different detectors
(K2 vs. US1000) and varying acceleration voltages (300 kV vs. 200 kV). Since, according
to Equation (4), the derivative of the phase (phase slope) is proportional to the projected
electric field, examining the derivative of the phase profiles is a common approach to
evaluate operando EH. In this context, Figure 4d shows the derivative of the phase profiles
dφ/dx for both the static and time-resolved measurements. Since the dynamic phases are
inherently noisier, this has a direct effect on the calculation of the phase slopes, for which
reason the phase profiles first have to be smoothed using a Gaussian blur (here, σ ≈ 0.2 µm).
This smoothing is in turn associated with an unavoidable loss of spatial information. It is
noticeable that, despite this smoothing, the phase derivative profiles from the time-resolved
measurements still exhibit a considerable degree of noise, which is why the evaluation of
the phases slopes is not pursued further in this study.

Furthermore, the phase profiles in the y-direction outwards from the center of the
diode towards its edge can likewise be examined in the time-resolved measurements
(Figure 4e). This behavior is also evident in the static case, but it is absent in the simulations.
Here, it is evident that no noticeable change in the phase course can be observed for the
unbiased condition. For the reverse-biased condition, however, a steady increase towards
the edge of the diode can be seen, which may indicate a possible implantation of Ga-ions.
For these reasons, the temporal phase progression is analyzed in different regions of the
diode (I–IV), shown hereafter in the dynamic phase image in Figure 5a.

Regions I and III (red and orange, respectively) are located near the center of the SCR,
with region III close to the edge of the sample. Regions II and IV (blue and green, respec-
tively), on the other hand, are located near the n-doped region of the diode, with region IV
likewise close to the edge of the sample. Since the center of the SCR represents the zero
phase, the phase courses increase according to the phase profiles in Figure 4c with greater
distance from it. For improved comparability between the different investigated regions,
the respective profiles of temporal phase progression are normalized (i.e., divided by their
maximum value).

In Figure 5b, the temporal phase progression over the switching cycle of T = 333.3 ns
(shown for an improved visualization as two repeated cycles from t = 0 ns to t = 666.6 ns)
in these four regions (I–IV), highlight the localized dynamics as the device switches between
unbiased and reverse-biased states. Here, it should be noted that, at these low voltages
(small signal condition), the diode under investigation behaves similarly to a very small
capacitance. The current variation due to the small signal potential is therefore primarily
governed by the junction capacitance. The rise times into the reverse-biased condition
(first gray-shaded area, beginning around 100 ns) are similar for all regions, indicating a
uniform response to the electric field buildup within the SCR. This synchronous phase
rise across regions reflects the efficient establishment of reverse bias, quickly extending the
SCR and influencing each region comparably. However, distinct differences emerge during
the decay back to the unbiased state (second gray-shaded area, beginning around 265 ns).
Regions I and II exhibit longer decay times, as represented by the broader gray-shaded area,
while regions III and IV, near the sample edge, show shorter decay times, with narrower
shaded areas.
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Figure 5. (a) Dynamic phase frame of the UG1A diode at −1 V bias (150 ns), depicting the SCR
and its extension into the n-doped region, with the subregions (I–IV) marked for the analysis of the
temporal phase progression (in (b)). The lower panel schematically illustrates the position of the
equi-phase lines. (b) Normalized phase values over time, averaged in each subregion (I–IV) during
diode switching, showing localized phase modulations corresponding to bias changes. The gray-
shaded areas indicate the location-dependent transitions captured by iGate. For improved visibility,
the period of T = 333.3 ns is repeated ( f = 3 MHz). (c) Sequential phase frames of the switching
behavior into and out of reverse-bias condition, demonstrating the temporal evolution of the equi-
phase lines (red dashed) within the SCR.

