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Summary

Scanning electron microscopes (SEMs) can capture detail on the single nanometer length
scale through the interaction of a tightly focused electron beam with a sample, but
this impressive spatial resolution is not matched with a capability to resolve dynamic
processes on the ultrafast time scale. A variety of processes occur at nanosecond and faster
time scale, and at spatial scales out of reach of conventional light optical microscopes, for
example in nanoscale solid state devices and nanomechanical resonators. An imaging
tool combining high spatial and temporal resolution is therefore required.

In recent years, some research groups have worked on a technique to add ultrafast
imaging to the capabilities of a SEM, building on concepts developed for transmission
electron microscopy. In so-called ultrafast scanning electron microscopy (USEM), the
combination of a pulsed laser and a pulsed electron beam enables the formation of movies
capturing dynamics much faster than possible with a conventional SEM. Dynamics are
initiated with femtosecond laser excitation of the sample and probed with electron beam
pulses arriving with tightly controlled delay. The temporal resolution of this pump-probe
scheme is determined by the laser and electron pulse duration. Secondary electrons,
emitted from the top few nanometer of the sample, are collected and used to construct
ultrafast movies. The aim of this thesis is to further develop the technique by making mul-
tiple improvements in our implementation, gaining additional insight into the contrast
mechanism of USEM, and exploring new applications.

In chapter 2 our implementation of USEM for the application of recording semicon-
ductor charge carrier dynamics is described. Carriers are photo-excited with a laser pulse
and later probed with an electron pulse. Contrast arises as the number of secondary
electrons collected depends on the presence of photo-generated charge carriers at the
time and place the electron pulse probes. However, the yield difference is small and
dynamics occurring at the surface and in bulk occur at different rates which can be hard
to disentangle in the final results. Therefore we have implemented a detection scheme
based on lock-in detection. Lock-in USEM allows for the disentangling of fast and slow
processes, simultaneously visualizing fast bulk recombination and slow trapping. In
experiments with Gallium (Ga) and Arsenide (As) terminated GaAs samples, we show the
surface termination profoundly influences ultrafast movies, and present simulations that
indicate the difference can be attributed to the formation of surface photovoltages. The
results both demonstrate the surface sensitivity of USEM, and cement our understanding
of the contrast mechanism.

Chapter 3 constitutes an improvement in the optical excitation resolution. Instead
of a viewport in the side of the SEM vacuum chamber to illuminate the sample with a
laser, the use of an inverted optical microscope built into USEM setup for laser excitation
with high numerical aperture is demonstrated. The laser spot size is reduced from tens of
microns in previous implementation to sub-micron in this configuration. This enables
probing surface photovoltages with higher resolution. The approach is demonstrated on

vii



viii Summary

MoS2 flakes stamped on a transparent glass substrate, where ultrafast relaxation curves
are measured on multiple different flakes as well as on different sites within the same
flake. The new capability of sub-micron excitation narrows the gap between the optical
and electron optical resolution in USEM and increases possibilities in measuring carrier
dynamics in nanostructured devices and materials.

In chapter 4, an alternative application of USEM presented. The technique is applied
for making ultrafast movies of a nanomechanical resonator at resonance with nanoscale
spatio-temporal resolution. A cantilever is brought into motion through photo thermal
excitation, and imaged with electron pulses to form a 50 MHz framerate video while
maintaining electron beam resolution and depth of focus. The laser excitation is tuned
to the cantilever resonance with a pulse picker using a pulse frequency modulation
scheme. Ultrafast movies of both the 300 kHz fundamental and 2 MHz second mode
oscillation are recorded, and the power and frequency dependence are characterised.
Detected amplitudes span the range from 20 nm to 9 µm. This chapter shows that USEM
can provide insightful movies of resonant oscillators, which can potentially aid in the
development of novel nanomechanical resonators and the deepening of understanding
of existing resonators.

Compared to conventional beam blankers, shorter electron pulses and better syn-
chronisation between laser and electron pulses can potentially be generated by laser
triggered blankers. A photoconductive switch facilitates rapid changes in voltage over the
blanker plates creating fast electron pulses directly synchronised to the laser. In chapter
5, a design for a mm-sized laser triggered beam blanker making use of a commercially
available photoconductive switch is presented, with the goal of generating 10 ps electron
pulses at 5 kV acceleration voltage. The design features a 60 micron plate separation and
is sufficiently compact to be incorporated into a scanning electron microscope through
the standard blanker port. A working prototype has been constructed and characterised.
Streak camera measurements demonstrate both laser induced electron beam deflection
and electron pulse generation. The measured pulse duration is 530 ps, in close agree-
ment with a calculated estimate based on the current experimental parameters. Faster
pulses are expected to be possible through modification of the laser pulse duration and
repetition frequency.



Samenvatting

De scannende elektronenmicroscoop (SEM) is in staat details te vangen op lengtescha-
len van een enkele nanometer door gebruik van een gefocusseerde elektronenbundel,
maar de mogelijkheid om dynamische processen op de ultrasnelle tijdschaal in beeld te
brengen ontbreekt. Verscheidene processen komen voor op de nanoseconde tijdschaal
en sneller, en met lengteschalen buiten bereik van conventionele optische microsco-
pen, bijvoorbeeld in nanoschaal halfgeleiderapparatuur en nanoschaal mechanische
resonatoren. Een microscoop die hoge spatiële en tijdsresolutie combineert is daarom
benodigd.

In de afgelopen jaren hebben enkele andere onderzoeksgroepen gewerkt aan een
manier om beeldvorming met ultrasnelle tijdsresolutie toe te voegen aan mogelijkheden
van SEM, middels concepten origineel ontwikkeld voor transmissie elektronenmicrosco-
pen. In zogenaamde ultrasnelle scannende elektronenmicroscopie (USEM) maakt de
combinatie van een gepulseerde laser en een gepulseerde elektronenbundel het mogelijk
om filmpjes te maken die veel snellere dynamica kunnen vangen dan mogelijk met een
reguliere SEM. Dynamische processen worden in gang gezet door het preparaat aan te
slaan met een femtoseconde laserpuls. Een elektronenpuls die met een vertraging ten
opzichte van de laserpuls aankomt zorgt voor signaal. De tijdsresolutie van dit pump-
probe schema wordt bepaald door de duur van de laser- en elektronenpulsen. Secundaire
elektronen, welke uit de bovenste paar nanometer van het sample komen, worden opge-
vangen en gebruikt om een ultrasnelle film te construeren. Het doel van dit proefschrift
is de techniek verder te ontwikkelen middels verbeteringen in onze implementatie van
USEM, het vergroten van het begrip van het contrast mechanisme, en het onderzoeken
van nieuwe toepassingen.

In hoofdstuk 2 wordt onze implementatie van USEM beschreven, met als toepassing
het meten van dynamica van ladingsdragers in halfgeleiders. Ladingsdragers worden met
een laserpuls gegenereerd en met een elektronenpuls gedetecteerd. Het aantal gemeten
secundaire elektronen hangt af van de aanwezigheid van ladingsdragers op het moment
en de plek dat de elektronenpuls het preparaat raakt, dit zorgt voor contrast. Echter,
het verschil is klein en daarnaast kunnen dynamica op de oppervlakte en daaronder
verschillende tijdsconstantes hebben. Daarom hebben wij een detectiemethode geïmple-
menteerd met een fasegevoelige detector. Lock-in USEM maakt het mogelijk snelle en
langzame processen uit elkaar te trekken, waardoor snelle bulk dynamica en langzame
oppervlakte effecten tegelijk kunnen worden gemeten en afzonderlijk bekeken. Experi-
menten met GaAs met Gallium (Ga) toplaag en met Arsenide (As) toplaag laten zien dat de
oppervlakte van het preparaat grote invloed heeft op het contrast in de ultrasnelle films.
Simulatieresultaten tonen aan dat de verschillen voortkomen uit een oppervlaktepotenti-
aal. De resultaten in dit hoofdstuk demonstreren de grote oppervlaktegevoeligheid van
de meetmethode, en vergroten ook het begrip van hoe het contrast in de meetresultaten
tot stand komt.

ix



x Samenvatting

Hoofdstuk 3 gaat over een verbetering van de focus van de laser. Waar typisch een
raam in de zijkant van de SEM vacuümkamer wordt gebruikt om de laser naar binnen
te schijnen, wordt hier gebruik gemaakt van een ingebouwde geïnverteerde optische
microscoop in de USEM opstelling. Dit zorgt voor een veel grotere numerieke apertuur
en een verkleining van de laser focus van tientallen µm in de gebruikelijke configuratie
naar minder dan een enkele µm. Hierdoor kunnen oppervlaktepotentialen met hogere
resolutie gemeten worden. De methode wordt gedemonstreerd met dunne MoS2 schilfers
op transparant substraat, waar ultrasnel verval wordt gemeten op verschillende schil-
fers maar ook op meerdere plekken op dezelfde schilfer. De nieuwe mogelijkheid om
te exciteren met sub-micron resolutie verkleint het verschil tussen de optische en elek-
tronenoptische resolutie in USEM en schept nieuwe mogelijkheden voor het meten van
halfgeleider dynamica op de nanoschaal.

In hoofdstuk 4 wordt een andere toepassing van USEM toegelicht. De techniek wordt
toegepast voor het maken van ultrasnelle films van een mechanische resonator op na-
noschaal. Een balkresonator wordt middels fotothermische excitatie aangeslagen en in
beeld gebracht met elektronenpulsen. Een filmpje met een beeldfrequentie van 50 MHz
wordt samengesteld met de resolutie en scherptediepte van de elektronenbundel. De
laser frequentie is afgestemd op de resonator door laserpulsen al dan niet door te laten
volgens een puls frequentie modulatie schema. Filmpjes worden gemaakt van zowel
de 300 kHz grondfrequentie als de 2 MHz harmonische trilling, en de vermogens- en
frequentieafhankelijkheid worden gekarakteriseerd. Gemeten amplitudes zitten tussen
20 nm en 9 µm. Dit hoofdstuk laat zien dat USEM inzichtelijke videos van mechanische
resonatoren op resonantie kan produceren, welke potentieel bruikbaar zijn voor de ont-
wikkeling van nieuwe resonatoren alsmede het vergroten van het begrip van bestaande
resonatoren.

Vergeleken met conventionele deflectoren hebben deflectoren die met een laser
worden geactiveerd de potentie om kortere elektronenpulsen te genereren die bovendien
beter gesynchroniseerd zijn met de laserpulsen. Een fotogeleidende schakelaar faciliteert
snelle verandering van de spanning over de deflector platen waardoor een korte puls
wordt gegenereerd die direct aan de lasergesynchroniseerd is. In hoofdstuk 5 wordt
een ontwerp voor een dergelijke deflector gepresenteerd, met als doel 10 ps pulsen
bij 5 keV elektron energie. De afstand tussen de deflectorplaten is 60 µm en het hele
ontwerp is compact genoeg om door de standaard poort in de SEM kolom gebracht te
worden. Er wordt gebruik gemaakt van een commerciële fotogeleidende schakelaar. Een
werkend prototype is gefabriceerd en hier zijn experimenten mee uitgevoerd. Hierbij is
vastgesteld dat de elektronenbundel inderdaad gedeflecteerd wordt bij belichting van de
schakelaar, en er is een elektronenpuls gemeten. De duur van deze puls is 530 ps, wat
overeenkomt met een berekening gebaseerd op de huidige experimentele parameters.
Snellere elektronenpulsen worden mogelijk geacht na aanpassing van de pulsduur en de
repetitiefrequentie van de laser.



1
Introduction

Electron microscopy is a leading technique in terms of spatial resolution, as electrons
enable better focus than possible with optical photons. In scanning electron microscopy
(SEM), a nanosized probe is scanned over the sample to construct images containing
information on the shape, size, and elemental composition of the specimen by detecting
electrons and photons locally emitted by the sample under the action of the electron
beam [1]. Transmission electron microscopes (TEMs) contain additional optics below the
sample to focus transmitted electrons on a detector, which can also be used for diffraction
based characterization of samples.

At typical electron microscope energies, electrons have picometre wavelengths; for 1
keV electrons it is 39 pm and this goes down to 2 pm at 300 kV. These short wavelengths
reduce the effect of diffraction on the resolution, making aberrations all the more impor-
tant. Over the years much attention has been devoted to reducing lens aberrations and
the development of aberration correctors [2]. Improvements have been made to the point
where sub-nm probe sizes are possible in SEM, and TEMs can achieve atomic resolution
[3]. While further improvements are possible, these developments have had the effect of
increased attention for other possible improvements to electron microscopy, including
time resolved electron microscopy of dynamic processes.

Scanning electron microscopy works best on static or quasi-static specimens as modi-
fications or movement of the sample during the scanning of the beam results in distorted
images. Finite pixel dwell times combined with high pixel counts required for high fidelity
imaging make for scanning times on the order of hundreds of milliseconds and longer.
Omitting the scanning of images and focusing on a single probe position negates scan
time limitations and pushes achievable time scales to the capabilities of the detector,
typically on the microsecond or hundred nanosecond order of magnitude. Beyond this,
the discrete nature of electrons and the finite current that can be contained into a nm
sized electron probe form the next barrier. A 1 nA electron beam has a mere six electrons
per ns on average, causing a level of shot noise in measurements on this time scale that is
overwhelming.

Access to faster time scales is desirable as a variety of processes occur at time scales

1
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2 1. Introduction

of nanoseconds and below, and spatial scales smaller than what is achievable with con-
ventional light optics [4, 5]. Examples can be found in the fields of plasmonics, chemical
reactions, nanoscale solid state devices, and nanomechanical MEMS resonators. Tech-
niques capable of interrogating nanoscale devices whose functioning relies on ultrafast
phenomena can be useful tools in fostering our understanding of such devices and
thereby aid their further development and support the trend of miniaturization.

1.1. Pulsed electron microscopy
The use of pulsed electron beams in a stroboscopic measurement scheme enables mea-
surements on much faster time scales than possible with continuous electron beams.
Electron pulses are synchronised to voltage pulses or laser excitation of the sample, and
the resulting pump probe scheme has a time resolution determined by the duration and
synchronisation accuracy of pump and probe pulses. In stroboscopic measurements
electron pulses contain only a few electrons and the pump-probe cycle is repeated many
times to acquire sufficient signal. An alternative to stroboscopic mode is repeated mode
which has more electrons per pulse, therefore requiring fewer pulses and having less
strict sample repeatability requirements at the expense of reduced spatial and temporal
resolution [6]. Stroboscopic scanning electron microscopy was demonstrated in the 1960s
for the inspection of microcircuits with 10 ns electron pulse duration [7]. Electron pulses
were generated with beam blanking, the chopping a continuous beam by deflecting it
over an aperture.

Further improvements to beam blanking technology have been made throughout
the years by MacDonald et al. [8], Ura et al. [9], Winkler et al. [10], and Fehr et al. [11],
demonstrating pulse durations down to the sub-ns and even sub-ps range. However,
these gains in temporal resolution have proven difficult to combine with the sub-100 nm
spatial resolution expected of electron-based imaging. Nanoscale spatial and temporal
resolution combined was enabled by photoemission sources as reported by Merano et
al. [12] and Hommelhoff et al. [13], where pulsed laser excitation of the electron source
prompts emission of electron pulses. Photoemission sources have been developed and
implemented by many labs to date [14–19].

Recent implementations of beam blanking to pulse the electron beam have also
demonstrated the possibility of sub-100 ps electron pulses combined with high spatial
resolution [19, 20]. Designs for a micro-fabricated laser triggered blanker have been
presented and can potentially reduce the pulse duration to 100 fs, but this is still to be
experimentally demonstrated [21, 22]. A blanker design based on a resonating microwave
cavity in a TEM has shown 750 fs electron pulses in an experimental setting, demonstrat-
ing the fs time scale is accessible with electron beam blankers at high spatial resolution
[23].

1.2. Ultrafast electron microscopy applications
Ultrafast electron microscopy has found various applications, using different contrast
mechanisms to extract information about dynamics of the sample initiated by pulsed laser
excitation. Diffraction measurements in transmission geometries or electron backscatter
diffraction instruments allow for the measurement of phase changes. Examples include
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experiments into the melting of aluminium by Siwick et al., where changes in diffraction
pattern were corroborated with structural changes to the sample lattice structure [24].
This was measured in repeated mode on 20 nm films using a transmission diffraction in-
strument. Ultrafast backscatter electron diffraction has been demonstrated by Mohamed
et al., who measured lattice expansion of InAs upon laser excitation [25]. Experiments at
the Stanford Linear Accelerator facility have revealed molecular structure changes with
MeV electron diffraction, such as the ring opening of 1,3-cyclohexadine [26, 27].

Besides diffraction based imaging, information can also be extracted from electron
energy spectra. Electron energy loss spectroscopy relies on the monitoring of changes
in electron energy after passing though or by a specimen to obtain information on the
sample’s electronic structure. Carbone et al. have implemented this with fs time resolution
and revealed compression and expansion of graphite through spectral shift and intensity
variation of loss peaks [28]. Fields around photonic nanostructures can also be examined
in photon-induced near-field electron microscopy (PINEM) experiments, where the
electron beam gains or loses photon energy quanta as it passes the specimen [29–31].
The effect was first demonstrated by Barwick et al. on carbon nanotubes, visualising
the evanescent field in time and also showing the dependence of field strength on laser
polarisation [32].

Ultrafast TEM with dark field transmission imaging has been shown capable of vi-
sualising strain wave dynamics in thin flakes of materials including MoS2, WSe2, and
germanium [33–35]. Here, contrast stems from different degrees of scattering depending
on whether incoming electrons hit a wave peak or trough.

Ultrafast scanning electron microscopy instrumentation with 300 fs temporal reso-
lution and nm-scale probe resolution has been implemented by the Zewail lab using a
photoemission pulsed electron source [25, 36]. A pulsed laser beam is split between the
sample and the electron source to facilitate laser pumping and electron probing of the
sample. The pump beam is focussed on the sample through an optically transparent
window in the vacuum chamber with a lens on the outside, and pump probe delay can be
regulated with an optical delay line [17]. An ultrafast USEM movie can be constructed
by successively scanning images with various delays ranging from negative (electron
probe before laser pump) to positive (laser pump before electron probe). If contrast is not
sufficient to see a clear change around zero delay, the difference can be highlighted by
plotting the difference between images recorded with positive and negative delay [37], a
technique referred to as reference image subtraction.

