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ABSTRACT: Ultrafast optical microscopy, generally employed by
incorporating ultrafast laser pulses into microscopes, can provide
spatially resolved mechanistic insight into scientific problems
ranging from hot carrier dynamics to biological imaging. This
Review discusses the progress in different ultrafast microscopy
techniques, with a focus on transient absorption and two-
dimensional microscopy. We review the underlying principles of
these techniques and discuss their respective advantages and
applicability to different scientific questions. We also examine in
detail how instrument parameters such as sensitivity, laser power,
and temporal and spatial resolution must be addressed. Finally, we
comment on future developments and emerging opportunities in
the field of ultrafast microscopy.

■ INTRODUCTION
Ultrafast optical microscopy is based on spectroscopy
techniques that use sequences of ultrashort light pulses to
study material properties and have attracted considerable
attention in the past few decades due to their ability to resolve
short-lived intermediates on the order of femtoseconds.1−3

Femtosecond temporal resolution was first achieved in studies of
the dynamics of organic molecules and bond breakages in iodine
cyanide molecules.4−6 Following this breakthrough, ultrafast
optical spectroscopy has been utilized in a multitude of
disciplines based on light ranging from X-rays to terahertz
radiation and have led to countless scientific insights.7−17 The
discussion of all these fields of study is well beyond the scope of
this work, but excellent reviews can be found in the
literature.18−24 Instead, here we discuss few examples in the
infrared (IR) but focus on the visible (VIS) part of the spectrum,
where ultrafast optical spectroscopy has been applied for
biological and life science applications as well as studies of
chemical reactions, solvation dynamics, and nanomaterials.25−35

As a result, tremendous insights into the electronic dynamics of
various materials have been achieved, and technological
advances in the generation and manipulation of ultrashort
light pulses in the VIS as well as interdisciplinary exchange
continue to expand the capabilities of ultrafast optical spectros-
copy in this spectral regime.36−40

However, ultrafast optical spectroscopy techniques generally
lack the spatial resolution to perform studies within nanometer-
scaled material areas or conduct measurements of single-
particles on the nanoscale or smaller. The importance of spatial
resolution has been shown by optical far-field microscopy in the
VIS, which provides the ability to spatially resolve location-
dependent photoexcited processes in heterogeneous materials
or identify particle-to-particle variations in single-particle
measurements.41,42 Utilizing VIS optical far-field microscopy,
studies demonstrated a significant dependence of the properties
of a material on its size, shape, environment, or the specifically
inspected material area.43−46 Importantly, bulk or ensemble
measurements often hide contributions from spatial hetero-
geneity due to averaging effects, making mechanistic studies
difficult.47 Thus, there is a need to achieve high spatial resolution
in addition to the chemical and temporal sensitivity of ultrafast
optical spectroscopy techniques, motivating the development of
the corresponding ultrafast optical microscopy techniques.
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Ultrafast optical microscopy for VIS wavelengths was realized
by pairing the spatial resolution and high detection sensitivities
of VIS far-field optical microscopy with well-established ultrafast
spectroscopic techniques such as VIS transient absorption (TA),
and, more recently, two-dimensional (2D) ultrafast spectrosco-
py.48−54 The resulting methods have become crucial tools in
studying ultrafast dynamics of zero- or one-dimensional
materials such as single molecules, metal nanoparticles,
semiconducting quantum dots, or carbon nanotubes.55−67

Furthermore, VIS ultrafast optical microscopy was applied to
study local areas of two-dimensional heterogeneous chemical
systems such as organic semiconducting thin films and
polycrystalline perovskite thin films64,68−80 and biological
media such as cells or chromophores.51,81−86