To understand the variation in decay behavior, we need to take a closer look at the
material characteristics and the sample preparation. As mentioned earlier, Ga-ions were
applied during FIB preparation. When implanted into silicon, Ga can act as an acceptor
and locally influence the properties of the diode. Regions I and II, deeper in the sample and
less affected by Ga-implantation, may have longer decay times due to the more stable field
retention within the SCR, where the electric field does not dissipate as rapidly. In contrast,
regions III and IV, closer to the sample edge and with more Ga, may experience a quicker
relaxation due to potential modifications in local charge dynamics. This is likely due to
local modifications in charge dynamics, where Ga-related free charges near the edge could
create pathways for quicker charge recombination. This disparity in decay times provides
insight into how sample preparation artifacts and spatial location within the diode affect
the relaxation dynamics, showcasing the complex interplay between intrinsic and extrinsic
factors in the device’s switching response.

The above-described behavior is also to some extent directly reflected in the phase
frames. As a dynamic imaging method, iGate inherently enables direct observation and
intuitive access to physical effects of the sample. The bottom panel of Figure 5a schemati-
cally depicts the equi-phase lines of the selected phase frame in the top panel as red dotted
lines. The temporal progression of the individual phase frames for the switching processes
into reverse-biased condition and back into unbiased condition are shown in Figure 5c.
These originate from the time-resolved holograms with a time resolution of τ = 25 ns at a
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sampling resolution of ∆t = 11.1 ns. For the switching processes, the frame of the process
start (i.e., start of the gray-shaded area in the plots in Figure 5b) was defined as the zero
point in time.

Switching into reverse-biased condition is captured within four phase frames,
from which a transition time of approx. 33 ns can be inferred. During this switching
process, the equi-phase lines appear to move in from n-doped side in a fairly parallel
manner. Switching back into unbiased condition, on the other hand, is captured within
six phase frames, yielding a transition time of approx. 55 ns. Here, the parallel equi-phase
lines show a counterclockwise twisting motion while moving back towards the n-doped
side. This behavior is particularly consistent with the phase progressions from regions I
and III. On the one hand, this suggests a slower decay process in the projected potential
distribution, likely due to an extended transition time driven by diffusion. On the other
hand, this decay process appears to be significantly accelerated at the sample’s edge, mani-
festing itself in a twisting motion caused by recombination and/or conduction, attributed
to the accumulation of charges from Ga-ion implantation in that region.

For an even better visualization, Video S1 shows an interpolated (i.e., bilinear interpo-
lation with a factor of 10, correlating to the lines in the plots in Figure 5b) set of phase frames
for the entire sampled period T. In this video, the counterclockwise twisting motion during
the switching back into unbiased condition can be observed particularly well. Analogous
to the previous observation, the time resolution of τ = 25 ns is not sufficient to adequately
sample the mainly drift-driven switching process into reverse-biased condition. The ab-
sence of twisting motion here is not an indication of the non-existence of any recombination
centers or an additional conduction channel in the edge region of the sample, but it is a
direct confirmation of the different switching times of the various processes, which in turn
is consistent with the electrical characterization in the supplement to [53].

4. Conclusions and Outlook
In this work, the application of a dynamic imaging of localized projected poten-

tials of a contacted TEM lamella FIB, prepared out of a silicon diode in operando condi-
tion, was demonstrated using time-resolved electron holography. Here, the diode was
operated between unbiased condition (i.e., Uext = 0 V) and reverse-biased condition
(i.e., Uext = −1 V) at a repetition rate of f = 3 MHz, limited by the bandwidth of the
signal generator used. This periodic process was sampled by interference gating with a
time resolution of τ = 25 ns at a sampling rate of ∆t = 11.1 ns, resulting in dynamic phase
frames of the process with a spatial resolution of approx. 30 nm. These frames reflect
the dynamics of the projected potential distribution in an area (field-of-view of approx.
5.3 µm × 5.3 µm) partially covering the space-charge region of the sample, in which the
well-known diode properties are qualitatively preserved in the core of the lamella, while
the effect of preparation-related ion implantation could be detected close to the edge of
the lamella.