The technique has been applied for studying the dynamics of semiconductor charge
carriers, which can be detected through a carrier induced change in secondary electron
yield of the material [17, 37, 38]. Materials studied include bulk crystal of GaAs [38], Si
[39], and CdSe [40], but also more complicated systems such as p-n junctions [41] and
black phosphorus flakes exhibiting anisotropic carrier diffusion [42]. Insulating materials
have been studied as well with an ultrafast SEM setup working in ultrahigh vacuum, as
been reported by Zani et al. [18]. Another application is the imaging of surface acoustic
waves demonstrated by Najafi et al., where USEM data was used to determine the Young’s
modulus of a polymer material [43].

While the variety of samples examined with USEM over the past years has greatly
increased, the user base of USEM is still very limited especially compared to ultrafast
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Figure 1.1: Overview of the pulsed SEM setup used for this thesis. Laser and electron optics are combined to
perform ultrafast laser-pump electron-probe experiments. Photograph by Robert Moerland.

TEM. Also, USEM instrumentation has seen limited advances and may require extensive
modifications to the SEM. Moreover, there are challenges in interpreting the results. The
aim of this thesis is the further development of USEM instrumentation, particularly
electron beam blanking to generate electron pulses as opposed to photoemission, and to
make improvements in detection and excitation. We also aim to improve our knowledge
of the contrast mechanism for better interpretation of results. Thus, we will build a better
understanding of USEM allowing exploration of new applications for the technique.

1.3. This project
The starting point is a pulsed beam SEM developed for time resolved cathodolumines-
cence (CL) experiments (figure 1.1). The microscope is equipped with an integrated
optical microscope, where CL is collected with a high numerical aperture (NA) objective
and directed through a window in the vacuum door via a mirror mounted at 45 degrees
[44]. Outside the vacuum, light can be focussed on a variety of photodetectors. A beam
blanking scheme allows for the generation of 90 ps electron pulses at 4 kV acceleration
voltage [20]. Previous work has shown the systems capabilities in to measure cathodolu-
minescent lifetimes, and variations in lifetime between particles and in nanophotonic
structures [45, 46]. In addition, the system was used for a project on the development of
a nanofabricated laser triggered blanker targeting faster pulse durations than possible
with a conventional blanker [47]. For actuation of this blanker, a fs-laser was added to the
setup as well. With the availability of a pulsed electron beam and a fs-laser, combining
them and implementing USEM experiments is the next step.

In chapter 2, lock-in USEM is introduced. This extension of the regular USEM tech-
nique with lock-in detection allows for simultaneous measurement of ultrafast carrier
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dynamics and slow carrier trapping, extending beyond the capabilities of the standard
reference frame subtraction method. Comparing different surface terminations of GaAs
highlights the surface sensitivity of the technique. New insight in the contrast mechanism
for USEM carrier dynamics measurements is gained with particle tracing simulations that
indicate the technique can probe localised surface photovoltages.

The scale at which these photovoltages can be probed is limited by the laser pump
spot size. In chapter 3, the pump resolution is pushed to below 1 micron using a high-NA
optical objective below the sample. Compared to the conventional illumination method
this is an improvement of more than an order of magnitude. Flakes of MoS2 exfoliated on
a glass substrate are used to demonstrate high-NA USEM.

In terms of applications, USEM research has been mainly focussed on resolving
semiconductor charge carriers, with only some exceptions. In chapter 4, the application
of USEM for the imaging of nanomechanical movement is explored. We implement pulse
frequency modulation to bring a mechanical cantilever resonator into motion via optical
excitation, while electron pulses are used to image displacement. Using the cantilever
of an atomic force microscope as model system, we construct ultrafast movies of the
fundamental and second harmonic oscillations and characterise power and frequency
response with USEM.

In chapter 5, the development of a new blanker is discussed. Building on a previous
project about a laser triggered beam blanking, a new design is proposed for a laser
triggered beam blanker with the goal of generating faster pulses than achievable with the
existing implementation of electrostatic blanking. By triggering the laser with the blanker
directly, trigger jitter of electronics driving an electrostatic blanker is avoided. A prototype
of the design is constructed and characterised in the USEM setup.

A conclusion and outlook for possible future USEM experiments, applications, and
developments are presented in chapter 6.
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2
Lock-in Ultrafast Scanning

Electron Microscopy

Visualizing charge carrier flow over interfaces or near surfaces meets great challenges con-
cerning resolution and vastly different time scales of bulk and surface dynamics. Ultrafast
or four-dimensional scanning electron microscopy (USEM) using a laser pump electron
probe scheme circumvents the optical diffraction limit, but disentangling surface-mediated
trapping and ultrafast carrier dynamics in a single measurement scheme has not yet been
demonstrated. Here, we present lock-in USEM, which simultaneously visualizes fast bulk
recombination and slow trapping. As a proof of concept, we show that the surface termi-
nation on GaAs, i.e., Ga or As, profoundly influences ultrafast movies. We demonstrate
the differences can be attributed to trapping-induced surface voltages of approximately
100–200 mV, which is further supported by secondary electron particle tracing calculations.
The simultaneous visualization of both competing processes opens new perspectives for
studying carrier transport in layered, nanostructured, and two-dimensional semiconduc-
tors, where carrier trapping constitutes a major bottleneck for device efficiency.

2.1. Introduction
Observing and controlling the motion and recombination of excited charge carriers are
keys to the functionality of semiconductor devices. Concomitant with miniaturization of
device components, the relative contribution of trapping and recombination at surface or
interface defects is increasing compared to that of bulk dynamics. Nevertheless, continu-
ous miniaturization has so far been driving progress in many areas of technology, e.g.,
boosting computational power and clock speed in computer chips, increasing brightness
and uniformity in lighting applications and displays, and enhancing efficiency in solar
cells [2–6]. In fact, nanocomposite or nanostructured building blocks can now be found

This chapter has been published as M. W. H. Garming, M. Bolhuis, S. Conesa-Boj, P. Kruit, and J. P. Hoogen-
boom, “Lock-in Ultrafast Electron Microscopy Simultaneously Visualizes Carrier Recombination and Interface-
Mediated Trapping”, Journal of Physical Chemistry Letters 11, 8880–8886 (2020)
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or have been proposed in many of these devices [7–10]. However, interface effects are
becoming or, as in layered semiconductor solar cells, already are the main limitation of
efficiency [11–14].

Traditionally used optical techniques are incapable of meeting the nanometer-range
resolution requirement to map the flow of charge carriers over interfaces, and further
complications arise from bulk and surface dynamics occurring on time scales that can dif-
fer by orders of magnitude [15–18]. In ultrafast scanning electron microscopy (USEM), a
focused electron beam is used to probe the dynamics of a charge carrier distribution after
laser excitation, thus bringing electron beam resolution into the traditional pump–probe
schemes [19–22]. With USEM, carrier dynamics has been studied in bulk materials such
as Si and GaAs, in crystals including CIGSe and CdSe, and in layered materials like black
phosphorus and across a silicon p–n junction [23–32]. In all schemes, low-energy, 0–10
eV, secondary electrons (SEs) are used as the probe signal. As these SEs typically have a
very short, only a few nanometers, mean free path, the bulk contribution to the signal is
naturally limited, leading to an exquisite sensitivity to surface-related phenomena [33].
Indeed, marked differences in subsurface carrier diffusivity for differently functionalized
CdTe have recently been revealed using USEM [34]. However, the visualization of trapping
at the surface together with the ultrafast carrier recombination dynamics has not been
demonstrated. Visualizing trapped states is important for two reasons. First, highlighting
where and the extent to which carrier trapping occurs allows for optimization of device
fabrication and subsequent quality control, including surface cleaning and termination
strategies. Second, trapped charges may lead to the occurrence of localized potentials that
could, depending on their magnitude, in turn impact carrier transport and recombination
near the interface. Directly decoupling ultrafast bulk dynamics and longer time-scale
surface-induced trapping in USEM would thus provide more insight into the interplay be-
tween these competing mechanisms and thus aid further optimization of nanostructured
semiconductor devices.

Here, we introduce lock-in secondary electron detection in USEM and show that it
allows the detection of processes slower than the pump–probe repetition rate simulta-
neously with bulk relaxation. Thus, within the ultrafast movie, we can study the fast
nanosecond-scale dynamics of the sample as a function of pump–probe delay, while
the slow dynamics is imprinted in the longer pump–probe delays where the detector is
effectively gated to remove the fast dynamics.

We use GaAs to illustrate our lock-in SEM. GaAs is a III–V semiconductor often used
in optoelectronic applications, either directly or as a base material for further epitaxial
growth of layered or nanoscale devices [35]. The GaAs interface has been well studied
and exhibits a different landscape of trap states depending on the crystal orientation
[36, 37]. The (111) orientation in particular displays a smooth interface terminated
with either a Ga or an As atomic layer [35, 38]. The landscape of trap states on GaAs
surfaces is known to give rise to the occurrence of surface voltages upon photoexcitation
on the order of only 100–200 mV [39]. We will show that despite this small potential
difference, our implementation of lock-in USEM reveals a marked difference in image
contrast pattern between the (111)A and (111)B orientations. We will further show that
this pattern formation can indeed be assigned to the slow, i.e., surface trapping-induced,
component in carrier relaxation, while in both cases, the fast dynamics is governed by
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Figure 2.1: Lock-in USEM disentangles bulk recombination and surface trapping in GaAs from a single
ultrafast measurement sequence. (a) In lock-in USEM, a laser pump electron probe scheme is used to map
carrier dynamics through spatiotemporal variations in the secondary electron (SE) signal that are amplified
through lock-in detection. (b) Scanning a GaAs (100) sample at various laser electron delays gives an ultrafast
laser-induced SE image sequence. This shows the effect of carrier excitation at 0 ns on the SE yield, with the
profile after ultrafast carrier relaxation matching that at negative times. (c) This movie can then be separated
into the fast dynamics (<10 ns, top row) and slow relaxation processes, including carrier trapping (bottom right
panel), allowing for data on both time scales to be acquired in a single measurement. The average intensity of
the five darkest pixels in the fast dynamics figures decays single exponentially with a 2.0±0.5 ns time constant,
corresponding to the expected bulk carrier relaxation time of the material. Scale bars of 50 µm.

direct carrier recombination. We confirm our results through particle tracing simulations,
electron spectroscopy, and direct sample current measurements. The ability to observe
both trapping-induced localized voltages and ultrafast carrier transport underneath and
around these locations may provide new avenues for inspection and optimization of
semiconductor nanodevices and the study of carrier dynamics in and around interfaces.

2.2. Methods
In USEM, a pulsed laser beam excites electrons from the valence to the conduction band
while a pulsed electron beam scans the sample at a set time delay with respect to the
laser pulse. The presence of photoexcited charge carriers leads to a modification of the
SE yield, which is probed by the electron pulse [23, 40]. Through this laser-induced SE
yield (LISE), i.e., the change in SE yield due to photoexcitation, the electron pulses thus
probe the diffusion and relaxation of the excited carriers in time and space.

Our lock-in USEM setup (see also figure 2.1a and figure 2.A1) combines a 95 MHz
Coherent Vitara-T Ti:Sapph femtosecond laser at 800 nm with a pulsed electron beam
(sub-100 ps at 4keV [41]) in a FEI Quanta 200 FEG SEM instrument. Contrary to earlier
implementations of USEM that have all required laser illumination of the electron source
[21, 31, 42], we use a standard commercial beam blanker to pulse our electron beam
(see also section 2.A1 of the supplementary information and ref [41]). Beam blankers
are a well-established way to create pulsed electron beams [43–45] but have thus far
not been applied to USEM systems. Moreover, we modulate the laser beam with a 940
Hz chopper and apply lock-in detection to directly extract the LISE signal from the SE
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detector (figure 2.1a). While previous implementations relied on subtraction of long or
negative time-delay data to obtain the LISE signal [22, 29, 30], this lock-in scheme ensures
that any processes with a characteristic frequency between the pump–probe repetition
frequency of 95 MHz and the 940 Hz chopping frequency will also be visible, on top of
the ultrafast dynamic information. Additionally, the lock-in detection filters out minor
drift-induced variations in the brightness of the image.

2.3. Results and discussion
2.3.1. Disentangling fast and slow dynamics
We illustrate our lock-in USEM acquisition in figure 2.1 using (100)-oriented GaAs, cleaned
immediately before mounting in the USEM (see section 2.A2 of the supporting informa-
tion). A bright laser induced secondary electron (LISE) signal is observed in figure 2.1b
for pump–probe delays of 5–10 ns, i.e., approaching the inverse of our laser repetition
frequency and, more importantly, much longer than the typical GaAs carrier lifetime of
∼2 ns [46–48]. Upon laser illumination, this bright spot instantly disappears, after which,
with an increasing pump–probe delay, first dark side bands appear at ∆t = 1 ns, followed
by a gradual recovery of the bright signal. We attribute the persistent laser-induced en-
hancement of the SE signal that occurs long after laser pulse illumination to the trapping
of photoexcited charge carriers at trap states on the GaAs surface.

GaAs surfaces are well-known for containing trap states that can have lifetimes sig-
nificantly longer than our 10 ns pump–probe repetition rate [47]. We note that lock-in
detection allows for their detection provided relaxation is faster than the 1 kHz laser
chopping frequency. As we will show later, the presence of these trapped charges leads to
an increase in the SE detection efficiency through the action of an induced local electric
field at the vacuum side of the interface. We will refer to this surface trapping with a
time constant in the range from 10 ns to 1 ms as the slow component in the carrier re-
laxation dynamics. Under the assumption that this slow component contributes equally
to the LISE signal for all delays, we extract the fast dynamics by subtracting the long
pump–probe delay image from all other images (figure 2.1c). In this way, we obtain the
typical dark contrast images previously reported for USEM on GaAs using the reference
image subtraction technique [23]. Here, the dark contrast is seen to spread and return to
the background signal on a 0–5 ns time scale. Plotting this fast LISE component versus
delay time (figure 2.1c), we indeed recover a single-exponential lifetime (τ) of 2.0 ± 0.5
ns,typical of bulk carrier recombination. Four other measurements on two additional
chips resulted in lifetimes of 1.9, 1.9, 1.9, and 2.0 ns (data not shown). Note that the oc-
currence of the dark side bands in the LISE signal in figure 2.1b at τ= 1 ns coincides with
the maximal spreading of photoexcited carriers in the top row of figure 2.1c. Thus, the
two photoexcitation relaxation pathways of bulk recombination and trapping at surface
defects both affect the LISE signal in qualitatively different ways and can, despite their
different time scales, both be visualized in the same lock-in USEM measurements.

2.3.2. Surface dependent trapping
Surface composition and morphology can profoundly influence the nature of surface
trap states [36, 37]; as the (100) surface is known to be terraced containing a multitude
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Figure 2.2: Visualization of trapping-induced contrast variations in ultrafast sequences of differently ter-
minated GaAs (111). (a) GaAs (111) comes in a Ga-terminated A variant (top row) and an As-terminated B
variant (bottom row), which display strikingly dissimilar ultrafast lock-in USEM image sequences, with a dipolar
pattern appearing for the GaAs (111)B variant. In crystal structure images, solid-colored atoms correspond
to Ga and dashed atoms to As. (b) Decomposing the videos in the slow components (images, right) and the
ultrafast dynamics (graphed, left) in the same way as in figure 2.1 reveals that the underlying bulk carrier lifetime
is similar for both surfaces. Thus, the contrast differences originate from the slower processes and are attributed
to different local surface voltages that develop due to carrier trapping but do not strongly affect the subsurface
carrier lifetime. Scale bars of 50 µm.

of surface reconstructions over small length scales, we switch to the (111) orientation
to illustrate this. The (111)-oriented GaAs crystal exists in a gallium-terminated variety
termed GaAs (111)A and an arsenide-terminated variety termed GaAs (111)B [35, 38].
The A and B variants thus have the same bulk structure but differ in their surface layer
(figure 2.2a) and thereby exhibit a different energy landscape at the interface. We perform
USEM measurements on both GaAs (111)A and GaAs (111)B following the same cleaning
procedure mentioned above (section 2.A2 of the supporting information).

Our lock-in USEM gives a strikingly different appearance for the LISE images obtained
on GaAs (111)A compared to those obtained on (111)B (figure 2.2a). Where the (111)A
Ga surface shows a bright spot for the longer time delays similar to that obtained for
the GaAs (100) surface, the (111)B As surface has a markedly smaller and more elliptical
high-intensity spot. Immediately after laser illumination, this difference becomes even
more pronounced with the (111)B surface developing a strong dipolar profile oriented
perpendicular to the long axis of the laser illumination profile. The dark contrast lobe
in this dipolar profile gradually diminishes with an increase in delay time. However, if,
for both surfaces we subtract the slow component (image panels in figure 2.2b) rom the
temporal dynamics like we did for the GaAs (100) above, we retrieve lifetimes of 2.1 and 2.3



2

16 2. Lock-in Ultrafast Scanning Electron Microscopy

ns for GaAs (111)A and GaAs (111)B, respectively (figure 2.2b). An additional measurement
on different chips gave values of 3.0 and 1.9 ns, respectively (data not shown). These
ultrafast relaxation rates are reminiscent of bulk carrier recombination.

Despite the similarity of the underlying ultrafast carrier decay rate, the modulation of
this ultrafast component with the persistent longer time-scale contribution gives rise to
the even more dissimilar appearance of the LISE images for delays of a few nanoseconds,
including the appearance of the dipolar contrast profile for GaAs (111)B. Like for GaAs
(100), we attribute the slow component to carrier trapping at the GaAs–vacuum interface.
This occupation of surface traps and the accompanying separation of charge carriers lead
to the occurrence of a net surface potential [39]. The magnitude and sign of this surface
potential depend on the density and energy levels of the trap states, which are different
for different surface terminations and/or bulk crystal orientations. The surface potential
in turn influences the trajectories of the low-energy secondary electrons [49], leading to a
surface potential-dependent LISE collection efficiency. To examine this in more detail,
we show in 2.3a diagonal cross sections for the intensity observed on the A and B surface
lock-in USEM images at τ ≈ 8 ns. Asymmetric profiles are observed for both variants.
The B variety shows a clear dip adjacent to a region of increased SE emission. This dip is
slightly off center from the laser illumination spot. We note that this left side of the curve,
and thus the top left corner of the LISE images in figures 2.2 and 2.4, is the position that
in our experimental configuration is closest to the location of the SE detector. The dip is
absent in the A variety, but here a smaller LISE yield is also observed on the left side of
the photoexcitation region. Both surface terminations therefore exhibit asymmetry in
the LISE images but to a different degree, which we argue is due to a difference in surface
potential.