This Review will highlight the crucial role of ultrafast optical
microscopy in the VIS regime in resolving and understanding
the impact of microscopic heterogeneity on physical and
chemical processes. We will use examples from the literature
to showcase implementations of ultrafast TA and 2D
microscopy in the VIS, discuss their advantages and
disadvantages, and highlight their benefit over the correspond-
ing spectroscopy techniques. We also provide a guide on the
appropriate choice of ultrafast optical microscope instrument
parameters for different sample types, since the experimental
demands for ultrafast optical microscopy measurements
sensitively depend on the nature of the sample. We here provide
a nonextensive review of the fundamental principles and
technical details of ultrafast optical TA microscopy and 2D
microscopy as applied in the VIS and mid-IR wavelength ranges,
as many excellent comprehensive reviews are already
available.18,19,87−100 Please note that we will refer to ultrafast
optical microscopy and spectroscopy techniques in the VIS
simply as ultrafast optical microscopy and spectroscopy if not
otherwise stated, because we focus on this section of the
electromagnetic spectrum.

That said, we also note that there are alternative ways to
employ ultrafast optical microscopy that can achieve extremely
high spatial resolution down to a few nanometers. These
approaches use nonoptical mechanisms in addition to light
pulses and include methods such as ultrafast scanning-tunneling
microscopy (ultrafast STM),101−103 pump−probe atomic force
microscopy (ultrafast AFM),104−108 ultrafast electron micros-
copy (UEM),109−112 and ultrafast near-field scanning optical
microscopy (ultrafast NSOM),113 among others.114 While these
techniques have provided important information to the scientific
community, they are not the focus of this Review. However,
following the theme of this review we want to indicate their
instrumental similarities and differences, as well as capabilities
and limitations compared to the corresponding all-optical
techniques. We will thus only briefly discuss ultrafast STM in
the VIS regime as an example and comment on UEM.

The Review is organized as follows: We first introduce a brief
practical overview of the experimental techniques of ultrafast TA
microscopy, 2D microscopy, and STM. We then discuss how
appropriate instrument parameters such as the laser repetition
rate, or temporal and spatial resolution must be chosen for
different materials and phenomena. With this basis, we discuss
some state-of-the-art applications of ultrafast microscopy and
highlight their scientific insights as well as unique instrument
developments. Lastly, we comment on current challenges in
ultrafast optical microscopy and suggest future directions.

■ PRACTICAL OVERVIEW OF EXPERIMENTAL
TECHNIQUES

Transient Absorption Microscopy. As discussed above,
TA microscopy was developed by coupling conventional TA
spectroscopy with a far-field microscope.57,58,75,78,115 As a
general approach in TA microscopy measurements, two laser
pulses, a pump and a probe, pulse interrogate a sample either in a
transmission or reflection geometry.50,116 Figure 1A provides a

schematic of a TA microscopy setup in transmission geometry.
The pump pulse promotes the material under investigation to an
excited state. The following probe pulse measures the dynamics
of those excited and short-lived states through changes in the
absorption, reflection, or excited state emission that are
measurable through modulation of the intensity of the
transmitted or reflected probe beam.40 By inserting a time
delay on the order of femtoseconds to nanoseconds between
pump and probe pulses, it is then possible to probe the dynamic
behavior of a sample at ultrashort times after the initial
excitation. Considering a transmitted probe beam, the measured
signal is usually provided as the differential transmission ΔT/T,
corresponding to the ratio of the change in transmission due to
the sample being excited (ΔT) relative to the total transmission
when the sample is in its ground state (T). Similarly, the
differential reflection ΔR/R is measured for reflection geo-
metries.

The temporal delay between the two pulses is usually
controlled via a mechanical delay stage that alters the traveled
distance of either the pump or the probe.92 Though challenging,
delay times close to 10 ns can be achieved by passing the beam