Equilibrium conditions serving as a reference were established through static biasing
experiments, conducted with a larger field-of-view covering the entire sample (approx.
23.4 µm × 24.6 µm). The experimentally observed phase distributions in both static and
dynamic measurements reflect the combined influences of reference wave perturbation,
stray fields, and the intrinsic potential distribution within the space-charge region of the
lamella. These contributions could be consistently modeled using a recently developed
diffusion equation approach [55], enabling a qualitative understanding of the localized
effects revealed in the experimental phase data. By comparing two phase frames from the
dynamic measurements, representing the static reverse-biased and unbiased conditions,
a correspondence between dynamic measurements with a limited field-of-view and static
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measurements with a larger field-of-view was established. This comparison allowed for
the definition of two reference points, providing a framework for interpreting the phase
progressions observed during the periodic switching processes.

During these switching processes, different dynamical behaviors, depending on the
location within the space-charge region and with respect to the edge of the lamella, were
observed. In the central area of the lamella, excellent agreement with the expected diode be-
havior was observed within the space-charge region as well as in the n-doped region. At the
edge of the lamella, however, additional effects occurred, which can be attributed to addi-
tional conduction channels and recombination centers caused by preparation-dependent
ion implantation. These effects can also be observed directly in the phase frames themselves,
where a counterclockwise twisting motion of the equi-phase lines during the switching
into unbiased condition reveals an increasing switching dynamic towards the edge of the
lamella. By this, a new approach to the intuitive understanding of the ultrafast dynamics
of projected potential distributions in such devices during switching processes is created,
which, in its most visually appealing form, the phase video, highlights interference gating
as a powerful tool in the operando investigation of switching electronic devices.

Since significantly higher spatial resolutions can easily be achieved in electron holog-
raphy and the limited time resolution has so far only been due to technical limitations,
a progression of the process into the nanoworld and thus the dynamic imaging of switching
nano-devices seems logical. However, there are still hurdles to be overcome. The primary
challenges to advancing this method can be assigned to the following key areas.

First, sample preparation poses significant difficulties, as the targeted and reproducible
preparation of reliably switching nanostructures is essential. Parasitic currents on the sur-
faces due to redeposition, amorphized surfaces, and ion implantation introduce electrically
unpredictable behavior, while the large distance between free-standing electrodes for con-
tacting further complicates the process. Target-oriented solutions include the development
of specialized carrier chips with significantly reduced electrode distances in vacuum condi-
tions, coupled with highly adapted FIB-preparation routines to mitigate these effects, while
reducing the overall preparation time.

Second, the perturbation of the reference wave by electric stray fields presents a
substantial obstacle, significantly complicating the interpretability of reconstructed phases.
Minimizing this modulation as far as possible is imperative. Particularly for operando
investigations of electronic structures, the use of a “reference window” [57] has emerged as
a promising approach to address this issue effectively.

Third, the projection problem, inherent to the projective nature of electron hologra-
phy, must be addressed. Transmission electron microscopy is intrinsically sensitive to
stray fields along the projection direction, which cannot be eliminated without substan-
tial modifications to the sample. In operando investigations, this necessitates a strategy
for incorporating these effects into the analysis. Consequently, simulations of the real
three-dimensional sample geometry become indispensable for achieving a quantitative
understanding of the experimental results.

Lastly, temporal resolution presents another critical challenge. With nanostructures ex-
pected to exhibit faster switching times, the achievable temporal resolution of the measure-
ment method must likewise be improved. While instrumental advancements are necessary,
modifying the gating signal offers an additional avenue for enhancement. For instance, re-
cent studies have demonstrated that the temporal resolution in the same experimental setup
could be improved to 1 ns [58] utilizing a square-wave-based gating signal, underscoring
the feasibility of further refinement in this direction and bringing temporal resolutions in
the picosecond range within a reachable distance.
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This work establishes interference gating as a transformative approach for dynamic
operando investigations of nanoscale electronic devices, bridging the gap between temporal
and spatial resolution. By unlocking ultrafast imaging capabilities within conventional elec-
tron microscopy setups, iGate provides an intuitive and direct pathway to understanding
high-speed processes at the nanoscale. As advancements in instrumentation and sample
preparation further enhance this method, it holds the potential to redefine the boundaries
of time-resolved microscopy, driving innovation in semiconductor research and beyond.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/electronics14010199/s1, Video S1: Dynamic phase evolution of the UG1A
diode captured at 11 ns intervals during high-speed switching at 3 MHz.
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