2.3.3. Photo-induced surface potentials
We corroborate our interpretation of a surface potential-induced variation of collection
efficiency with SE collection efficiencies obtained from particles tracing simulations in
the presence of a 100–200 mV photoinduced surface potential (details of the simulation
are given in section 2.A3 of the supporting information). The calculated probability of SEs
reaching the Everhart–Thornley detector (ETD) as a function of release position shows
a marked similarity with our experimental results (figures 2.3a,b). A surface potential
of 100–200 mV already results in a clearly asymmetric, dipolar shape of SE collection
efficiency. The calculated change in SE collection efficiency is on the order of a percent,
comparable to the amplitude observed in the experiment. Thus, the dipolar contrast pro-
file appears to be due to a combination of reabsorption of SEs and redirection of emitted
SEs to the detector. As the ETD field is rather weak in the space between the grounded
SEM pole piece and the sample (see also figure 2.A3), many SEs are not sufficiently redi-
rected and hit the pole piece instead of arriving at the ETD. Slowing these electrons with
a local, positive surface potential partially prevents this from occurring. Moreover, SEs
originating from the farther side of the laser illumination spot, as seen from the ETD, are
not only slowed but also deflected toward the ETD by the surface potential. For electrons
on the other side of the laser spot, the opposite occurs with the ETD field and surface
potential field competing and thus creating a decrease in the SE collection efficiency in
line with our experimental results. This surface potential-induced modulation of the SE
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Figure 2.3: Trapping-induced local surface voltages lead to a spatially varying secondary electron collection
yield that is responsible for the dipolar pattern on GaAs (111)B. (a) Diagonal cross section of laser-induced
SE signal figures from top left to bottom right at an 8 ns pump–probe delay for GaAs (111)A and GaAs (111)B.
For both curves, the number of SEs collected from the side of the laser spot closest to the detector is lowest.
However, for the B variant, the contrast inversion is clearly visible; this is absent for the A variant. (b) Simulated
SE collection efficiencies in the presence of a 100 and 200 mV Gaussian surface potential reproduce the dipolar
contrast inversion when the surface voltage increases toward 200 mV.

collection efficiency is complementary to a possible change in SE yield, which is unrelated
to the detector geometry and therefore intrinsically symmetric.

The surface potential of 100–200 mV corresponds to literature values of GaAs surface
photovoltages that develop during continuous laser illumination [50–54]. On perovskites,
surface photovoltages of ∼5 V arising from continuous laser illumination have been
recently reported to influence SE trajectories to such an extent that a position-dependent
collection efficiency can be observed [49]. We exclude the occurrence of localized surface
potentials of this magnitude using a home-built retarding field analyzer (see section 2.A4
of the supporting information). Here, a retarding field between sample and ETD prevents
SEs with an energy smaller than the field magnitude from reaching the detector. The SE
energy spectrum at each incident beam scan position is thus measured by varying the
magnitude of the retarding field and collecting the transmitted electrons to construct
an S curve. We observe no major shift in the curves obtained on laser-irradiated areas
versus unirradiated areas on GaAs (111)B (figure 2.4a,b), meaning the difference in surface
potential is less than the sensitivity of the spectrometer, i.e., ≲250 mV. This is in stark
contrast to calibration measurements using a biased copper wire that show clear curve
shifts when an externally applied local potential is on the order of ≥1 V (figure 2.A7).
Finally, we note that the observed asymmetry in the lock-in USEM images results from
the combined action of the local surface potential and the ETD bias field that attracts the
SEs. Indeed, if we measure the current through the sample as a function of scan position,
the dipolar asymmetry disappears when the ETD bias field is switched off (figure 2.4c,d).
Thus, we conclude that lock-in USEM enables simultaneous visualization of photoexcited
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Figure 2.4: Retarding field spectral analyzer and direct sample current measurements confirm contrast
variations are caused by small localized surface voltages. (a) Lock-in USEM result for GaAs (111)B with a 0
V retarding field on a grid placed above the sample. Regions of interest where the signal on the SE detector
is monitored while the retarding voltage on the grid is varied are indicated with colored boxes. (b) For these
regions, similar S curves are obtained, meaning the surface potential is <250 mV. (c) Measuring the current
through the sample with the bias field on the SE detector switched on, we observe the contrast pattern inverted.
(d) Switching the SE detector bias field off, we see the contrast pattern disappear, confirming the pattern is
caused by an asymmetry in SE collection efficiency. Scale bars of 50 µm

carrier relaxation via bulk recombination as well as trapping at energy states located at
the interface.

2.4. Conclusion
The ability to see ultrafast carrier motion in relation to trapping-induced localized volt-
ages provides new avenues for studying carrier transport in and across heterojunctions,
underneath nanostructured surfaces, or at edges or layer transitions in two-dimensional
materials. Locations for charge buildup can be directly visualized and related to changes
in carrier recombination near the defect site. In the characterization of semiconductor
nanodevices, lock-in USEM can enable the identification of spatial inhomogeneities that
lead to trapping and thus aid the development of optimized fabrication processes and
allow for quality control. Addition of an SE energy spectrum analyzer, like our initial
retarding field analyzer, allows a direct evaluation of the magnitude of localized surface
potentials, while the influence of the resulting internal field on charge dynamics can be
monitored on time scales of nanoseconds or faster. We evaluated smooth interfaces, but
localized impurities or defects that occur in fabrication may lead to larger local potentials.
Lock-in USEM allows visualization of these fields, while their influence on local carrier
transport can be simultaneously measured. Thus, we finally have the intriguing prospect
of seeing charges move and recombine in and around the fields generated by trapped
charges at high spatial and temporal resolution. This will ultimately aid the development
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of semiconductor nanodevices, for instance, in photovoltaics and photodetection, where
the optimization of the ratio between bulk dynamics and surface trapping is crucial in
optimizing device performance.
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Appendix

2.A1. Instrumentation and methodology
Our USEM, schematically shown in figure 2.A1, is based on a FEI Quanta 200 FEG SEM
equipped with a 95 MHz Coherent Vitara-T Ti:Sapph fs-laser. The electron beam is
pulsed with a fast beam blanker enabling sub 100 ps electron pulse duration at 4 kV by
rapidly deflecting the electron beam over a blanking aperture positioned in the electron
objective lens. There is a linear relation between pulse duration and acceleration voltage.
Major advantages of this technique of pulsing the beam over photoemission sources are
easy switching between continuous and pulsed beam, and insensitivity to alignment
drift providing stability allowing for many hours of uninterrupted operation. The laser
enters the vacuum through a viewport in the side of the vacuum chamber, resulting in
an elliptical spot measuring some 55 by 95 micron FWHM on the minor and major axes.
Laser and electron pulses are locked by triggering the electric pulse generator driving
the beam blanker on a photodiode illuminated with the laser; the pump probe delay is
regulated through an electronic delay box (SRS DB64).

In addition to the optical path through the viewport, the setup is also equipped
with an inverted optical microscope below the sample, which is used for alignment
purposes to achieve spatiotemporal coincidence between laser and electron pulses on
the sample. Spatial alignment is done by imaging the laser spot and electron beam
induced cathodoluminescence (CL) on an ITO covered glass slide with a CCD camera,
and adjusting to make the spots coincide. Temporal alignment can be performed through
a time correlated single photon counting (TCSPC) scheme, where the arrival time of
electron beam generated CL is compared to the arrival time of specular reflected laser
light.

Lock-in detection is implemented by chopping the laser beam at a frequency of 940
Hz, and picking up the resulting modulation on the SE signal at this frequency with a lock-
in amplifier (EG&G Model 5101). The output of the lock-in amplifier, i.e. the difference
between the SE yield achieved with and without the laser excitation, is referred to as the
laser induced SE (LISE) signal. As no data is subtracted in obtaining the LISE signal, any
processes with a characteristic frequency between the pump probe repetition frequency
of 95 MHz and 940Hz chopping frequency will also remain visible, albeit without dynamic
information. Additionally, minor drift induced variations in brightness of the image will
be filtered out in the lock-in detection, allowing for very long exposure times.

A lock-in USEM measurement series is conducted by sequentially performing full
image scans around the laser focus location with a fixed pump-probe delay, repeating
until all delays are covered. The experiments are conducted with a laser fluence of some
4 ·10−5 J cm-2, electron acceleration voltage of 30 kV, and pixel dwell time of 50 ms. An
average of 5 electrons per pulse is used, which, in combination with the short distance
between blanking aperture and sample, makes for negligible temporal broadening of the
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Figure 2.A1: Our USEM set-up makes use of beam blanking for electron pulse generation, and is equipped with
a viewport to facilitate fs laser excitation. The laser is chopped for lock-in detection and an inverted optical
microscope is used for alignment purposes.

pulse. The measurement order of the pump-probe delays was randomised to prevent
misinterpretation of long term effects (e.g. possible sample drift) as ultrafast dynamics.
Lifetimes are obtained by fitting a single exponential function to the mean intensity of
the darkest 5 pixels in the ultrafast images; in order to reduce the effects of noise, the ROI
is cropped to roughly twice the spot size at 0 ns for measurements obtained with a field of
view larger than this.

Conversion from lock-in output voltage to a fractional change in collected SE signal
can be done by dividing the lock-in output voltage by the amplifier gain and dividing that
by the voltage of the ETD signal relative to its zero level. The lock-in amplifier gain has
here been determined by comparing the lock-in output voltage to the known peak-peak
voltage of a square wave at the input.

2.A2. Sample preparation
GaAs has a native oxide layer [1–3] that we remove prior to the measurements. The full
sample preparation procedure is as follows. Chips are diced from a wafer and cleaned
though sonication for 5 minutes in acetone and subsequently IPA, followed by 1 minute
of oxygen plasma cleaning at 300W. The chip is then washed in ammonium hydroxide
solution (25%) for 90s to remove the oxide layer [2, 3], rinsed with DI water, dried with
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Figure 2.A2: EDX TEM results on cross sections of GaAs (111) samples. Prominent elements are Ga and As from
the GaAs and the Ga ion beam used to prepare the TEM lamellae, Pt and C from the precursor used to grow a
protective layer on the surface in lamella preparation, and O from sample oxidation. The uncleaned sample
(top pane) shows a visible oxygen peak above the background that is not present for the surfaces treated with
ammonium hydroxide, from which we conclude the procedure is effective in removing the oxide of GaAs.

a blast of nitrogen, and immediately loaded into the SEM vacuum. The GaAs chips are
positioned on an ITO covered glass slide, which is in turn mounted on an aluminium
holder.

EDX TEM measurements have been performed to measure the efficacy of the oxide
removal procedure. To this end, GaAs chips are treated and then either loaded directly
into a dual beam SEM, or laser exposed in the USEM system before transfer to the dual
beam for fabrication of TEM lamellae. The process is to cover the GaAs with a layer
of platinum through electron and ion beam induced deposition to protect the surface
and prevent further oxide growth, followed by focussed ion beam (FIB) milling to obtain
lamellae. These are then transferred to a TEM sample holder. Lamellae are also cut from
an untreated, uncleaned chip. The lamellae are examined in the TEM by scanning a
focussed beam across the GaAs-Pt interface and recording the EDX spectra along this
line. Figure 2.A2 shows the elemental composition fitted from these spectra along a cross
section. From these plots we conclude that only the uncleaned sample has an oxygen
peak at the GaAs-Pt interface while this peak is absent in treated samples. This indicates
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the procedure is effective and oxygen content on the GaAs surface is reduced to a level no
longer measurable.

2.A3. Particle tracing simulations
The SE collection efficiencies are calculated using charged particle tracing in COMSOL
Multiphysics. In our LISE images, the laser is incident from the upper right corner and
the detector, an Everhart-Thornley detector (ETD) biased at 250V, is positioned on the
upper side of the image. Electrons in the simulation are released 1 µm from the sample
surface, which has a Gaussian potential distribution measuring 75 x 150 µm full width half
maximum. We represent the ETD by a sphere biased at 250 V (see figure 2.A3) and record
what fraction of electrons reaches this detector. Initial electron velocities are set to obey
the Lambert cosine law for their direction and to have energies drawn from the Weibull
distribution shown in figure 2.A4, closely following the SE spectrum of silicon generated
by the simulation software Gean4. We ignore a potential change in SE yield as a result of
the induced surface voltage, which suffices for making a qualitative comparison with the
obtained experimental images. Electric fields are computed in 3D with the electrostatics
interface in the first simulation step (figure 2.A3a), and particles are then traced through
this field with the charged particle tracing interface in the next step (figure 2.A3b). A
parameter sweep is conducted varying the SE release position relative to the location
with surface potential as well as the intensity of the surface potential, and it is recorded
what fraction of released particles reach the detector. We neglect Coulomb interactions
between electrons and also ignore re-emission when electrons hit a surface. Thus, we do
not include the contribution of SEs generated by backscatter electrons, often denoted
as SE3s [4], to the total SE signal. This means that the proportional change in collection
efficiency is smaller in reality than in the simulations.

Validation of our model by measuring the surface potential in situ during laser expo-
sure is not possible as our USEM is not equipped with metrology equipment such as a
kelvin probe or an advanced electron spectrometer to accurately measure the surface
potential. Hence, we test the validity of our model by performing simulations and experi-
ments with an added varying stage bias, which expected to be a very influential parameter
to the existence of the dipolar effect as it too has great influence on electron reabsorption
and impact on the pole piece. Figure 2.A5 shows a comparison of the simulated and
experimentally found cross section of the dipolar effect, broken down into positive and
negative stage biases. We observe the following trends between them. For negative stage
biases, the dipolar effect loses intensity for increasing bias voltage, but remains visible
in the entire range. As the total number of detected SEs also drops with increasingly
negative stage bias, a decreased modulation is in line with expectations. A positive stage
bias promotes reabsorption of SEs in the sample, and for both simulation and experiment,
the split completely disappears. At 5V, the simulations even predict a dip, which would
fit as the added local potential results in increased absorption, but in the experiment
there seemingly is an additional effect causing a marginal increase in the SE yield. The
lower experimental values for the modulation compared to simulation are at least in part
explained by the background of SE2 and SE3 signal on the experimental data, which may
comprise over half the total SE signal [4]. Additionally, the surface potential could be lower
than the simulated 200 mV. Thus, while the results do not exactly overlap, simulation and
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(a)

(b)

Figure 2.A3: Geometry for the COMSOL simulation of the SE collection efficiency with calculated potential in
Volts. The sphere on the left represents the ETD, and the cone and flat surface represent the EM pole piece and
sample holder. (a) The field of the ETD hardly protrudes below the pole piece and therefore a surface potential
could be very relevant in this area. (b) Particles are traced through the electric field and we record the fraction
reaching the detector. Colours indicate component voltage or particle kinetic energy.

Figure 2.A4: Distribution of the initial energy of released electrons in the particle tracing simulations. It is a
Weibull distribution with a=6.897 and b=1.742, and closely follows the SE spectrum of silicon.
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Figure 2.A5: Comparison of simulated and experimentally found cross sections of dipolar effect with a stage bias.
All percentages relative to SEs collected at 0V stage bias. Simulation done for 200 mV surface potential. Similar
trends are observed between simulation and experiment, supporting the notion of a local surface potential.
The higher modulation on the simulated profiles compared to experimental data can be attributed to a lower
surface potential being present on the sample and/or background of SE3 not considered in the simulation.

experiment show very similar developments for both polarities, which is impressive given
that our model has numerous assumptions and supports the notion of the dipolar effect
being caused by a local photo-induced surface potential.

2.A4. Retarding field analyser
In order to verify the surface potential on the sample is indeed small, we analyse the SE
spectrum with a retarding field analyser (RFA) consisting of a single curved grid covering
the GaAs sample chip as schematically represented in figure 2.A6. A variable retarding
field is created by applying a voltage between the grid and the GaAs sample, preventing
secondary electrons with an energy less than the RFA voltage determined cut-off energy
from being detected. So called S-curves are measured by recording the transmitted SE
signal as a function of the RFA voltage. In the presence of a surface potential, SE energy
changes and the s-curves are shifted by the surface voltage. Based on a distance from
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Figure 2.A6: Schematic representation of the retarding field analyser. A retarding field is applied between the
sample and the grid by biasing the sample, filtering electrons based on energy and preventing detection of low
energy election. S-curves are constructed by measuring the ETD signal as a function of the retardation voltage.
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Figure 2.A7: RFA calibration measurements on a biased wire. The functioning of our retarding field analyser
has been tested on a thin wire (32 AWG) with a known potential suspended right above the substrate. S curves
were measured for different wire bias voltages to find the system response for a surface potential. From these
measurements we conclude the SE spectrometer is sensitive enough for measuring surface potentials of a few V.
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sample to grid of 4 mm and a mesh size of 0.5 mm, the cut-off energy varies by 0.25 eV
within a grid opening, putting a limit on the resolution of the spectrum analyser. The
RFA only measures a the directional component of the electron energy normal to the grid,
and the grid is not necessarily perpendicular to the SE escape trajectories; this forms a
further error contribution. While the RFA is therefore not sufficiently advanced to resolve
a 200 meV energy difference with a high degree of certainty, calibration measurements
showed that a 5 V potential (as found by ref [5]) certainly would be visible (see also figure
2.A7). The RFA measurements on GaAs can therefore be used to find an upper limit to the
surface potential.

References
[1] N. A. Torkhov, “Formation of a native-oxide structure on the surface of n-GaAs

under natural oxidation in air”, Semiconductors 37, 1177–1184 (2003).

[2] P. Moriarty and G. Hughes, “An investigation of the early stages of native oxide
growth on chemically etched and sulfur-treated GaAs(100) and InP(100) surfaces
by scanning tunnelling microscopy”, Ultramicroscopy 42-44, 956–961 (1992).

[3] H. J. Yoon, “The study of native oxide on chemically etched GaAs (100) surfaces”,
Journal of The Electrochemical Society 139, 3229 (1992).

[4] L. Reimer, “Emission of Backscattered and Secondary Electrons”, in Scanning
electron microscopy (Springer Berlin Heidelberg, Berlin, Heidelberg, 1998), pp. 135–
169.

[5] G. Irde, S. M. Pietralunga, V. Sala, M. Zani, J. M. Ball, A. J. Barker, A. Petrozza, G.
Lanzani, and A. Tagliaferri, “Imaging photoinduced surface potentials on hybrid
perovskites by real-time Scanning Electron Microscopy”, Micron 121, 53–65 (2019).

https://doi.org/10.1134/1.1619513
https://doi.org/10.1016/0304-3991(92)90385-W
https://doi.org/10.1149/1.2069058
https://doi.org/10.1007/978-3-540-38967-5_4
https://doi.org/10.1007/978-3-540-38967-5_4
https://doi.org/10.1016/j.micron.2019.03.002


3
High-NA Ultrafast Scanning

Electron Microscopy

Ultrafast scanning electron microscopy images carrier dynamics and carrier induced sur-
face voltages using a laser pump electron probe scheme, potentially surpassing all-optical
techniques in probe resolution and surface sensitivity. Current implementations have left a
four order of magnitude gap between optical pump and electron probe resolution, which
particularly hampers spatial resolution in the investigation of carrier induced local surface
photovoltages. Here, we present a system capable of focusing the laser using an inverted
optical microscope built into an ultrafast scanning electron microscopy setup to enable
high numerical aperture pulsed optical excitation in conjunction with ultrafast electron
beam probing. We demonstrate an order of magnitude improvement in optical pump
resolution, bringing this to sub-micrometer length scales. We further show that tempo-
ral laser pump resolution can be maintained inside the scanning electron microscope by
pre-compensating dispersion induced by the components required to bring the beam into
the vacuum chamber and to a tight focus. We illustrate our approach using molybdenum
disulfide, a two-dimensional transition metal dichalcogenide, where we measure ultrafast
carrier relaxation rates and induced negative surface potentials between different flakes
selected with the scanning electron microscope as well as on defined positions within a
single flake.