Figure 1. (A) Schematic of a collinear setup for TA microscopy. Pump
(blue) and probe (red) pulses are recombined with a dichroic optic and
travel along the same path, offset in time by a delay t. Both beams are
focused onto a sample through an objective. The probe pulse, which
carries the encoded TA signal, is isolated from the pump using spectral
or polarization filters and is measured by a detector. For detection of
small signals, the pump is modulated using a chopper or AOM and
pump-induced changes in the transmission of the probe through the
sample are automatically extracted through lock-in amplification. DM:
Dichroic optic. M: Mirror. F: Filter. (B) Simplified schematics of
different imaging techniques in ultrafast TA microscopy. Left: Sample
scanning with a piezo translation stage. Center: Beam scanning with
piezo-electric mirrors. Right: Imaging of a sample area with defocused
beams.
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through the delay stage multiple times. Other studies have
utilized digital delay generators to control the time delay
between pulses.117 New approaches have also applied
asynchronous optical sampling techniques, in which two laser
sources produce pump and probe pulses with different repetition
rates to generate a periodically changing temporal delay.118 The
latter methodology has the advantage that long delay times up to
tens of nanoseconds can be accomplished by simply adjusting
the laser repetition rates. However, this approach requires high
temporal synchronization and stability of the laser systems.

In TA microscopy, pump and probe beams are generally
spatially overlapped and focused onto the sample, usually using
an objective with a high numerical aperture (NA) to achieve
small focus spot sizes from the micrometer scale down to the
optical diffraction limit of a few hundred nanometers. Small
beam spot sizes are important for TAmicroscopy measurements
because ΔT/T is inversely proportional to the area of the
focused probe beam.91 Additionally, the minimum spot size
determines the spatial resolution. After the sample, the
transmitted or reflected pump pulse, depending on the
measurement geometry, is subsequently removed through
either spatial separation or filtering based on wavelength or
polarization, and only the probe is detected.57,119−122

Due to the small size of single nanoparticles or single
molecules, even beam spot sizes close to the diffraction limit are
much larger than the sample, and the signal-to-noise ratio is too
low to measure the differential transmission directly. One
method to address this challenge is lock-in amplification, in
which the pump beam is chopped at frequencies between a few
Hz up to tens of kHz or hundreds of kHz by either a mechanical
chopper or an acoustic optical modulator (AOM), respec-
tively.123,124 The modulation frequency is then referenced to the
detection system to extract signal components with matching
oscillations from the background. The detection system is
usually either an array detector such as a charge-coupled device
(CCD) camera or a single-element detector. In the former case,
the pump modulation is directly referenced to the CCD camera
for lower frequencies, while for the latter the single-element
detector is connected to a lock-in-amplifier that is synchronized
to the modulation frequency. The lock-in amplification
approach is a common practice, especially with higher repetition
rate laser sources as it provides large signal-to-noise ratios for
nanoscale samples.125,126 Spectral resolution of the TA signal
can additionally be realized by incorporating a spectrograph into
the detection system.127

Finally, a TA image can be obtained by scanning a sample
through the laser beam with a piezo nanopositioning stage,
scanning the pump and probe beams over the sample using
galvano-scanning mirrors, or through wide-field geometries with
defocused probe beams, as shown in Figure 1B.59,64,128

Temporally resolved TA images are achieved by varying the
time delay between pump and probe beams between subsequent
images, and time-resolved transients are taken by scanning
through multiple delay times at a fixed sample location.
Ultrafast Two-Dimensional Microscopy. Ultrafast 2D

microscopy has been developed to provide both spatial and
temporal insights into the dynamics of materials, and is similar to
TA microscopy in much of its instrumentation.53,90,129,130

Ultrafast 2D microscopy distinguishes itself from TA micros-
copy by the detected signal and by mapping spectroscopic
information over two frequency axes, usually accomplished
using three laser pulses; two pump pulses and one probe pulse,
as shown in Figure 2A.129 One of the pump pulses is referred to

as the stationary pulse, and the other is called the traveling pulse.
The traveling pulse is scanned through different time delays
relative to the stationary pulse. The effect of these pump pulses
can be interpreted as the preparation of a superposition of
excited and ground states. At each pump−pump time delay (τ),
the probe pulse interacts with the optically pumped sample after
an additional pump−probe time delay (T), during which the
population states are allowed to evolve. The effect of the probe
pulse is to generate a nonlinear, third-order macroscopic
polarization in the sample, leading to a detectable signal field
that is coherently radiated by the individual dipoles in the

Figure 2. (A) Schematic of a collinear setup for ultrafast 2D
microscopy. An AOM or chopper is used to modulate the pump
beam. When using white-light pulses, thin film polarizers are used to
recombine pump and probe pulses onto the same path based on their
polarization rather than wavelength. The two pump pulses are offset by
a time τ, and the probe pulse is offset from the last pump pulse by an
additional time T. Both beams are focused onto a sample through an
objective. After removal of the pump beams using a thin film polarizer,
interference between the emitted signal field and probe beam is
detected using a spectrometer. (B and C) Schematics illustrating the
information content of a 2D spectrum. 2D spectra correlate the
frequency of the emitted signal with the frequency of the field that
excited the sample. This approach can be used to identify peaks in
congested absorption spectra by spreading them across 2 frequency
axes (B) or to identify coupling or energy transfer between quantum
states through the presence of cross peaks that appear away from the
diagonal axis (C).
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sample.52 The first frequency axis, called the probe axis, is
generated by spectrally resolving this signal field in a grating
spectrometer. The second frequency axis, called the pump axis,
comes from Fourier transformation of the signal fields that were
obtained for the different pump−pump time delays (τ) at each
probe frequency.

Spreading the spectroscopic information across two different
frequency axes provides a wealth of information by deconvo-
lution of congested spectra, permitting signatures of interacting
spectral features to be resolved (Figure 2B). Specifically, Figure
2C displays how two axes allow for the distinction between
diagonal peaks that lie on the diagonal, where pump and probe
frequencies are the same, and cross peaks. Cross peaks lie off the
diagonal and result from two interacting spectral features. The
interaction can occur through a variety of mechanisms such as
electronic coupling, vibrational coupling, or energy transfer
processes. 'Similar to TAmicroscopy, dynamic processes such as
energy transfer of solvent rearrangement can be studied by
scanning the time delay T between the second pump and probe
pulses.131−136 Therefore, ultrafast 2D microscopy holds unique
promise for expanding the range of accessible scientific
questions beyond the capabilities of TA microscopy.

The addition of a second pump pulse, as well as complicated
detection and analysis schemes, can make ultrafast 2D
microscopy more experimentally difficult to implement relative
to TA microscopy. A general challenge in ultrafast 2D
techniques is to obtain absorptive or dispersive spectra with
sufficiently low background and high signal-to-noise ratios.18 In
order to isolate the required signal fields, ultrafast 2D
spectroscopy has employed phase-matching conditions in
boxcar geometries, where all pump and probe pulses are focused
onto the sample with different wave vectors, leading to signal
fields that are emitted with different, defined wave vectors to
form the desired spectra.90,137 Additionally, pump−probe

geometries have been applied in which both pump pulses travel
along the same wave vector, and pump-induced changes in the
optical density of a sample were measured using broadband
probe pulses that were then spectrally resolved by the
detector.138,139 Modulation of the pump with optical choppers
allowed reduction of the probe background, and pump pulse
pairs were generated using pulse shapers. Pulse shapers modify
an initial pulse to generate a pulse pair with variable time delays
and relative phase.

High NA objectives complicate phase-matching conditions
between pump and probe pulses with different wave vectors, and
the boxcar geometry is not appropriate for ultrafast 2D
microscopy. Indeed, ultrafast 2Dmicroscopy has predominantly
been performed in a fully collinear pump−probe geometry that
allows ideal focus of pump and probe beams onto the sample. In
these studies, reduced residual background and sufficient signal-
to-noise ratios were achieved through combinations of polar-
ization control, additional modulation of the probe, high-
frequency light sources, heterodyne detection with an additional
pulse, phase cycling, and rotating frame detection.52,53,129,140,141