3.1. Introduction
Four-dimensional or ultrafast scanning electron microscopy (USEM) has in recent years
been pioneered as a promising technique to study temporal dynamics in nanostructured
materials with electron beam resolution [2, 3]. In USEM, a pulsed laser beam excites
(or pumps) the sample while a pulsed electron beam, scanning the sample at a fixed

This chapter has been published as M. W. H. Garming, I. G. C. Weppelman, M. Lee, T. Stavenga, and J. P.
Hoogenboom, “Ultrafast scanning electron microscopy with sub-micrometer optical pump resolution”, Applied
Physics Reviews 9, 021418 (2022)
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delay with respect to the laser pulse, probes the material response with high resolution [4,
5]. The majority of reports to date have targeted the imaging of semiconductor carrier
dynamics, creating carriers though fs laser excitation and tracking them with electron
probe pulses through a carrier induced change in secondary electron signal. Materials
and specimens whose charge carrier dynamics have been studied with USEM to date
include bulk samples of silicon of various doping [6–8], GaAs [9], CdSe [3, 10] and alumina
[11]. The impressive surface sensitivity of USEM enabled by the detection of low-energy
secondary electrons also allows for resolving the influence of surface termination on
carrier dynamics, as demonstrated on CdTe [12] and GaAs [13]. In addition, the change in
surface potential induced by the presence of photo-excited free charge carriers, can be
simultaneously measured with USEM through the local influence of this surface potential
on the secondary election (SE) trajectories and thereby SE collection efficiency [11, 13].

USEM is unique in its combination of direct electron beam microscopy, ultrafast
carrier dynamics imaging, surface sensitivity, and surface photovoltage measurement. All-
optical transient absorption techniques are traditionally used to measure charge carrier
dynamics [14, 15], but are limited by light optical diffraction, and the large penetration
depth of photons may lead to reduced contrast from thin samples or surface layers. In
addition, sensitivity to induced surface photovoltages is lacking. Surface potentials can
be measured with Kelvin probe force microscopy [16], but the scanning probe may be
difficult to combine with electron beam imaging of the sample. Time-resolved scan-
ning tunneling microscopy (STM) is another interesting technique capable of surface
inspection at high spatial resolution on the ultrafast time scale [17], but also without
the electron beam aiding in the selection of measurement areas. Time-resolved photo-
emission electron microscopy (TR-PEEM) has a similar contrast mechanism and, thus,
thin-layer sensitivity as USEM [18, 19], but uses high-energy (UV) photons instead of the
probing focused electron beam.

In current implementations of USEM, the optical pump resolution is on the order of
tens of micrometers, leaving a four order of magnitude gap in resolution compared to
the electron pulse beam [20, 21]. Most USEM setups are based on a scanning electron
microscope (SEM) setup, often a commercial system, that is modified to accommodate fs-
laser excitation of the sample and a pulsed electron beam [3, 22, 23]. Pulsing the electron
beam is typically done by applying a scheme where the electron emitter is photo-excited
to generate electron pulses [24, 25]. Photo-excitation of the sample is achieved with an
optically transparent window in the vacuum chamber with a lens on the air side to focus
the laser on the sample from the same side as the incoming electron beam [20]. This
enables focusing the laser on samples for pumping, albeit with a large distance between a
lens and a sample and, therefore, a very small numerical aperture (NA) that constitutes a
limitation for achievable optical resolution.

Better focusing of the laser has the potential of greatly improving measurement resolu-
tion. As the spatial resolution for USEM measurements probing a semiconductor surface
photovoltage (SPV) is limited by the size of the laser beam focus, and not the electron
beam probe, it is useful to decrease the size of the laser spot in order to probe surface po-
tentials over smaller areas. This would enable measuring on specific sections of samples
and devices, rather than bulk wafers, and be particularly useful for measurement of 2D
materials. In addition, for very small regions of interest, such as nanoparticles, reduction
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in the laser spot size would have the added benefit of only exciting the measurement area
without the risk of exposing and possibly modifying the surrounding area. In contrast,
current implementations have targeted ensembles of nanoparticles all pumped at the
same time [26–29]. Furthermore, a more tightly focused laser spot results in a higher
power density; an improvement from a 30 µm spot to a diffraction limited sub-micrometer
excitation area would entail roughly a thousand times higher laser fluence on the sample.
An improvement in this magnitude would require the addition of (high-NA) optics in the
SEM vacuum chamber, which may interfere with an electron beam and signal trajecto-
ries and add considerable dispersion to the laser pump pulse potentially compromising
temporal resolution.

Here, we present a USEM setup with an integrated inverted optical microscope, uti-
lizing high-NA microscope objective lenses akin to those used in conventional optical
microscopes. By bringing all the optics inside the vacuum, the optical working distance
is much lower than in the conventional case, and this enables sub-micrometer optical
excitation and imaging of the sample, constituting a major step forward in resolution.
The light optical objective lens is located below the sample [30, 31], such that it does not
interfere with electron microscopy and allows investigation of nanoscale materials on
transparent substrates. We show that spatial and temporal resolution can be maintained
in the vacuum chamber by pre-compensating dispersion of a vacuum window (VW) and
an objective lens, and demonstrate our high-NA USEM setup with ultrafast movies of
carrier dynamics on thin molybdenum disulfide (MoS2) flakes probing both selected
individual flakes as well as specific locations within a single micrometer-scaled MoS2

flake.

3.2. Experimental section
High-NA excitation is implemented in our SEM-based setup, as shown in figure 3.1, which
also displays a typical state of the art USEM setup for comparison. The vacuum door and
sample stage in a FEI Quanta 200 FEG microscope have been replaced with a custom
built inverted optical microscope that accommodates conventional optical objectives.
The sample holder, mounted on a piezostage, has an opening over which samples are
mounted to ensure optical access. We previously used the integrated high-NA objective
lenses for detection of e-beam induced cathodoluminescence [31–34]. Here, we add an
optical excitation path to pump the sample with all components except for a mirror and
the objective lens outside the vacuum chamber. The vacuum window facilitating this is a
10-mm-thick optical flat (CVI Melles Griot). Secondary electrons (SEs), forming the probe
signal, are detected with an Everhart-Thornley detector (ETD) positioned in its standard
configuration in the sample chamber.

The optical excitation path from the laser to the sample is shown in figure 3.2. The
laser is a Coherent Vitara-T with 800 nm center wavelength and 95 MHz pulse repetition
frequency. Sub-20 fs pulse duration is possible with the bandwidth at the widest setting
of 125 nm. All optical components, particularly the vacuum window and the objective,
introduce frequency dispersion to our broadband optical pulses, causing temporal broad-
ening. We compensate for this with a set of dispersion compensation mirrors, which allow
us to add negative dispersion and retain an ultrashort pulse at the sample. Optical power
is regulated with a neutral density filter and a combination of a rotatable half lambda
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Figure 3.1: Integrated inverted optical objective allows for high-NA pulsed laser excitation. (a) Typical state of
the art USEM setup with a laser triggered electron source. (b) High-NA USEM setup with a custom built inverted
optical microscope for photoexcitation of the sample with high-NA objective lens (OL) at diffraction limited
resolution. A beam blanker (BB) with blanking aperture (BA) is used, negating the need to (partially) direct the
laser to the electron source for pulsing the electron beam. Secondary electrons are detected as the probe signal
with an Everhart-Thornley detector (ETD).
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Figure 3.2: Dispersion compensation optics are used in the excitation path and lock-in detection in the
detection path. (a) The pulsed laser beam (95 MHz, 800 nm) first goes through a neutral density filter (ND) to
regulate power before entering dispersion compensation mirrors (DCMs) and dispersion wedges (DWs). Next
are a half lambda plate (λ/2) and a polarization filter (PF) controlling power and polarization, beam chopper
(C) for lock-in detection, 3.75:1 beam broadening telescope (T), dichroic mirror (DM), vacuum window (VW),
and objective lens (OL). A tube lens (TL) and a CCD camera are used for imaging of the sample. (b) Lock-in
detection is implemented by feeding the ETD signal to a lock-in detector to extract the laser induced SE signal
from the total SE signal.

plate and a Brewster wedge based polarization filter. A beam expander with 3.75:1 ratio
broadens the beam to fill more of the back aperture of objectives and make better use of
their high NA; for these experiments, we use a Nikon 40x objective with 0.95 NA or a 40x
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1.25 NA water immersion objective in combination with vacuum compatible immersion
fluid. The path also contains a beam chopper for lock-in detection.

The laser-induced SE signal is modulated by the beam chopper periodically blocking
the laser at a 940 Hz chopping frequency, which allows us to extract it from the total SE
emission signal with a lock-in amplifier (figure 3.2). Thus, we do not need to use reference
image subtraction [8, 35, 36], with the additional advantage of simultaneously visualizing
processes slower than the pump-probe repetition time such as trapping of carriers [13].
Furthermore, in this way, we mitigate drift in the alignment or sample position between
the recordings of reference and other images.

Electron beam blanking is used to pulse our electron beam, as detailed in ref [32].
Briefly, the continuous electron beam from a standard source is chopped by the beam
blanker rapidly deflecting it over a blanking aperture. This solution of pulsing an electron
beam predates the laser triggered source but has recently found more use in various forms
[25, 37–39]. While some blanker designs have longer pulse durations than phototriggered
sources [38], advantages include less invasive implementation in the microscope and
improved stability during use as we are not sensitive to drift of the source vs the laser
illumination. Furthermore, the laser power does not have to be divided between the
electron source and sample. A pulse duration below 100 ps can be achieved at 4 kV
acceleration voltage in our setup [32], with a linear relation between the pulse width
and acceleration voltage. The use of a conjugate blanking scheme where the beam is
focused between the blanker plates ensures that spatial resolution of the electron beam is
preserved [32] and blanker induced spot displacement and blur is negligible [40]. We use
a standard 5 Vpp square wave function generator to drive the beam blanker, resulting in
an electron pulse for the rising and for the falling edge of the signal.

Accurate synchronization of the laser and electron pulses in time is crucial in achiev-
ing temporal resolution. As a beam blanking solution does not yield the same natural
synchronization of the pulse repetition frequency as laser triggered sources do, we imple-
mented an alternative procedure. As schematically represented in the block diagram in
figure 3.3, electron pulses are locked to the laser pulse train by triggering the square wave
generator driving the blanker plates with the signal of a photodiode exposed to the laser.
A frequency divider halves the frequency of the triggering signal to account for the rising
and falling edge of the square wave, ensuring the repetition frequencies of the laser and
electron pulses are identical. Delays can be introduced to the triggering signal with a SRS
DB64 coax delay box and fine adjustments in delay, and duty cycle can be made on the
square wave generator itself.

Calibration of the pump-probe delay is based on a time correlated single photon
counting (TCSPC) scheme. We use an avalanche photodiode (APD) to detect light emitted
from the sample, and a PicoHarp 300 TCSPC timing unit to register the arrival time
of photons relative to the photodiode signal. For this, we measure the electron-beam
induced cathodoluminescence via the objective used for illumination and compare this
signal to the arrival time of laser pulse reflections or second harmonic generation (figure
3.3). Zero time delay is found by adjusting the delay in the trigger signal for electron pulse
generation such that the arrival time of the laser and CL light coincide. Some timing
jitter is present in this scheme, for example, from the triggering of the pulse generators.
However, pulse durations of 90 ps have been measured on this setup [32], forming an
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Figure 3.3: Timing of the laser and electron pulses can be monitored with time correlated single photon
counting (TCSPC), enabling sub-ns temporal alignment. (a) Electron pulse generation is synchronized to the
laser pulses by using a laser generated triggering signal on the square wave generator driving the blanker. The
laser illuminates a photodiode, whose output signal is sent through a frequency divider and a delay generator
before triggering the blanker signal generator. Pulse arrival times are monitored by measuring luminescence
from the sample with an avalanche photodiode (APD) and a time correlated single photon counting unit. (b)
Logarithmic arrival time histogram of electron beam generated cathodoluminescence and laser reflections
measured with time correlated single photon counting. Pulse shapes are the result of a convolution between
intrinsic pulse shape and the instrument response primarily determined by the APD and measurement circuit.
The timing of the electron pulse generation is adjusted such that the electron beam and laser signals have the
same arrival time.

upper limit to the jitter that is much smaller than the timescale of dynamics reported
here.

An ultrafast movie is recorded by focusing the laser on the sample (fluence∼2 mJ/cm2),
and scanning the photo-excited area with a 10 kV acceleration voltage pulsed electron
beam. Typical pixel dwell times are on the order of 1 s, comprising many pump-probe
cycles. We record the direct SE detector signal as well as the lock-in signal to reconstruct
both the total SE signal and the laser induced component of it. The area is scanned
multiple times with different pump-probe delays in random order to prevent misinter-
pretation of sample degradation as ultrafast dynamics. For more information on sample
degradation resuling from prolonged exposure, we refer to the appendix.

The MoS2 samples are prepared using mechanical exfoliation of naturally occurring
bulk crystal (SPI) with tape followed by polydimethylsiloxane (PDMS) (Sylgard 184) stamp-
ing [41] on a substrate of ITO covered glass (Optics Balzers). We use two different samples,
after stamping sample 1 goes through a cleaning procedure consisting of 1 h in anisole, 1
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min in isopropylalcohol (IPA), drying with a blast of nitrogen, 2 h in vacuum oven at 200◦C,
and 4 min of oxygen plasma cleaning at 300 W with faraday cage. Sample 2 was prepared
with the same stamping process, but the cleaning steps were omitted. Based on optical
inspection, measured flakes are all many layers (tens of nm) thick, and therefore, their
properties will resemble those of bulk MoS2 [42]. In addition, we note that the thickness
of the sample is much thinner than the optical penetration depth of MoS2 at our 800 nm
laser wavelength; the optical absorption is, therefore, in good approximation, constant
over the sample thickness.

Spatial resolution of the pump laser is characterized using two-photon luminescence
from an InP nanowire. The nanowire sample was prepared by transferring the wires
(Bakkers lab, TU/e) from the growth substrate to an ITO slide with lint free tissue. The
laser is focused on the sample, which is scanned through the laser spot on a piezostage
while the second harmonic signal is recorded on an avalanche photodiode with a 400/40
bandpass filter. The laser spot size is determined from the resolution of the resulting
second harmonic image.

Assessment of the temporal resolution of the pump laser is done by means of second
order autocorrelation traces, from which the laser pulse duration can be determined [43,
44]. The autocorrelation traces are measured using a Michelson interferometer with a 100
µm thick Beta Barium Borate (BBO) crystal (Eksma optics) in the focus of the objective
as a second harmonic generator. In the interferometer, the laser beam goes through
a beam splitter and one pulse picks up a variable delay in an optical delay line. Both
beams are subsequently recombined and focused on the BBO sample, whose second
harmonic signal is measured using a photomultiplier tube. With the second harmonic
signal intensity proportional to the square of the laser intensity (fourth power of the
electric field), the second harmonic signal is up to eight times higher when the pulses
overlap in time compared to when they arrive separately.

3.3. Results
3.3.1. Spatial and temporal optical probe size
The spatial extent of the laser pump profile is measured using the two-photon excited
signal from an InP nanowire, see figure 3.4a-c. We fit a Gaussian profile (figure 3.4c) to a
cross section of the second harmonic image (figure 3.4a) and extract 474 nm full width
at half maximum (FWHM). We deconvolve this with the wire width (175 nm, figure 3.4b)
and multiply by

p
2 to arrive at a laser spot size of about 620 nm FWHM with the 1.25 NA

40x water immersion objective. Thus, we conclude that we have reached sub-micrometer
optical pump resolution.

The second order autocorrelation trace, measured to assess the laser pulse duration,
was acquired with 125 nm laser bandwidth. Figure 3.4d shows the measured correlation
function after 32 bounces of the incoming laser beam through the dispersion compen-
sation mirrors. We retrieve a pulse duration of 15 fs on the sample. Thus, the ultrashort
pulse duration can be retained despite the dispersion introduced by the objective lens
and vacuum window. Consequently, the laser pulse duration will not limit the temporal
resolution of the pump-probe scheme, and the efficiency of multi-photon processes, such
as the generation of second harmonics used for the laser spot size characterisation, is
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(a) (b)

(d)(c)

Figure 3.4: 620 nm spatial and 15 fs temporal optical pump resolution inside the ultrafast SEM. (a) Two-
photon excitation image of a 175 nm diameter InP nanowire acquired by scanning the nanowire through the
laser spot. (b) SEM image of InP wire. (c) Cross section over the line in image (a) with Gaussian fit. The FWHM
of the fit is equal to 474 nm, corresponding to a laser spot size of 620 nm in the focal plane. (d) Second order
autocorrelation measured with a BBO crystal in the focal plane of the objective lens and with a laser bandwidth
of 125 nm. Some higher order dispersion is visible in the trace with this high bandwidth, but the ratio of the
peak to background is approximately 1:8 as expected, and we measure a 15 fs pulse duration after dispersion
compensation. Scale bar is 1 µm.

maximized. Furthermore, the full toolbox of optical pulse shaping techniques and pulse
train formation is available in the SEM vacuum.

3.3.2. Ultrafast dynamics
An ultrafast movie of the laser induced SE signal acquired with USEM on a single MoS2

flake is shown in figure 3.5a. At 0 ns pump-probe delay, a dark spot and an adjacent bright
spot are observed; a cross section of this dipolar profile is shown in figure 3.5b. A double
Gaussian fit indicated as a guide to the eye is found to reproduce the data well. The
transition between the minimum and maximum intensity of the fitted curve exhibits a
25-75 edge width of 750 nm, close to the above established resolution limit of our high-NA
optical pump scheme.