Phase cycling is a technique used to remove unwanted signal
contributions and increase the signal-to-noise of a 2D spectrum,
while rotating frame detection allows under-sampling of the
signal for shorter measurement times. Both techniques can be
conveniently done through pulse shapers, and further
information can be found in the literature.90,142

Ultrafast Scanning Tunneling Microscopy. TA and
ultrafast 2D microscopy techniques have the ability to measure
dynamics of nanometer-sized objects with femtosecond time-
resolution. However, owing to their all-optical excitation and
detection, their spatial resolution is limited by the diffraction
limit of light. Therefore, novel ultrafast techniques such as
ultrafast STM have been developed where the probing
mechanism is nonoptical, which allows temporal dynamics to

Figure 3. Experimental setup for tr-SMA−STM.145 A femtosecond Ti:sapphire oscillator is split to form pump and probe pulses. The frequency-
doubled pump beam is generated by second-harmonic generation, SHG. The pump and probe beams are then modulated on/off at different
frequencies and sent collinearly to the tip−sample junction. The tunneling current signal from the STM is demodulated at the sum frequency of the
beam modulation by a lock-in amplifier and mapped with subnanometer spatial resolution and femtosecond pump−probe resolution as the tip rasters
across the surface. The delay line sets the pump−probe delays. Each image pixel is typically sampled for a few milliseconds at each pump−probe delay.
The output of tr-SMA−STM is a series of images at the pump−probe delay times, illustrating how the tunneling current evolves due to the pump−
probe sequence. DM = dichroic mirror; M = mirror; PD = photodiode. Adapted from ref 145. Copyright 2021 National Academy of Science.
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be resolved with a spatial resolution of just a few nanometers.143

Consequently, it is possible to measure the dynamics of single
molecules,144 nanometer-sized particles,145 or highly heteroge-
neous low-dimensional materials with superior spatial pre-
cision.146 For example, ultrafast STM has been used to detect
variations in the electronic structure of individual nanoparticles
and interactions between adjacent particles with nanometer-
scale resolution.143,145

The principle of ultrafast time-resolved single molecule
absorption microscopy by STM (tr-SMA-STM) is similar to
that of TA microscopy in that it uses optical pulses in a pump−
probe geometry to excite a sample. The pump and probe beams
excite micrometer-scale areas of the surface of a sample, but the
detected signal is the STM tunneling current as the STM tip is
raster-scanned over the sample surface to generate an image
(Figure 3).145 Thus, in tr-SMA-STM, the spatial resolution is
dependent on the tip resolution, not on the area illuminated by
the laser pulses. The tunneling current is detected at the sum
frequency of the externally modulated pump and probe beams to
achieve high sensitivity in just a few milliseconds of signal
averaging at each point on the sample. The tunneling current
contains information about how the probe beam depletes
excited-state electron density generated by the pump beam, thus
unblocking the tunneling of electrons through excited state
orbitals. The experiment grants access to femtosecond changes
in orbital occupancy of photoexcited processes.147 Due to the
small magnitude of the changes in STM current for single
molecules or nanoparticles, techniques to modulate the pump
pulse dispersion, amplitude, repetition rate, and polarization
have been developed to allow for lock-in detection.148

Therefore, ultrafast STM grants spatial resolution beyond the
capabilities of ultrafast TA and 2Dmicroscopy while offering the
sensitivity to measure excited state kinetics of single nanoscale
objects.

■ EXPERIMENTAL PARAMETERS IN ULTRAFAST
OPTICAL MICROSCOPY

Depending on the sample of interest or the investigated physical
or chemical process, various parameters must be considered for
the design of an ultrafast microscopy setup. The choice of
instrument components, such as objectives and detectors, affects
the capabilities of themicroscope, specifically the signal-to-noise
ratio, spatial and temporal resolution, and measurement
acquisition time. Several different detection schemes, which
will be discussed later, have been developed to control these
parameters. But, most importantly, the choice of the laser source
itself is of great significance as it dictates the pulse energy,
repetition rate, pulse duration, and power stability of the pump
and probe pulses. These properties, in turn, affect the
applicability of other instrument components. As such, ultrafast
laser sources have been deterministic in the evolution of ultrafast
optical microscopy techniques, and a diverse and versatile range
of laser sources have been implemented to address different
experimental demands. We want to reemphasize that, while this
review focuses on the VIS regime, variations of ultrafast
microscopy have been performed using ultrafast laser sources
that extend over a range from terahertz to X-ray radia-
tion.20,149−153 Each wavelength region is the basis for different
ultrafast microscopy disciplines that allow the study of different
material properties, and come with varying instrumental setup
requirements.