For increasing pump-probe delay, the contrast gradually recedes until it has almost
disappeared at -1 ns (equivalent to +9.5 ns at 95 MHz). The dark contrast is more intense
compared to the brighter area. In figure 3.5c, contrast is plotted as a function of pump-
probe delay, where data points show the mean of the five darkest pixels in the ultrafast
movie frames after applying a σ=2 px Gaussian filter to the raw data and normalizing
between -1 and 0. Fitting to an exponential decay y = −exp(−x/a) results in a 3.2 ns
relaxation time constant. We note, however, that we observe rather large 95% uncertainty
bounds for this fit of (2.4, 4.1) ns.
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(a)

(b) (c)

Figure 3.5: Ultrafast scanning electron microscopy with sub-micrometer optical pump resolution. (a)
Ultrafast movie from an MoS2 flake, showing SE contrast from the laser irradiated area as a function of laser
pump - electron probe delay. A dark and bright spot reminiscent of a carrier-induced surface voltage is observed
upon laser irradiation, which decays on a few ns time scale. (b) Intensity profile for the laser-induced SE signal
at 0 ns delay over the line indicated in the corresponding panel in (a). The solid line shows a double Gaussian fit
to the data revealing a 25-75 resolution of 750 nm. (c) Lock-in signal, i.e., laser induced SE signal as a function of
the pump-probe delay. The single-exponential fit to the rising part of the curve yields a recovery time of 3.2 ns.

The above-mentioned result was obtained by pumping a sub-micrometer area on
a MoS2 flake tens of micrometers in size. We repeated this measurement on different
areas of the same flake, thus showing how our high-NA USEM setup allows micrometer-
scale site-selective excitation. Figure 3.6a shows an optical image of the examined flake
while on the PDMS stamp, while figure 3.6b shows a SEM image of the same flake after
deposition on the ITO-sample. The SEM image shows more flakes as the sample was
stamped multiple times to deposit additional flakes. Region 2 indicates the area selected
for recording the dynamics in figure 3.5. The additional areas are labeled as 1 and 3. These
yield similar ultrafast movies with ns-scale dynamics with decay constants of 3.7 (2.9,
4.6) and 3.5 ns (2.3, 4.7) (figure 3.6c). When the data points are normalized and fitted
together as shown in figure 3.6d a time constant of 3.5 (2.9, 4.0) ns is found. This is in
agreement with the few ns lifetime reported in the literature for bulk MoS2 based on
transient absorption measurements, optical-pump THz-probe measurements, and first
principles calculations of exciton lifetimes [45–47], and we, therefore, associate this decay
with carrier recombination.

We next conducted additional measurements on different MoS2 flakes on another
sample in the experimental section referred to as sample 2. In order to expedite the
measurements and focusing on the temporal information, we implemented a faster
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(a) (b)

(c) (d)

Figure 3.6: Localized sub-micrometer optical pump excitation on pre-selected areas within a single MoS2
flake. (a) Optical image of an MoS2 flake on PDMS stamp recorded during sample preparation and (b) an SEM
image of the same flake after stamping on ITO coated glass. Marked regions have been selected for recording
ultrafast movies. (c) Laser-induced SE signal from the areas marked in (b) as a function of delay time. Curves
have been normalized and offset for clarity. Dashed lines indicate exponential fits with lifetimes indicated. (blue
for region 1, red 2, yellow 3). (d) All data points combined into a single fit, showing 3.5 ns lifetime. Despite some
variation in the individual curves, they collectively yield a lifetime value very close to the photoluminescence
lifetime of bulk MoS2. Scale bar in (b) indicates 50 µm.

acquisition scheme for recovering the ultrafast dynamics. Instead of recording full scan
images like in figure 3.5, the electron beam is rapidly scanned over a 1 square micrometer
area of the laser spot, and we record the 5 s average laser induced SE signal from the
lock-in detector at every delay. We cycle through the delay settings four times and take
the mean for each pump-probe delay to get a decay curve. This is done on four regions of
interest on three different flakes. We find lifetimes of 2.2 (1.6, 2.7), 2.4 (1.5, 3.2), 3.8 (2.7,
4.8), and 2.9 (2.3, 3.5) ns (figure 3.7a). These values are in correspondence with the range
of values observed for the previous sample. Combining the data points into a single fit
(figure 3.7b) results in a 2.8 (2.4, 3.2) ns time constant. We conclude that we observe a
spread in charge carrier lifetimes measured with USEM of about 2.2 ns to 3.8 ns both for
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(a) (b)

Figure 3.7: Decay curves measured on multiple flakes consistently show ns-scale recovery. (a) The decay
curves of four separate regions on three different MoS2 flakes of sample 2 all show ns scale recovery. The
variation in fitted decay times spreads from 2.2 to 3.8 ns with mostly overlapping confidence bounds (see the
text). (b) When combining the curves into a single fit, a lifetime close to the literature value emerges again.

measurements between different flakes as well as within single flakes, and that most of the
uncertainty bounds are overlapping. As non-homogeneities can affect dynamics, we note
that the measurement areas we selected on the flakes always appeared homogeneous in
SEM and did not visibly overlap with edges or step variations in height, and contained no
visible markings, scratches, or defects (see also figure 3.6b). Possibly, sample variations
not visible in SEM imaging have still affected the measured lifetimes.

3.3.3. Dipolar USEM contrast pattern
We next turn our attention to the dipolar dark and bright contrast pattern observed in
the USEM image sequence on MoS2 (figure 3.5). We have previously shown on GaAs
that carrier induced surface photovoltages (SPV) can result in such a dipolar contrast
extending over a tens of micrometer laser pump size [13]. The process of forming this
surface potential through band bending and its effect on SE yield of the sample is dis-
cussed in detail by Li et al. [48]. In addition to a yield change, a local surface potential
influences SE trajectories, creating the dipolar patterns through the interplay between
the SPV and asymmetry in the detector positioning [11, 13]. Both the surface potential
and the voltage on the grid of the ETD (positioned north relative to the scanning direction
in our setup and the image orientation in figure 3.5) affect the trajectory of low energy
SEs; the surface potential can either collaborate with the ETD grid to guide SEs in the
direction of the detector leading to a brighter than background contrast, or the surface
potential negatively influences the local detection efficiency. This contrast then depends
on the release position of the SEs relative to the SPV [11, 13].

We first confirm that the above interpretation of the dipolar contrast pattern also
holds for sub-micrometer scale SPV areas. To this end, we conducted simulations in
COMSOL using the electrostatics and particle tracing interfaces to fly particles through
a 2D geometry representing the vacuum chamber. Particles are released 10 nm above
the surface at various release positions around the surface potential with an energy
distribution representing the SE spectrum of silicon and directions drawn from a 2D
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(a) (b)

Figure 3.8: Simulations show a micrometer-scale local surface potential can create dipolar USEM contrast
pattens with intensity scaling linearly with voltage. (a) Simulated number of electrons collected by the detector
as a function of release position relative to the center of the surface potential, for varying surface potential
voltages. Spatial extent of surface photovoltage shown in gray. The detector is positioned in the positive x
direction. (b) Modulation amplitude in percent as a function of surface potential with linear fit.

Lambert cosine distribution. We record the number of electrons reaching the detector.
The SE collection efficiency as a function of release position and SPV value is given in
figure 3.8a. For all voltages, we see a dipolar pattern appearing that is similar in shape to
what was found experimentally (figure 3.5), and in figure 3.8b, it is seen that the intensity
of the dipolar profile scales linearly with the surface potential. Based on these results, we
conclude that the measured dipolar pattern originates from a negative surface potential.
We note that the appearance of a negative surface potential after MoS2 carrier excitation
is probably due to a thin carbon contamination layer formed on top of the MoS2 after
electron beam exposure (see also the appendix).

Based on the simulation results in figure 3.8, an estimate of the magnitude of the
surface potential could be made, but we note that this would only constitute a coarse ap-
proximation for three reasons. First, we have assumed the intensity profile of the surface
potential to follow that of the laser, i.e., Gaussian, but diffusion of carriers and saturation
effects could lead to a more complicated spatial profile. Secondly, the simulation only
takes into account the secondary electrons released at the primary beam position, the
so-called SE1 electrons. In reality, backscatter electrons induce SE emission from other
parts of the sample as well as other surfaces such as the pole piece and the vacuum cham-
ber walls. These SE2 and SE3 contributions to the total SE signal do not have the same
dependence on surface potential and, therefore, reduce the relative change in the total SE
signal compared to the simulated SE1 signal by up to as much as a factor 3 [49]. Thirdly,
the modelled SE energy spectrum, SE release direction, and geometry of the vacuum
chamber are approximations. Therefore, to quantitatively measure the magnitude of
the surface potential with USEM, calibration would be required. Without independent
calibration, temporal variations in induced surface potential can be monitored thanks to
the linear relation between the surface potential and SE signal modulation.
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3.4. Conclusion
We have built and demonstrated a new implementation for USEM in which the sample is
laser illuminated from below allowing for improved spatial pump resolution compared to
existing implementations. We use dispersion compensation to retain ultrashort, tens of
fs, laser pulses in the sub-micrometer focus of a high-NA optical objective. This narrows
the gap between the laser optical and electron optical resolution in USEM, allowing us
to probe fs-laser excitation induced surface photovoltages over areas as small as a few
hundreds of nm in wide. Our laser illumination scheme is particularly suitable for thin or
transparent samples, including nanoparticles that can be deposited on transparent sub-
strates and 2D materials such as MoS2, which we have used to demonstrate the capability
of measuring high resolution ultrafast movies of carrier relaxation and carrier induced
surface potential dynamics. The addition of an optical parametric oscillator (OPO) and
pulse picker to the laser setup has the potential to further generalize the method to be
applicable to high band gap materials and long recombination time semiconductors.

High-NA USEM enables single and sub-micrometer light optical pump scales, en-
hancing the possibilities for measuring carrier dynamics in nanostructured devices and
materials. Further studies could, for instance, target sections of 2D materials with specific
thickness, or measure across steps, defects, and junctions. The applicability to transi-
tion metal dichalcogenide (TMD) materials also provides the interesting prospect of
evaluating (hetero)layered semiconductor devices. In addition, the use of conventional
microscope objectives for excitation also makes it possible to combine USEM with op-
tical imaging of the sample. Region of interest selection based on optical signals would
be another possibility, as is further manipulation of the optical stimulation, e.g., with
polarization control, super-resolution, and pulse shaping. This will further increase our
possibilities for assessing photo-excited carrier dynamics in and around semiconductor
nanodevices, ultimately aiding the optimization and development of novel tools, for
example, for photodetection and photovoltaics.
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Appendix

3.A1. Dose dependence of contrast
As our previous work on carefully cleaned GaAs showed that a single atomic termination
layer can drastically influence the formation of an surface photovoltage (SPV) [1], we
speculated that the SPV on the MoS2 flakes might originate from carbon contamina-
tion during the experiments. In our sample chamber with 10−6 mbar vacuum, electron
beam deposition of contaminants cannot be ruled out, especially given the relatively high
electron dose, the small scan area used, and the MoS2 transfer process involving carbona-
ceous polymer stamps. To assess whether the SPV is intrinsic to the MoS2 or related to
electron beam induced deposition of contaminants, we compare the laser-induced SE
signal measured around the photo-excited area with high and low current. This is done
with a continuous electron beam and pulsed laser beam as the signal is stronger than
from a pulsed electron beam; a continuous beam scan results in single frame containing
all pump-probe delays, effectively the sum of an ultrafast movie. Where the contrast
is overall positive for low current (50 pA), we see a dipolar effect for high current(2.5
nA)(figure 3.A1). Scanning the area of panel b with a 50 pA beam after high dose exposure
also results in a dipolar contrast (panel c), a clear difference with panel a despite using the
same current. This means that the contrast shape depends on the exposed cumulative
dose rather than the current. Thus we conclude that the observed dipolar contrast pattern
develops as a result of the electron exposure.

To rule out the possibility of net charging as a contribution to these changes in contrast
pattern, we conducted an exposure series over a period of 15 hours, continuously scanning
SE contrast images (Figure 3.A2). The dipolar contrast is visible from roughly 1 C/cm2

(a) (b) (c)

Figure 3.A1: Measured MoS2 USEM contrast pattern depends on accumulated electron dose. (a) low-dose
electron exposure of a laser pumped area results in a homogeneous brightening of the laser-irradiated area,
whereas (b) high dose exposure leads to a dipolar contrast pattern. (c) Using the low current conditions of panel
(a) on a previously irradiated area, also leads to a dipolar contrast pattern, showing it is the cumulative dose
that determines the observed contrast patten on MoS2. Note that measurements in panels (b) and (c) were
conducted on the same area on the same flake, while panel (a) was measured on a different flake. Scale bars 2
µm.

51



3

52 3. High-NA Ultrafast Scanning Electron Microscopy

Figure 3.A2: As the cumulative dose on the same measurement area increases, the contrast pattern evolves
into a dipolar pattern. By repeatedly measuring laser induced SE yield for a day, we can see how the contrast
pattern changes with increasing dose. While the first measurement shows a bright spot, this gradually changes
into a dipolar pattern. All measurements conducted with a pulsed laser and continuous electron beam as
described in the main text. Scale bars 2 µm.

onwards, which corresponds to 12 hours of measurement at 50 pA. Given the observed
time scale, we deem it unlikely that charging by the electron beam is the cause of the
observed change in contrast. We note that we also observe a slight darkening of the
exposed areas in SE images obtained after the USEM measurement, which is commonly
associated with carbon deposition. Thus, we conclude that deposition of a thin layer of
carbon on top of the MoS2 flakes is the most likely explanation for the observed contrast
change and occurrence of a SPV on MoS2. This means pre-exposure of samples is required
to get reproducible measurement results, and reduce the influence of dose accumulated
during measurement on the result. All areas on which the data shown in figures 3.5,3.6,
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and 3.7 of the main text was acquired, were pre-exposed with a dose of at least 1 C/cm2.
Thus, we also conclude that the ultrafast relaxation of charge carriers within the MoS2

can still be measured, with the contamination layer contributing to the contrast observed
in the image sequence.
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4
Imaging Resonant

Micro-Cantilever Motion

Here, we demonstrate ultrafast scanning electron microscopy (SEM) for making ultrafast
movies of mechanical oscillators at resonance with nanoscale spatiotemporal resolution.
Locking the laser excitation pulse sequence to the electron probe pulses allows for video
framerates over 50 MHz, well above the detector bandwidth, while maintaining the electron
beam resolution and depth of focus. The pulsed laser excitation is tuned to the oscillator
resonance with a pulse frequency modulation scheme. We use an atomic force microscope
cantilever as a model resonator, for which we show ultrafast real-space imaging of the
first and even the 2 MHz second harmonic oscillation as well as verification of power and
frequency response via the ultrafast movies series. We detect oscillation amplitudes as
small as 20 nm and as large as 9 µm. Our implementation of ultrafast SEM for visualizing
nanoscale oscillatory dynamics adds temporal resolution to the domain of SEM, providing
new avenues for the characterization and development of devices based on micro- and
nanoscale resonant motion.

4.1. Introduction
Scanning electron microscopy (SEM) is characterized by resolutions capable of imaging
deep below the optical diffraction limit and is, therefore, a fundamental tool for the
inspection of nanoscale devices. SEM images have a highly desirable combination of
resolution, depth of focus, and ease of interpretation of the data [2]. However, limited time
resolution of SEM constrains their applicability to (quasi-)static samples. Long image
scanning times of tenths of seconds at least, limited detector bandwidth, and low current
in the electron beam are the factors limiting time resolution in conventional SEM [3].
The scan time limitation has been addressed with hyperspectral motion visualization

This chapter has been published as M. W. H. Garming, P. Kruit, and J. P. Hoogenboom, “Imaging resonant
micro-cantilever movement with ultrafast scanning electron microscopy”, Review of Scientific Instruments 93,
093702 (2022)
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SEM, which analyzes frequency components in the secondary electron signal to gain
information on the movement of the sample [4], but temporal resolution is still limited
by detector bandwidth [3]. Ultrafast scanning electron microscopy (USEM), in which a
sample is pumped and probed with ultrafast laser and electron pulses, respectively, in
a stroboscopic fashion, has been developed to do SEM with time resolutions limited by
laser and electron pulse duration [5].

USEM applications have focused on studying photo-excited charge carrier dynamics
in semiconductors, measuring ultrafast lifetimes and diffusion of carriers in a multitude
of materials [6–8]. Direct quantitative observation of the motion of micro- and nanoscale
objects such as mechanical resonators has to our knowledge not yet been pursued de-
spite their importance for sensing [9–16] and probe-based microscopy [17, 18], and the
fact that SEM is routinely used for (static) quality inspection after fabrication. Optical
interferometry is typically used to characterize micro- and nanomechanical resonators,
but it has limited lateral resolution and the data acquired requires extensive analysis and
interpretation [19, 20]. Ultrafast transmission electron microscopy (UTEM) has been used
to measure non-resonant cantilever motion [21], and the movement of a resonant beam
structure has been studied through the analysis of motion blur in images recorded with
continuous beam transmission electron microscopy [22]. Further applications of UTEM
have focused on measuring strain wave dynamics in thin materials [23, 24]. Combining
the advantages of SEM with the temporal resolution required for dynamical imaging of
high-frequency miniature resonators would enable direct real-space imaging and moni-
toring amplitude, phase, and frequency under resonant and non-resonant excitation.

Here, we present ultrafast movies of a single clamped beam resonator, an atomic
force microscope (AFM) cantilever, performing real-space imaging of the fundamental
resonance to demonstrate our approach. We determine the power dependency of the
oscillation amplitude and run a frequency sweep to determine the resonator quality factor
(Q-factor). Additionally, we capture the 2 MHz second harmonic oscillation, where USEM
enables straightforward visualization of the mode shape while pushing the framerate to
an effective 50 MHz.

4.2. Setup and method
Our USEM setup (figure 4.1a) is based on a commercial scanning electron microscope
[7], which has been modified to enable pulsed beam operation through electron beam
blanking [25] and to accommodate femtosecond laser excitation of the sample through
an optical objective positioned below the sample in the vacuum chamber. The laser, a
Coherent Vitara-T with 800 nm central wavelength and 95 MHz pulse repetition rate,
is used in conjunction with a pulse picker based on a Conoptics Model 350-160 E-O
Modulator. The pulse picker allows us to control the pulse repetition time and tune the
laser excitation rate to the resonator we examine. For these experiments, we have used
a NANOSENSORS PPP-NCHR 300 kHz AFM probe, for its trapezoidal cross section and
aluminium coating on the detector side make it very suitable for photothermal excitation
[26, 27]. In this process, laser pulses prompt local heating of the material and thermal
expansion initiates a bending motion. The cantilever is mounted horizontally, rotated
along the longitudinal axis such that the direction in which the tip points makes a 55
degree angle with the electron beam (see figure 1a inset). This makes the displacement of
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Figure 4.1: (a) Schematic for USEM on laser-excited resonant cantilevers. Electron pulses, illuminating the
sample from above, are created using a beam blanker. The cantilever is excited using a fs-laser focused on the
sample via an objective lens below the sample. Secondary electrons (SEs) are used as signal and are detected
with an Everhart-Thornley detector (ETD). (b) The fs-laser excitation is modulated with a pulse frequency
modulation (PFM) scheme, approximating sinusoidal excitation. We use the pulse sequence to gate the pump
laser, resulting in periodic modulation of the laser power to get the cantilever into resonant motion. (c) SEM
image of the cantilever recorded with a continuous electron beam while laser actuated near the cantilever base
at its 316.71 kHz resonance frequency. A multi-micron amplitude motion is seen through motion blur, with
the shape representing the fundamental mode. A detailed view of the region marked by the red box is found in
figure 4.2.

the cantilever clearly visible in electron beam imaging.
The laser is focused on the back (detector) side of the cantilever (see figure 1a inset)

through a Nikon objective with 10x magnification and an NA of 0.3. Through optical imag-
ing of the laser spot on the sample, we focus the laser near the cantilever base to excite the
first mode. A pulse frequency modulation (PFM) scheme is implemented to approximate
sinusoidal excitation near the 300 kHz specified cantilever resonance frequency, which is
much lower than the 95 MHz laser pulse repetition frequency. To this end, we operate
the laser pulse picker in gated mode, and supply a 1024-character PFM sequence (figure
4.1b) to the gating input with a Thurlby Thandar Instruments TG1010A programmable
function generator. Laser pulses are only transmitted when the gating input is high, and
the PFM sequence is repeated to create periodic modulation. Continuous beam electron
imaging easily identifies the resulting movement of the cantilever through motion blur
(figure 4.1c). When the laser excites the cantilever at its resonance frequency of 316.71
kHz with 48 mW of laser power, we see a multi-micron displacement of the tip. The mode
shape features a single node and antinode at the base and tip, respectively, indicating this
is the fundamental frequency.

Electron pulses are generated by electron beam blanking, a scheme in which the
electron beam travels between two blanker plates with an electric field between them that
can deflect the beam over an aperture placed lower in the column. By rapidly switching
the polarity of the blanker voltage and thereby the field direction, the beam is quickly
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swept over the aperture, creating a sub-ns electron pulse during the brief moment the
electron beam is directed through the aperture. Electron pulse generation is also triggered
by the function generator, synchronizing the laser excitation and electron probing of the
cantilever. Pulses as short as 90 ps have been demonstrated on our setup [25]. Longer
pulses can be generated by switching the blanker voltage to zero to transmit the beam for
as long as the desired pulse duration and then back to the original value to block the beam
again. This flexibility in pulse duration offered by beam blanking can be useful as the
current in the pulsed beam and consequently the acquired signal is directly proportional
to the pulse duration, meaning that longer pulses can drastically shorten measurement
times. We, therefore, adapt the pulse duration to the timescale of the dynamics measured,
using either 20 ns or 100 ns pulse durations.

Ultrafast movies are constructed from stroboscopic images, recorded by scanning
full images of the cantilever with a 10 kV pulsed electron beam and the modulated laser
focused on the cantilever (figure 4.2a). As the laser excitation and electron beam probing
are phase locked, the cantilever appears to be standing still and the resulting image looks
like a regular SE micrograph. Upon completion of an image frame, a phase shift is added
to the PFM signal in order to vary the point in the oscillation probed by the electron pulse.
The next frame is scanned, showing the cantilever at another point in its oscillatory cycle
(figure 4.2b), and this is repeated until the phase shifts cover the full 2π oscillation. All
frames are combined into a video of the oscillatory movement, which constitutes our
ultrafast movie.

4.3. Results
Stroboscopic imaging with a 20 ns pulsed electron beam allows for time resolved real-
space imaging of the beam without significant motion blur. By sequentially acquiring
frames and increasing the pump-probe delay in 88 ns steps between scans, we map the full
oscillation period and combine the frames into an ultrafast movie of the beam vibration
(see figure 4.2, multimedia view). Stroboscopic images recorded with two different delays
between cantilever excitation and electron pulse generation are shown in figure 4.2a and b,
where the cantilever is probed at different time points in the oscillation. Figure 4.2c shows
sections of all recorded frames, with the image cropped to the AFM sensing tip for clarity.
Difference images between frame zero, which functions as a reference, and the other
movie frames can be seen in figure 4.2d. The tip moves away from its original position
until maximum displacement is reached, at which point the tip returns to its starting
point with good focus throughout the image sequence. Imaging with 100 ns electron
pulses gives more motion blur, but is an option to reduce noise (see the supplementary
material online [1]). Tip displacement relative to the reference frame is quantified using
an image shift algorithm [28] (see figure 4.2e). A sinusoidal fit represents the data well
and indicates a peak-peak amplitude of 5.0 ± 0.2 µm.

Power dependence of the oscillator amplitude is measured by successively recording
ultrafast movies of the cantilever motion at various power levels ranging from 0 to 58
mW. We extract the displacement of the tip from the movie frames (figure 4.3a), and fit
sinusoidal functions to obtain amplitude data. Figure 4.3b shows the amplitude as a
function of laser power, with error bars indicating the fitting uncertainty. Amplitudes are
lower than seen in figure 4.2, as we excited slightly off-resonance at 317 kHz to mitigate the
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Figure 4.2: (a) Stroboscopic USEM images of an AFM cantilever are recorded with a pulsed electron beam
locked to the laser frequency. The cantilever is excited with the laser and probed with electron pulses at 316.72
kHz. (b) By changing the phase delay (here 1585 ns with respect to (a)) between the cantilever laser excitation
and electron pulse generation, stroboscopic images at different time points in the oscillation are recorded. (c)
Multiple stroboscopic images are combined into an ultrafast movie of the motion of an AFM cantilever. Shown
are sections of the movie frames cropped to the AFM sensing tip, marked by the red box in figures 4.2a and 4.2b.
Each frame corresponds to a 88 ns step. (d) Difference images relative to a reference frame (frame 0, shown in
(a)) show the position of the cantilever tip at various times during an oscillation cycle. (e) The tip displacement
as a function of laser - electron pulse delay follows a sine curve with an amplitude of 5.0 ± 0.2 µm. (Multimedia
view online [1])

effect of frequency drift between acquisition of different movies. We see a consistent trend
of increasing amplitude with increasing laser power within the error margins. For low
power the relation is linear, but a saturation effect is observed at high power as illustrated
by linear and exponential fits, respectively. The linear fit includes the power levels up to
5.4 mW and yields 36±5 nm/mW at this excitation frequency. Saturation at higher powers
is attributed to non-linear dynamics of the cantilever itself that become non-negligible at
high amplitudes [29, 30]. Cantilever amplitude strongly depends on laser focus and spot
position, as well as the excitation frequency and cantilever type [27, 31]. Keeping in mind
these possible variations, the measured linear relation at low power and the obtained
slope are in line with those found in literature [32, 33], indicating that USEM can be a tool
for investigating cantilever power response.

We next characterize the frequency response and Q-factor of the resonator by means of
movies recorded with varying the excitation frequency at 42 mW laser power. Figures 4.3c
and 4.3d show the amplitude and relative phase of the recorded oscillation as a function of
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Figure 4.3: Power and frequency dependency of cantilever oscillation as characterized with USEM. (a) Displace-
ment derived from ultrafast movies for the indicated range of excitation powers at 317 kHz driving frequency. (b)
The oscillation amplitude increases linearly with laser power in the low power regime, but it saturates according
to a single exponential function for exciting powers on the order of tens of mW. (c) Varying the excitation
frequency shows a clear resonance peak at 316.75 kHz and (d) corresponding shift of π for the phase between
laser modulation and cantilever motion. The resonator has a Q-factor of 1.1 ·104.

excitation frequency. The resonance frequency at 316.76 kHz is easily identifiable by the
sharp increase in amplitude and a phase change of π centered at this frequency. Despite
the high excitation power, fits based on theoretical relations valid for small actuation force
and amplitude [34] mostly show agreement with the experimental data. The amplitude is
fitted to a Lorentzian equation and the phase to an inverse tangent relation. We extract
mutually corresponding Q-factors of 1.03±0.15 ·104 and 1.15±0.11 ·104 from fits to the
amplitude and phase response, respectively. Furthermore, we notice the amplitude of
the oscillation reaches a high peak value of 9 µm, which brings imaging higher harmonic
oscillations with reduced amplitude within reach.

Higher harmonic oscillations have a more complex mode shape as well as smaller
amplitudes than the fundamental mode, adding to the utility of large depth of focus
real-space imaging combined with high resolution of the electron beam that USEM offers.
We excite the second harmonic by focusing the laser on the middle of the cantilever for
optimum excitation efficiency [26, 31] with a power of 60 mW and a repetition frequency
of 1.953,570 MHz and probe it with 20 ns electron pulses. An ultrafast movie of the
oscillation was recorded and the dynamics visualized in figure 4.4 (multimedia view). The
movie is constructed of 37 frames with 14 ns time steps, equivalent to a 70 MHz sampling
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Figure 4.4: The combination of high resolution and focus depth allows for tracking the mode shape of the
second harmonic in time over the full length of the cantilever. (a) Difference image between 230 and 50 degrees
at second harmonic frequency showing movement in opposite direction at central part and tip of cantilever as
indicated by the arrows. (b) Ultrafast difference images series of movement of cantilever tip (marked area in
(a)). (c) Plotting the displacement as a function of position for all phases highlights the characteristic shape
of the second harmonic. (d) The tip displacement over time is sinusoidal in shape with 590 nm amplitude.
(Multimedia view online [1])

frequency; but with the 20 ns pulse duration we effectively imaged at 50 MHz. This rate
exceeds the 10 MHz detector bandwidth, and it can be further improved if required by
simply reducing the electron pulse duration.

Both the movie and the difference images in figures 4.4a and 4.4b give qualitative
insight into the mode shape, featuring displacement of the cantilever near the middle
with the tip moving in opposite direction. The quantitative displacement over the full
length of the cantilever, determined by comparing individual columns of pixels in the
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movie frames, is displayed in figure 4.4c. Displacement down to the tens of nm scale
is well defined over the full cantilever length. The curve shapes clearly represent the
second harmonic with a node at around 75% of the cantilever length from the base and
an amplitude of a few hundred nanometers at the antinodes. Displacement of the tip over
time (figure 4.4d) shows sinusoidal motion with 590±20 nm peak-peak amplitude.

4.4. Conclusion
In conclusion, we have performed real-space time resolved imaging on a nanomechanical
resonator at resonance, constructing ultrafast movies of a laser actuated cantilever with
USEM. Large depth of focus allows for imaging the full cantilever in focus throughout
the oscillation while the resolution is high enough to register displacement on the micro-
and nanoscale. Moreover, the pulse duration can be selected to achieve high current to
speed up acquisition or prioritize time resolution to image dynamics at rates beyond
the detector bandwidth. Our work provides the prospect of real-space characterization
and visualization of nanomechanical movement in MEMS resonators, aiding the devel-
opment of new and bolstering our understanding of existing devices. Direct imaging
of tip movement in close proximity to and interaction with a surface would be possible
as is imaging nanomechanical cantilever mass sensors and other resonators exhibiting
in-plane movement.
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5
Development of a Laser Triggered

Beam Blanker

Beam blankers are a practical solution to create pulsed electron beams for ultrafast elec-
tron microscopy (UEM), but conventional approaches face challenges in the areas of pulse
duration and synchronisation of electron probe pulses to laser pump pulses. Laser trig-
gered beam blankers, where the deflection field between blanker plates is rapidly altered
through use of a photoconductive switch, offer the prospect of faster electron pulses whose
generation is directly triggered by the laser for optimum pulse synchronisation. We present
a design for a mm-sized laser triggered beam blanker making use of a commercially avail-
able photoconductive switch, with the goal of generating 10 ps electron pulses at 5 kV
acceleration voltage. The design features a 60 micron plate separation and is sufficiently
compact to be incorporated into a scanning electron microscope through the standard
blanker port. We have constructed a working prototype and characterised the device with
streak camera measurements, demonstrating both laser induced electron beam deflection
and electron pulse generation. Our measured pulse duration is 530 ps, in close agreement
with a calculated estimate based on the current experimental parameters. We discuss how
the pulse duration can be further reduced to the 10 ps goal by modifying the laser pulse
duration and repetition frequency.

5.1. Introduction
Ultrafast electron microscopy (UEM) has seen major development in recent years, re-
vealing the dynamics of charge carriers, molecular vibrations, phase transitions, and
more [1–3]. This is generally achieved by photo-exciting a specimen with a fs-laser to
bring the sample out of equilibrium (pump), followed by an electron pulse to gauge the
response (probe). For many applications, a multitude of these pump-probe cycles are
required to build sufficient signal for an ultrafast measurement, where the time resolution
is determined by the pulse duration [4]. These pulse durations can by now be well in the
sub-ps range, with some reports of pulse durations below 1 fs [5–9]. Key to accessing
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these ultrafast time scales is the development of electron sources capable of delivering
ultrashort electron pulses.

The formation of ultrashort electron pulses for ultrafast electron microscopy has been
demonstrated by employing photoemission sources and by means of beam blanking [10].
Photoemission sources use photoexcitation of the electron source to provide electrons
with the energy needed to be extracted. While this facilitates very short pulses (sub-ps), it
is an extensive modification to the microscope that makes switching between pulsed and
continuous beam operation cumbersome, and needs frequent realignment of the laser
on the tip. Beam blanking based UEM setups use a standard continuous high-brightness
electron source in combination with a deflector that sweeps the beam over an aperture or
slit to chop it [11–13]. Beam blankers generally provide longer electron pulses (tens of
ps) than photoemission sources but are easier to implement and more straightforward to
switch between continuous and pulsed operation [14]. Furthermore, this solution is very
stable requiring no optical realignment, enabling very long acquisition times. Our goal is
to combine the practical advantages of beam blankers with the time resolution of laser
triggered sources.

Conventional beam blanker setups use a set of parallel plates with the electron beam
in between, and an electronic square wave generator to modulate the voltage on the
blanker plates by a few Volt and thereby switch the field between them [15]. As the field
direction is switched, the beam is deflected over an aperture or slit lower in the column,
forming an electron pulse during the brief moment the beam is positioned in the aperture
and transmitted to the specimen. The resulting pulse duration is given by equation 5.1
where Φ is the electron acceleration voltage, α f ul l the full deflection angle required to
sweep the beam over the aperture, dV/dt the time derivative of the blanker voltage, and
d/L the ratio between blanker plate separation and plate length along the electron optical
axis.

τpul se =
2Φα f ul l

dV /d t

d

L
(5.1)

The faster the field can be switched, the shorter the pulse duration will be. The rise
time of the electronic signal driving the blanker can be a limitation, but pulse generators
with sub-100 ps rise time are commercially available [16]. Other solutions to obtain
fast deflection of the electron beam include the use of a resonating microwave cavity
recently demonstrated for TEM, where an oscillating field rapidly deflects the beam over
an aperture to achieve an experimentally determined pulse duration of 750 fs [17, 18].

The natural synchronisation between laser pump and electron probe pulses offered
by photocathode sources is absent for electrostatic beam blankers, which instead rely
on a photodiode signal triggering an electronic pulse generator to synchronize laser and
electron pulses [19]. This introduces jitter between the pulses, which can be on the tens of
ps scale [16] and can limit the time resolution of UEM experiments even if pulse durations
are shorter. Solutions are thus needed to reduce jitter in electron beam blanking.

Laser triggered blankers rely on an integrated photoconductive switch shorting the
blanker plates for rapid change of the blanker voltage and electron pulse generation [20].
Their independence on the triggering of electronic pulse generators to prompt electron
pulse generation eliminates the influence of their trigger jitter on UEM time resolution.
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The RC time constant of the blanker is crucial for fast voltage switching and obtaining
short electron pulses. Laser triggered blankers therefore require miniaturized designs to
limit capacitance and achieve fast pulse durations.

Previous publications of our group have detailed designs for a nanofabricated beam
blanker with integrated photoconductive switch with a simulated pulse duration of 100
fs [20, 21]. Such solutions are highly advanced to the point where the simplicity of a
beam blanking solution is lost and practical implementation becomes highly challenging
[22]. Easing the demands for pulse duration from hundreds of fs to 10 ps could allow for
simpler designs while still accomplishing a significant improvement over conventional
beam blankers for experiments that do not require sub-ps time resolution.

Here, we present a micro-fabricated beam blanker with photoconductive switch to
rapidly discharge the blanker and generate electron pulses with targeted widths of 10 ps.
The small dimensions of the device result in reduced capacitance while the photocon-
ductive switch removes dependence on electronics rise time and trigger jitter for pulse
synchronisation. The device is primarily constructed from workshop rather than clean-
room components and makes use of a commercially available photoconductive switch for
increased accessibility and simpler construction. In this report, we introduce our design
and explain design decisions. Furthermore, we present an experimental demonstration
of the blanker in the form of streak camera pulse characterisation.

5.2. Principle
A schematic representation of our beam blanking scheme is shown in figure 5.1. One
of the blanker plates is grounded while the other is connected to the voltage supply; a
photoconductive semiconductor switch (PCSS) connects the blanker plates. The beam
comes into the blanker at an angle such that when the blanker voltage is zero, the beam
is blocked by an aperture on the optical axis. This is different from the usual situation
where the incoming beam is on the optical axis and is transmitted through the aperture
without voltage on the plates. From the situation with zero voltage, the blanker goes
through a cycle where it is first charged relatively slowly by the voltage supply resulting in
the beam slowly traversing the aperture until fully blocked again. When a fs-laser pulse
hits the photoconductive switch in the blanker, the plates are shorted and their voltage
is rapidly equalised; the beam sweeps over the aperture and a pulse is generated. The
photoconductive switch then recovers to its non-conducting state and the cycle starts
again. The slow electron pulse generated during the blanker reset is undesired and can be
removed with a second blanker, which can be a conventional electrostatic blanker.

The electrical circuit of the blanker is depicted in figure 5.2, where we represent the
blanker itself as a capacitor and the photoconductive switch as a variable resistor whose
value depends on its on/off state. An additional resistor in the feed line is present as
close to the blanker plates as possible to minimize the amount of material that has to
switch voltage, thus reducing the total switching capacitance. What we have essentially
constructed here is a voltage divider where one of the two resistors has a time varying
resistance and a capacitance has been added. During operation, the voltage shifts from
the photoconductive switch and blanker to the feed resistor, and back again.