In the VIS, the multitude of modern laser systems can make
the selection of an appropriate laser source challenging. Aiming

to provide support in this decision, we let our discussion of
scientific insights through ultrafast microscopy be guided by the
respectively employed laser sources. We intend to address the
question of which type of laser source should be employed to
study a specific scientific phenomenon in a given target sample.
Below, we define three groups of laser sources that we will
reference throughout this review and for which we will discuss
appropriate applications.

Amplified laser sources with low repetition rates between 1
and 10 kHz and high pulse energies are ideal for samples such as
micrometer-scale, homogeneous two-dimensional materials that
require only limited spatial resolution and provide high signal
without extended averaging. These sources have been primarily
based on amplified Ti:sapphire lasers.69,70,115 One major
advantage of these laser sources is their ability to generate
pump and probe pulses of various wavelengths. The high pulse
energies can be used for nonlinear processes such as super
continuum white light generation by pumping sapphire or CaF2
crystals or generating a broad and tunable range of wavelengths
using an optical parametric amplifier (OPA).154−156 Due to the
low repetition rate and the consequently long time between
pulses, these lasers enable studies of slow dynamics that occur on
time scales up to hundreds of microseconds. Amplified lasers
have thus been employed to investigate a variety of phenomena
lasting between several tens of femtoseconds to a milli-
second.115,117,157−162 However, because of the high pulse
energies, the pump and probe beams require large focal spots
on the order of micrometers to avoid laser-induced damage of
the sample. Therefore, the use of high NA objectives is limited,
adversely affecting the spatial resolution and hence making
microscopic studies of samples with sizes close to the diffraction
limit difficult. Also important to consider is the reduced
sensitivity compared to laser sources with higher repetition
rates as the smaller number of pulses per acquisition time
provides less opportunity for averaging unless the total
measurement time is increased. Previously reported sensitivities
of microscopes based on amplified 1−10 kHz laser sources did
not exceed differential transmission or reflection values on the
order of 10−5, limiting their use to samples producing larger
signal levels.70,156

When variable pump and probe wavelengths and also spatial
resolution below a micrometer are required, laser sources with
repetition rates of hundreds of kHz are advantageous. These
laser sources are typically based on Ti:sapphire or Ytterbium as
the active laser medium and are often employed in ultrafast
optical microscopy.68,163 The higher repetition rate compared to
the previously discussed laser systems yields improved signal-to-
noise ratios due to averaging and allows for exploration of a
wider range of samples with smaller signal levels.163−166 The
pulse energies of lasers with hundreds of kHz repetition rate are
still high enough to generate variable wavelengths through
nonlinear crystals andOPAs.68,74 Short pulse durations of sub 10
fs for both pump and probe beam have been accomplished,
hence enabling high time-resolution.74 Since the pulse energy is
reduced compared to 1−10 kHz laser sources, objectives with a
higher NA can be used to achieve smaller spot sizes on samples
of similar laser damage threshold, and spatial resolution near the
diffraction limit has been reported.74