There are two important RC times, namely the discharge RC time τdi s and the recharg-
ing RC time τr ec . The discharge RC time is determined by the photoconductive switch
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Figure 5.1: Novel laser triggered blanking scheme (left) using a photoconductive semiconductor switch (PCSS)
to rapidly equalise the voltage on the blanker plates and generate a fast electron pulse. Contrary to a traditional
electrostatic blanker setup (right), the new scheme has the beam coming in at an angle and uses a DC power
supply. In both situations, a second electron pulse is generated during blanker reset. In the electrostatic design
this second pulse is of equal duration as the primary pulse, but it has to be removed in the laser triggered design,
e.g. by a second standard blanker to only transmit the ultrashort pulse.

illuminated resistance and the combined capacitance of the blanker plates, parasitic
capacitance of the feed resistor, and capacitance originating from the fields between
voltage switched elements to grounded surroundings. The discharge RC time is relevant
for the electron pulse duration. The voltage over the blanker during discharge is given in
equation 5.2, and combined with equation 5.1 this results in the expression in equation
5.3 for the pulse duration in this design.

V (t ) =∆V exp(−t/τdi s ) (5.2)

τpul se =
2Φα f ul l dτdi s

∆V L
(5.3)

Here ∆V represents the change in voltage over the blanker. With our goal of 10 ps
electron pulses, equation 5.3 indicates τdi s is to be approximately 100 ps in case of an
acceleration voltage of 5 kV, opening angle of 1 mrad, L/d ratio of 10, and 10 V blanker
voltage change. After discharging of the blanker and recovery of the photoconductive
switch, τr ec dictates how fast the blanker resets and is determined by the same capac-
itance as before in combination with the feed resistance; it should be about 1-3 ns for
proper functioning of the device with laser pulse repetition frequencies up to 100 MHz.
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Figure 5.2: The electrical circuit of the laser-triggered blanker. The blanker, represented as a capacitor, is charged
with a DC voltage supply at a rate dictated by the feed resistor and blanker capacitance. After photoexcitation,
discharging of the blanker occurs via the photoconductive switch, but the parasitic capacitance of the feed
resistor also contributes to the discharging RC time and thus has to be minimized.

5.3. Parameters
5.3.1. L/d ratio
The deflection angle of the blanker at a given voltage and beam energy depends linearly
on the ratio between plate length and separation L/d, and therefore a larger ratio can
provide a shorter pulse duration (see also equation 5.1), which is advantageous. However,
the capacitance of a parallel plate capacitor also scales with L/d, meaning that gains
in pulse duration from a larger ratio are reduced by slower blanker discharging when
the pulse duration is RC time limited. This diminishing effect is however small, as the
contribution of the blanker plate capacitance to the total capacitance is less than the
impact of the feed plate capacitance to other components and parasitic capacitance of
the feed resistor. In addition, a high L/d ratio results in the introduction of increased spot
displacement and blur in the probe [23], and in increased difficulty in aligning the device.
In extreme cases the beam can hit the blanker plates. We decide on a L/d ratio of 10 to
have a reasonable amount of deflection while still being practical.

5.3.2. Device size
Smaller blankers tend to be faster due to lower capacitance, which is a good reason to aim
for a miniature design by itself. A second reason to limit the device size is to avoid the
situation where circuit size exceeds signal wavelength and transmission line effects and
line impedances influence the circuit behaviour. Absorption and pulse reflections of high
frequency components then become an issue, and we avoid this by keeping path length
sufficiently short. Quantitatively, we aim to keep the path length below a quarter of the
signal wavelength such that phase differences stay below 90 degrees and transmission
line effects can be neglected. Given the rule of thumb relating 10-90% rise time and
bandwidth as τ10−90 = 0.35/ fmax , and assuming a signal speed of 2/3 c, we arrive at the
following expression for the maximum allowable circuit length:

L = 1

4

2
3 c

fmax
= cτ10−90

6 ·0.35
= 1.4 ·108τ10−90 (5.4)

With a desired rise time of 100 ps for the blanker discharging, the circuit path length
cannot exceed 14 mm. This means that in the blanker design all components have to
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be in close proximity to the blanker plates, not only to reduce the switching capacitance
but also to prevent transmission line effects. All components - i.e. the blanker plates,
photoconductive switch, resistors, and connectors - should therefore be combined into a
single entity that can be mounted on a rod that can be inserted in the SEM column and
allows for alignment of the blanker to the electron optical axis. This puts another size
constraint on the blanker module as the port through which is has to be inserted into the
SEM column has a 6.5 mm diameter.

A minimum size requirement stems from our goal of utilising primarily workshop
manufactured components rather than cleanroom fabrication techniques. The latter
are expensive, time consuming, and labour-intensive undertakings that are difficult to
troubleshoot and perfect. We therefore decided to construct our blanker primarily out of
workshop manufactured components that are large enough to manipulate and assemble
by hand. The smallest part of the blanker will be the gap between the blanker plates; this
gap is cut using Electric Discharge Manufacturing (EDM) with which a gap size down
to 60 microns can be reliably achieved. We therefore choose for this plate separation in
our blanker, and in combination with the pre-determined L/d ratio of 10, this leads to a
blanker plate length of 600 microns. In combination with a 200 micron plate width, this
would result in a blanker capacitance of roughly 18 fF. However, this does not take into
account factors such as the capacitance from the feed plate to other components, and
stray capacitance in the resistor, so the actual switching capacitance will be much higher.

5.3.3. Spot displacement and blur
Spot displacement and blur are evaluated with the theoretical framework developed by
Zhang et al. [23]. Here, we also make the simplification of a linear voltage ramp, but use a
ramp from ∆V to 0 rather than −∆V /2 to +∆V /2 as would be the case for an electrostatic
blanker. This ramp accounts for the greater spot displacement corresponding with the
greater deflection angle in our blanking scheme compared to electrostatic blanking. We
arrive at the following equations for spot displacement and blur:

xsd = ∆V L
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Here, tr represents the voltage rise time, q the elementary charge, m0 the electron
mass, ten the entrance time of the electron into the blanker, and ∆z the misalignment of
the crossover from the centre of the blanker. For the calculation we use the chosen blanker
dimensions (L = 600 µm, d = 60 µm) in combination with a 5 V voltage drop over 100 ps
and a beam energy of 5 keV. Such a fast voltage change on the blanker and modest beam
energy result in a larger spot displacement and blur. Calculated spot displacement and
blur in the blanker plane is demagnified with a factor M = 1/25 by the electron objective
lens to obtain values at the sample plane.

We calculate a blur of 5 ·10−4∆z in the blanker plane, with ∆ z the vertical alignment
offset of the beam crossover with respect to the centre of the blanker. Even with a severe
misalignment of 250 micron, nearly half the blanker plate length, this translates to a blur
of 5 nm on the sample. Blur will therefore not significantly deteriorate the resolution.
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Spot displacement is equal to xsd = 3.6 ·10−8 +∆z(4.6 ·10−3 −5.0 ·107ten), where ten

is the entrance time of electrons into the blanker relative to the voltage ramp. In the
unfavourable situation of 250 micron misalignment and zero entrance time, the spot
displacement amounts to 48 nm on the sample. This is a noticeable shift but will not
result in losing the region of interest and can be greatly reduced with better alignment of
the crossover than assumed for this calculation.

5.4. Design
We distinguish between the blanker, discussed first, and the optics outside the vacuum
necessary to align the system and focus the laser on the blanker, discussed after.

5.4.1. Blanker
Figure 5.3 shows the mechanical design of the blanker. The blanker chip itself has a
metal substrate, measuring 3 by 4.5 mm, with the blanker plates on top. One plate, the
feed plate, is insulated from the substrate such that we can put a voltage on it to deflect
the electron beam. To prevent charging of the insulator affecting the electron beam
trajectory, the insulator is shielded from the e-beam by metal ridges on the substrate. The
photoconductive switch is mounted on top of the ground plate and the electrodes on it
are connected to the blanker plates through wire bonding.

The blanker chip is mounted in a metal cap (shown in brown in the figure) that will be
attached to a connecting piece (shown in purple) containing a lens with 5 mm focal length
to focus the laser on the photoconductive switch. This unit, containing the blanker chip
and the lens, is mounted at the end of the blanker stick that is inserted into the vacuum to
position the blanker in the electron beam path, utilising the standard blanker port of our
scanning electron microscope. Laser pulses propagate through the blanker stick vacuum
window and then through the hollow stick towards the lens and photoconductive switch
[22]. The blanker stick also accommodates a wire and resistor for electrical connection to
the feed plate of the blanker.

The photoconductive switch we use is a Menlo Systems TERA8-1, a photoconductive
device based on LT-GaAs with a sub-ps carrier recombination time. On the GaAs substrate
there are two parallel gold channels that have protrusions in the centre of the chip that
narrow the gap between the channels to 5 µm over a length of 10 µm (see figure 5.4). Laser
excitation of the GaAs in this gap region creates mobile charge carriers that bring about
a transient photocurrent in the presence of a bias voltage between the gold strips. The
switch is suitable for excitation with our 800 nm fs-laser, with a maximum optical power
of 10 mW and maximum bias voltage of 40 V. Figure 5.4c shows a measurement of the
photoconductive switch illuminated current measured in ambient conditions mounted
on the blanker stick.

The capacitance of the blanker design is numerically calculated with COMSOL Mul-
tiphysics; we recreate the design in COMSOL and use the electrostatics toolbox. The
total capacitance of the feed plate to all other components is 223 fF. To this we add the
capacitance of the feed resistor, which is 40 fF for a 0402 SMD resistor [24], for a total
of 260 fF. Therefore, a 10 kOhm resistor is used to yield a 2.6 ns recharge time, which is
in the desired range of 1-3 ns. Furthermore, with this capacitance, every 1 pC of charge



5

72 5. Development of a Laser Triggered Beam Blanker

a) b)

c)

Figure 5.3: Mechanical design of the blanker and blanker stick. (a) The blanker plates and photoswitch are
mounted on a metal substrate with a 3 by 4.5 mm footprint. It is inserted into a metal cap (shown in brown). (b)
An element containing a 5 mm focal length lens is attached to the cap. (c) The blanker is then mounted on the
end of the blanker stick, which is to be inserted into the SEM column. The stick is hollow to accommodate the
laser beam entering through a vacuum window, and also contains a wire to connect to the blanker feed plate.

moved through the photoconductive switch results in a voltage modulation of roughly
3 to 4 volts on the blanker. Based on 10 µA of current, this can be achieved with pulse
repetition frequencies up to 10 MHz (=10 µA/1 pC) without requiring too high laser power
for the switch to withstand. The fs-laser in our setup is a Coherent Vitara-T with a fixed 95
MHz repetition frequency. This exceeds our maximum requirement, and we therefore
place a rotating chopper wheel with 10% duty cycle in the laser path, allowing the switch
to cool when the laser is blocked by the blades. However, this solution also causes laser
pulses to be partially blocked by the blades, introducing unwanted variation in the laser
pulse energy.

After excitation, the switch will conduct for the duration of the 1 ps lifetime of the
photo-excited carriers in the switch. The more carriers are generated, the lower the
resistance. With a blanker capacitance of 260 fF, a switching time equal to the 1 ps
lifetime would permit a resistance of only a few Ohms, including the wire resistances
and contact resistances. Parasitic resistance contributions are typically on this scale and
would therefore affect blanker performance. Furthermore, a switching time this fast is
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a) b) c)

Figure 5.4: (a) The photoconductive switch has a 5x5 mm GaAs substrate with parallel gold conductive channels
deposited on top. (b) At the photosensitive area in the centre of the chip, protrusions in the gold channels create
a small gap on which the laser is to be focused. The gap measures 5 µm wide and 10 µm long. (c) Illuminated
current measured after processing and mounting in the blanker under fs laser illumination at 800 nm, 95 MHz,
10 mW at stick entrance. Current is on the order of 10 µA at 15 V.

not required as equation 5.3 determined 100 ps would be sufficient. Switch conduction
time can be modified by regulating the laser pulse duration through the introduction
of dispersion with an optical fiber. A laser pulse duration exceeding the carrier lifetime
of the switch keeps the switch in its conductive state for the duration of the pulse, at
the expense of lower conductance as photon fluence and thereby total displaced charge
is unaffected. In addition to reducing the influence of parasitic resistance sources, this
means the electron pulse duration can be regulated with the laser pulse duration. This
flexibility is advantageous as slow pulses contain more electrons, which can accelerate
measurement times by boosting signal strength.

Altering the laser pulse duration affects the blanker discharge rate and voltage drop
through a change in photoconductive switch resistance. Assuming the dark current is
much smaller than the photocurrent and the laser pulse much shorter than the laser
repetition time, the resistance of the switch in its conductive state can be approximated
as

Rswi tch,on = τl aser pul se

τr ep

V

I
(5.7)

Here, τl aser pul se , is the laser pulse duration, τr ep the laser pulse repetition time, V the
supplied voltage and I the photocurrent. From this it follows that the blanker discharge
time τdi s is given by

τdi s = Rswi tch,onC = V C

Iτr ep
τl aser pul se (5.8)

with C the total capacitance, showing the blanker discharge time scales with laser pulse
duration. With values of 15 Volts, 260 fF, 10 µA, and a pulse repetition frequency of 9.5
MHz, we find the discharge time depends on laser pulse duration as τdi s = 3.7 ·τl aser pul se .
Consequently, the blanker will not fully discharge before the switch stops conducting, at
which point the voltage drop relative to what it would have been with very long conduction
time is

∆Vstop

V
= 1−e−

Iτr ep
V C (5.9)
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Figure 5.5: The blanker is illuminated with fs-laser pulses for photoswitch actuation and LED lighting for align-
ment purposes. A multimode fibre guides the laser to the blanker setup and introduces necessary dispersion.
The beam passes through a 25% reflecting beam splitter (BS1) where it is combined with LED light, and is
subsequently directed into the blanker stick with an 80% reflecting beam splitter (BS2). Reflection images are
captured with a Guppy CMOS camera.

, or 24% for the numbers given. This effect is not problematic if the electron pulse is gener-
ated within this initial voltage drop. Furthermore, the feed resistor and photoconductive
switch function as a voltage divider, and when the switch resistance in conductive state
approaches the 10 kOhm value of the feed resistor, the voltage modulation of the blanker
is further limited. Equation 5.10 below gives the change in blanker voltage if given enough
time to stabilise. However, as the laser pulse duration is less than the discharge time, this
voltage will not be reached. We therefore combine equations 5.7, 5.9, and 5.10 to obtain
an expected voltage drop given in equation 5.11.

∆V

V
= R f eed

R f eed +Rswi tch,on
(5.10)

∆Vstop

V
=

(
1−e−

Iτr ep
V C

)
R f eed

R f eed + τl aser pul se

τr ep

V
I

(5.11)

For example, with 15 Volts supply, 10 µA photocurrent, 260 fF capacitance, 9.5 MHz
repetition frequency, 10 kOhm feed resistance, and 100 ps laser pulse duration, we can
therefore expect a 3.1 V modulation of the blanker voltage.

5.4.2. Optics
The laser path to the blanker is shown in figure 5.5. The laser beam from our 95 MHz
Coherent Vitara-T fs-laser passes through the rotating chopper wheel placed at the exit
pupil and is subsequently coupled into a multimode optical fiber. The fiber has the dual
purpose of guiding laser light to the blanker, as well as to stretch pulse duration to increase
the time the photoconductive switch is illuminated. We initially use 200 metres of fibre
to stretch pulses to an estimated 1 ns, based on an initial pulse duration of 20 fs and
dispersion of 3500 fs2/mm. This will have to be shortened later, but for initial experiments
the longer pulses are advantageous as they are easier to detect.
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At the blanker optics, laser light is coupled out of the fibre and collimated with an 25
mm focal length aspheric lens, after which the beam enters the blanker stick via two beam
splitters. The lens at the end of the blanker stick and the collimator lens have a combined
magnification of 1/5, so the 50 micron optical fibre is imaged on the photoconductive
switch to a geometric spot size of 10 micron. This corresponds to the photoconductive
switch gap size. LED illumination and camera imaging of the photoconductive switch
facilitates laser alignment on the active area.

5.5. Construction and assembly
Assembly of the blanker begins with the metal substrate which is milled out of metal.
On top of this we glue the plastic insulator that will support the feed plate using araldite
composite glue. On top of the substrate and insulator we glue an hourglass shaped part
that will become the feed plate and ground plate. The glue is cured in the oven and the
result is shown in figure 5.6a. Next the gap between the ground and feed plates is cut
using EDM; the distance between the plates is 60 microns. Figure 5.6b is a side view of
the blanker chip at this point, in which one can already see the gap through which the
electron beam will travel.

The photoconductive switch has a substrate too large to fit our design and is therefore
cut to size in a wafer dicer, also removing the contact pads on the corners of the chip.
Hence, we remove the SiN protective layer on the switch with a dry etching method and
add new molybdenum contact pads near the photosensitive area using optical lithogra-
phy and sputter deposition. Subsequently, the switch is glued onto the blanker ground
plate. The whole blanker chip is then inserted into the blanker stick topcap and secured
using another drop of composite glue (Figure 5.7a). Next, wire bonding connects the
photoconductive switch contact pads to the feed plate and to the topcap (see Figure 5.7b).

The topcap is joined with the connecting piece containing the lens; these parts are
manufactured with tight tolerances to fit precisely together and are further secured with
composite glue. For mounting the lens-topcap combination on the blanker stick, there
is room to manoeuvre and ensure the laser light coming in through the blanker stick
illuminates the desired area of the photoconductive switch. The part is mounted on a
3D translation stage and optically imaged through the blanker stick. We move the stage
to get the photoconductive switch active area centrally in view (Figure 5.8a) and secure
with glue. Next, the feed plate is connected to the feed cable through a resistor (Vishay
MCS 0402-professional series). The resistor is to be positioned as close to the feed plate
as possible to minimise the switching capacitance. We solder one resistor terminal to the
feed cable running along the inside of the blanker stick and connect the other side to the
feed plate with conductive silver paint (Figure 5.8b). The blanker is now fully assembled
and ready for testing in the SEM.

5.6. Testing
The completed blanker is inserted into our Quanta 200 FEG based USEM setup for testing,
where it replaces the conventional electrostatic blanker. Firstly, the blanker is to be
positioned at the electron optical axis. There is a crossover close of the electron beam close
to the blanker position, which can be used to image the blanker to facilitate alignment.
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a) b)

Figure 5.6: (a) Blanker chip substrate with blanker plate on top. (b) The blanker gap is cut with EDM, creating
a narrow slit that the electron beam will travel through. Both images show the feed plate on the left and the
ground plate on the right. Scale bar 100 µm (in blue).

a) b)

Figure 5.7: (a) The blanker is inserted in the blanker stick topcap and secured with composite glue. (b) Electrical
contacts with the photoconductive switch are made with wire bonding. Scale bar 100 µm (in blue).

a) b)

Figure 5.8: (a) Image of the photoconductive switch taken trough the blanker stick to ensure correct positioning
before securing the connecting piece with glue. (b) The feed plate is then connected to the feed cable in the
blanker stick through a 10 kOhm feed resistor.
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a) b)

Figure 5.9: (a) SEM image of the blanker plates made by scanning the beam crossover while the blanker is
mounted, showing the blanker is successfully positioned in the electron beam path. (b) The optical image for
comparison was taken before mounting with the same view.

We adjust lens currents to focus the crossover plane on the blanker and scan the crossover
position with the gun shift and tilt coils higher in the column, recording secondary
electron generated by transmitted electrons. A beam energy of 5 keV is used for all
experiments. Mechanical adjustment of the blanker position are then made to centre
it around the optical axis, and the blanker is rotated such that the plates are parallel to
the optical axis and the beam can travel in between. Figure 5.9 shows the blanker gap in
crossover scanning mode after these alignments, and also an optical image of the same
view taken before mounting in the SEM. A clear image of the gap indicates the blanker is
correctly positioned in the SEM column.

Laser focussing on the photoconductive switch is done coarsely by moving the laser
spot to the gap area on the camera image of the switch imaged through the blanker stick.
Fine adjustments are subsequently made by optimising the photocurrent. Figure 5.10
shows the photoconductive switch imaged through the blanker stick with the laser off
and on, showing the laser spot is positioned at the gap and has a size comparable to the
gap size.

A streak camera approach [15, 22] is employed to characterise deflection by the
blanker, see also figure 5.11. A second deflector is positioned between the electron
objective lens and a scintillating sample consisting of cerium doped yttrium aluminium
garnet (YAG:Ce); emitted cathodoluminescence is imaged on a CCD camera. The electron
objective lens is defocussed such that a deflection of the beam by the blanker or streak
camera deflectors will move the electron beam position on the YAG screen, which is visible
on the CCD camera image. To minimize the size of the defocussed spot and maximize
visibility of spot displacement, the variable aperture above the blanker is set to 20 µm and
moved off axis to pinch the beam and further reduce its opening angle.

Generation of electron pulses requires laser induced deflection of the electron beam
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a) b)

Figure 5.10: Optical images of the photoconductive switch with the laser off (a) and on (b) demonstrate the
optics used to focus the laser on the switch is functional. The spot is positioned at the photoconductive switch
active area and has dimensions comparable to the gap size.

Figure 5.11: Streak camera characterisation of the blanker is implemented by positioning a second deflector
between the electron objective lens and a scintillating sample imaged with an integrated optical microscope.
With the electron beam defocussed, deflections by blanker as well as streak camera translate to movement of
the cathodoluminescence spot imaged by the camera while there is a beam crossover in the blanker plane.
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a) b)

c)

Figure 5.12: Streak camera measurements indicate laser induced electron beam deflection. (a) A 25 ns voltage
ramp on the streak camera deflects the electron beam in the direction left to right while the laser excited blanker
deflects in the diagonal direction. A wave like pattern is observed with roughly 2.5 oscillations is seen, indicating
periodic deflection by the blanker at the 95 MHz (10.5 ns) laser repetition time. The bright saturated line is
the result of the streak camera scanning without the blanker deflecting as the laser is blocked by the chopper.
(b) Summed images acquired with various DC blanker voltages without laser excitation of the blanker. They
are used to calibrate beam position to blanker voltage through measuring image shift. (c) Image shift as a
function of DC blanker voltage shows a linear trend of 11 pixels per volt; we add this voltage scale to figure (a)
and determine the laser induced blanker voltage modulation to be in excess of 4 V.

at the laser repetition frequency of 95 MHz. To demonstrate this, we set up the streak
camera with a 5 V ramp signal with a 25 ns rise time and 5 ns fall time. The signal from a
laser illuminated photodiode is frequency divided by a factor 4 and triggers the generation
of this ramp every 42 ns. We ensure the electron objective lens is defocussed and the
blanking aperture removed. Figure 5.12a shows the camera image of the scintillator with
a blanker supply voltage of 30 V and laser power corresponding to a photocurrent of 23
µA. The streak camera deflects in the horizontal direction, effectively creating a time axis,
while the blanker deflects along the diagonal direction indicated in the figure. There are
multiple features visible in this image. Firstly, the bright horizontal line, which shows the
electron beam being deflected by the streak camera with the laser blocked by the chopper
wheel. As the blades rotate and the switch is exposed to laser light, the voltage over the
blanker plates drops, causing deflection to the top left in the CCD image. Here, we see
a wave like shape with circa 2.5 oscillations, indicating that the blanker voltage drops
and (partially) recovers 2.5 times over the 25 ns streak camera ramp time. The deflection
occurs periodically with 10 ns repetition time, which is in agreement with the 95 MHz
laser repetition time, and indicates that we measure periodic laser induced electron beam
deflection.

The laser induced voltage drop can be quantified by relating the position on the CCD
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Figure 5.13: Streak camera results, shown here in the form of a stack of streak camera strips, recorded with
blanker aperture inserted show two pairs of pulses moving in opposite direction when changing the delay. Each
pair consists of a laser generated (marked 1) and a recovery pulse (marked 2), with the latter lagging the former.
The longer pulse duration of the recovery pulse is reflected by brighter and wider signature on the streak camera
result.

image to blanker voltage. To this end, we record images of the scintillator with various
DC voltages on the blanker without laser exciting the blanker (figure 5.12b). In range
of 30 down to 15 V, a shift of 11 pixels in the position of the CL spot is recorded per volt
change on the blanker (figure 5.12c). Adding this voltage scale to figure 5.12a shows a laser
induced blanker voltage variation of about 4 V. A modulation of 3.4 V was expected based
on equation 5.11, which is in reasonable agreement. Moreover, figure 5.12a indicates
the beam deflection angle is larger than the opening angle, which is a prerequisite for
electron pulse generation.

Electron pulses are generated by inserting a blanking aperture (30 micron diameter)
between electron objective lens and streak camera deflector. Streak camera characterisa-
tion of electron pulses transmitted by the blanking aperture is performed to ascertain the
generation of pulses and measure their duration. For these measurements, the electron
beam is focussed on the sample while the blanker (25 V, 21 µA) deflects it over the blanking
aperture. A square wave signal at 47.5 MHz, half the laser frequency, on the streak camera
deflector streaks the pulses over the scintillator sample, which is imaged with the CCD
camera. We vary the delay between the excitation of the blanker photoconductive switch
and deflection of the streak camera, acquiring multiple images to track pulses in time.

Streak camera results are shown in figure 5.13. As the streak camera signal and laser
frequency differ by a factor two, there are two pairs of pulses that move in opposite
direction corresponding to the rising and falling edge of the streak camera signal. Each
pair consists of a laser generated electron pulse and a recovery pulse formed as the blanker
resets. Comparing the marked pulses in the image, we see the recovery pulse, lagging the
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(a)

(b)

(c)

Figure 5.14: (a) Streak camera profiles show a peak shift of 80 pixels per nm. In combination with Gaussian
fitting to peaks yielding Gaussian sigma values of 18 and 27 pixels for pulses 1 and 2 respectively, we calculate
pulse durations of 530 and 780 ns full width half maximum. (b) A profile of the CL spot generated by a stationary
beam. With a Gaussian width of 4.5 pixels, this demonstrates that that the instrument response is not limiting
the pulse measurements. (c) The fit to pulse 1 shows 530 ps FWHM pulse duration.
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laser-generated pulse, is brighter and wider than the laser generated pulse. This is due to
the longer pulse duration of the recovery pulse, resulting from the slower reset time than
discharge time of the blanker.

Figure 5.14 shows line profiles along each of the measured streaks and allows us to
extract the pulse duration. For this, we first translate the pixel values on the x-axis to
time by determining the shift in peak position resulting from a change in delay between
the blanker and streak excitation. The black line along the first pulse travelling leftwards
shows a shift of 80 pixels per ns and represents the data well. Subsequently, we fit Gaussian
functions to a laser generated pulse (pulse 1) and a recovery pulse (pulse 2) and find
Gaussian sigma values of 18.1±1.1 and 26.7±0.7 pixels, respectively. These values include
blurring by the optical point spread function (PSF) that is introduced in the imaging of the
scintillator (figure 5.14b), but with a PSF sigma of 4.5 pixels the effect of deconvolution
is smaller than the fitting uncertainty and is therefore neglected. As the position in the
streak is similar, we use the same conversion factor of 80 pixels per ns for both peaks. Also
converting from sigma values to full width half maximum we arrive at 530±30 ps for the
laser generated pulse and a significantly longer value of 780±20 ps for the recovery pulse.
From the fitted peak positions we calculate a time lag of 2.7 ns between the pulses, which
is as designed and sufficiently long to block the recovery pulse with an additional blanker.

5.7. Discussion
The obtained value of 530 ps is far away from the target value of 10 ps. However, we note
that these measurements have been done with a very long (∼ 1 ns) laser pulse duration
in order to maximize deflection before optimizing pulse duration. Filling in the used
experimental parameters into equation 5.3 to calculate the pulse duration with discharge
time and voltage drop determined with equation 5.8 and 5.10 results in a pulse duration
of 250 ps. Additionally, our method of increasing laser pulse energy while limiting average
power with a rotating chopper wheel in the laser path, while proven effective in preventing
thermal overload of the switch, is not ideal and affects pulse duration. The gaps between
chopper blades are 4 mm and the laser beam diameter is about 2 mm, resulting in the
partial transmission of pulses during the transition between blocking and unblocking
the beam. With these dimensions, two thirds of the laser pulses that arrive at the switch
have reduced energy, and the average laser pulse energy is reduced by 33% compared to
a chopper that can pick pulses without partial transmission. Pulse duration is strongly
dependent on photocurrent, as this 33% reduction in photocurrent would result in a pulse
duration of 480 ps according to equation 5.3 with all other parameters unchanged. This
is close to our experimental result, meaning that the blanker performs as well as we can
expect it to given the current implementation.

Follow up experiments will have to be done with shorter laser pulse durations for a
shorter and stronger reduction of the switch resistance, resulting in faster discharging of
the blanker plates. Crucial is that the charge transferred by the photoconductive switch
does not decrease with shorter pulse durations. It also remains to be investigated if the
effect of resistances of other components and contacts on the discharging RC time can
become a limiting factor as the switch resistance is decreased. Furthermore, the chopper
needs to be replaced with a solution that does not introduce variation in laser pulse
energy. A laser that can generate pulses at a suitable repetition frequency would be an
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option. Alternatively, a pulse picker could be employed to reduce the pulse repetition
time of the laser. In either case the laser pulse energy can be safely increased without
introduction of additional frequency components and variable laser pulse energy. With
these changes, the goal of 10 ps electron pulses is expected to be achieved with a laser
pulse duration of 75 ps, based on equations 5.3, 5.8, and 5.10.

Some practical concerns that need addressing for a follow up design include a charg-
ing problem that complicates alignment of the electron beam through the blanker and
can still affect beam quality despite the fact that a beam could be transmitted for the
experiments presented here. The source of the charging is possibly glue that has flown
out before curing, but this could nevertheless require additional shielding in a new design.
Furthermore, the number of processing steps required on the photoconductive switches
is high and often requires clean room access. This detracts from the intended simplicity
of manufacturing and is not without risk of damage as multiple switches were lost in
the process. Minimizing required processing steps by procuring more suitable switches
would therefore be an improvement. The addition of a second blanker to remove the
electron pulse generated as the blanker resets also remains to be implemented. However,
our streak camera characterisation of the blanker already demonstrates the possibility
to temporally align a second deflector to the laser triggered blanker, albeit for a different
purpose.

5.8. Conclusion
In conclusion, we have designed and built a laser triggered electron beam blanker for the
generation of electron pulses, and the prototype device has been tested in a commercial
SEM. We have demonstrated laser triggered electron beam deflection by the blanker
and shown that the deflection is sufficient to create electron pulses. The ability to form
electron pulses has been confirmed with streak camera characterisation and constitutes
a significant milestone in the development of the device.

We measured a pulse duration of 530 ps, but this includes the detrimental effect of
variable laser pulse energies and it is also expected that improvements can be made with
shorter and higher energy laser pulses. On the longer term, the photoconductive switch
is where the largest improvements can be made as the current through it ultimately deter-
mines the how fast the blanker is capable of switching. Additionally, the incorporation
of the switch in the blanker is the most challenging part of constructing the blanker.
Therefore, a photoconductive switch capable of higher current requiring fewer processing
steps would benefit both the performance and practicality of the blanker.
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6
Conclusion

The project was started with the goal of expanding the capabilities of USEM through
improvements and innovations in the instrumentation and increased understanding of
the technique and contrast mechanisms.

Adaptations to previously reported USEM experiments have been made with the
introduction of lock-in USEM in chapter 2. This alternative detection scheme allowed for
simultaneous recording of processes on multiple time scales as well as highlighting the im-
pressive sensitivity of USEM to surface morphology. In chapter 3, we implemented USEM
with high-NA laser excitation to bring the pump resolution below 1 micron, allowing for
more local excitation of samples than previously possible. In both these chapters dealing
with charge carrier dynamics, dipolar contrast patterns were observed in the ultrafast
movies recorded. These adjacent regions that show an increase and decrease in detected
secondary electron signal have been determined to be the result of a local photo-induced
surface potential through particle tracing simulations. This finding provides additional
insight into the contrast mechanism that enables imaging carrier dynamics with USEM.

A further application of USEM has been investigated in chapter 4, where we imaged
the motion of a micromechanical resonator. Here, the standard detection scheme without
lock-in detection was used, but we employed an alternative excitation scheme compared
conventional single pulse pumping of the sample. A cantilever was brought into motion
through a pulse frequency modulation scheme on the laser excitation and imaged with
pulsed electrons to construct a video of the resonator moving at resonance.

The work presented in chapter 5 pertains to improvement of the electron pulse dura-
tion, which is a fundamental specification of any ultrafast electron microscopy setup that
determines temporal resolution. A new design for a laser triggered electron beam blanker
was presented, and a prototype constructed and tested. Laser triggered electron pulses
have been generated, but additional work is required to reach the targeted 10 ps pulse
duration.
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Figure 6.1: Lock-in USEM can be used to image the effect of ion implantation on the carrier lifetime near
semiconductor surfaces, as shown here for copper indium selenide (CIS). (a) Ultrafast movie frames of laser
induced SE measured on CIS implanted with 30 kV hydrogen ions at a dose of 3 ·1015cm−2. A dipolar pattern
appears due to the formation of a surface potential, which recedes as carriers recombine. (b) Decay curves
extracted from USEM movies, plotted with offsets for visibility, recorded on samples with doping doses ranging
from 3 ·1014 to 3 ·1016cm−2. A trend of increasing lifetime with dose is observed. Scale bars of 100 µm. Sample
courtesy of G. Naresh-Kumar and M. V. Yakushev of Strathclyde University.

6.1. Outlook
The findings presented in this thesis provide openings for future research. The high degree
of surface sensitivity evident from our results on semiconductor carrier dynamics can be
of great benefit depending on the use case. Where techniques that rely on bulk interac-
tions see a reduction in signal strength when sample thickness reduces, the high surface
sensitivity in USEM does not suffer from this. This provides interesting prospects for the
characterisation of thin samples such as 2D materials, or samples that have undergone
surface modification of some sort. An example of the latter is to study semiconductor
materials doped through ion implantation, where only the top layer of the sample is
affected by the doping process.

As a demonstration of the merit of surface sensitivity, figure 6.1 shows a lock-in USEM
measurement of the doping dependence of carrier lifetime of copper indium selenide
(CIS) that has been implanted with hydrogen ions. CIS is a material with applications to
photovoltaics, where doping of semiconductors is valuable to achieve more favourable
carrier properties. As only the top layer of the sample is implanted, typical bulk sensitive
techniques that can be employed to probe carrier dynamics will see their signal heavily
diluted by signal originating from unaffected sample material deep below the surface.
Our technique resolves a clear relation between hydrogen dose and carrier lifetime. It
should also be noted that these results were mostly measured in one day, which means
samples can be measured on a time scale similar to how fast they can be prepared.

An undesirable side effect of high surface sensitivity can be the probing of effects
that are not the target of investigation. The dependence of the contrast pattern on
electron dose reported in chapter 3 indicated sensitivity to electron beam induced sample
modification, likely related to deposition of carbonaceous material. This stresses the
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importance of proper cleaning and handling of the sample and the vacuum chamber
to limit contamination. However, the presence of contaminants cannot be excluded
completely at high vacuum (10−6 mbar), which is why an alternative solution is required
for sample materials that require very long measurement times or are otherwise beam
sensitive. Implementation of ultrahigh vacuum (UHV) in a USEM setup greatly reduces
contamination concentrations and therefore deposition rates. Other matter, such as water
layers that can decompose into free radicals under the influence of the electron beam, will
also be removed and therefore the influence of these external factors is reduced. However,
practical downsides of UHV include long pumping times and different requirements on
the vacuum chamber. Alternatively, solutions such as sample heaters and cold traps can
be investigated to reduce contaminant concentration at the sample.

The ultrafast movies of nanomechanical motions (chapter 4) demonstrate the capa-
bility of measuring with nanoscale spatiotemporal resolution. Interesting continuations
of this work would be to image the interaction of an AFM cantilever with a surface, which
would require a piezo stage to make the cantilever gradually approach a stationary sample,
or vice versa. Application to different types of resonators can also be investigated, includ-
ing graphene drums or carbon nanotube resonators. Such resonators can have resonance
frequencies in the GHz range, which is faster than the maximum achievable modulation
frequency of the laser and necessitates different excitation methods. Additionally, higher
resonance frequencies require shorter electron pulses for sharp images of the oscillator.

The pulse duration achievable with the laser tiggered blanker discussed in chapter
5 can likely be improved from the currently realized 530 ps to values below the 90 ps
achieved with the electrostatic blanker. Charging problems in the current prototype
make experiments with this blanker difficult, and therefore these problems need to be
addressed. Optimization of the laser pulse duration and implementation of a pulse
picker to reduce the laser repetition frequency can then result in a vast improvement
of pulse duration. Lower repetition frequencies enable higher laser pulse energies and
consequently faster electron pulses. Therefore we note that the laser triggered blanker is
most suited to ultrafast measurements conducted at lower repetition frequencies. When
the targeted pulse duration of 10 ps is achieved, this blanker can fill the gap between
the sub-ps pulse duration of laser triggered sources and the conventional electrostatic
blanker.
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