For samples with lower signal levels (<10−5) or demand for
high spatial resolution, MHz repetition rate lasers are the
workhorse in ultrafast optical microscopy. By combining low
pulse energies with high repetition rates, these lasers have greatly
enhanced measurement sensitivities while avoiding sample
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damage.50,59,60,167 Utilizing these lasers with tens of MHz
repetition rates, signal levels on the order of 10−7 have been
detected by virtue of the signal averaging advantage that these
sources offer.124 This sensitivity allows for investigating systems
such as single nanoparticles and, more recently, single
molecules.168,169 The reduced pulse energy enables use of
high NA objectives and grants high spatial resolution down to
the diffraction limit of light. However, reduced powers alsomake
the utilization of nonlinear effects for tunable wavelength
generation more challenging. To gain the necessary wavelength
tunability to probe different optical transitions, MHz sources
have been frequency doubled by second harmonic generation
and coupled to optical parametric oscillators (OPOs).
Furthermore, the long-standing challenge of super continuum
white-light generation using unamplified MHz oscillators has
been overcome in recent years through the use of photonic

crystal fibers, which allow the spectral content of pump and
probe pulses to be tuned.37,120,124,170,171

Lastly, the applied detector is highly dependent on the utilized
laser source and the intended application, as well, and is
extremely important for success. Commonly applied detectors
are CCD cameras, complementary metal−oxide semiconductor
(CMOS) cameras,115 and single-element detectors such as
photodiodes,124 avalanche photodiodes (APD),68 and photo-
multipliers (PMT).69 In each case, the bandwidth of the
detector is an important criterion as it dictates if every pulse can
be resolved as required in shot-to-shot measurements at lower
repetition rates, or if multiple pulses are averaged during signal
acquisition. If small signals are expected, the ability to perform
lock-in amplification or signal amplification as in electron-
multiplying CCD (EMCCD) cameras, APDs, and PMTs can be
crucial. When spectral information is required, array detectors

Figure 4. Flowchart for the assembly of an ultrafast microscope. The chart begins with a sample of interest and sequentially recommends light sources,
photonic tools, objectives, and detectors. Additional considerations such as wavelength-appropriate optics, time delay stages, and chirped optics are
mentioned. While the chart is not exhaustive, it aims to provide some guidance in the multitude of possible microscope assemblies.
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such as CCD and CMOS cameras in combination with
spectrographs are typically used. Depending on the wavelength
range needed for a particular experiment, the detector material
must be considered, with silicon being commonly used in the
VIS,175 indium gallium arsenide (InGaAs) in the near-
infrared,176 and mercury cadmium telluride (MCT) in the
mid-infrared regime.129 To provide more support for the
assembly of an ultrafast microscope, we summarize the
described considerations in Figure 4, which lays out a general
pathway toward an appropriate ultrafast microscope for a given
sample. Additionally, Table 1 provides specific information on
reported instrumental setups and their respectively studied
samples, corresponding to example applications that are
discussed later in this review.

■ SCIENTIFIC INSIGHTS AND INSTRUMENTAL
ACHIEVEMENTS IN TRANSIENT ABSORPTION
MICROSCOPY

This section highlights a few applications of TA microscopy,
which has provided valuable insight into the morphology-
dependent dynamics of many spatially heterogeneous systems,
such as two-dimensional heterostructures,69 organic semi-
conducting thin films,78 polycrystalline perovskite thin films,72

plasmonic nanocavities,128 zero-dimensional nanostructures,49

and even single-molecules.168 We order this section according to
the three previously defined groups of laser sources.
Amplified 1−10 kHz Laser Sources. Amplified 1−10 kHz

laser sources are in principle ideal for TA microscopy
measurements of samples such as homogeneous films, since
these materials usually provide large TA signals, do not require
high spatial resolution, and often demand variable excitation
wavelengths.68,69 However, due to the earlier described

Table 1. Reported Instrumental Setups for Specific Samplesa

sample light source photonic tools objective resolution detector

transient absorption microscopy
organic films 5 kHz Ti:sapphire

amplifier172
OPA (700 nm) 0.4 NA air spatial:

sub-10 μm
PMT, lock-in amplifier

temporal: 35 fs
nanocrystal and
polymer blends

1 kHz Ti:sapphire
amplifier69

BBO (400 nm), sapphire
(continuum)

0.75 NA air spatial: 0.3 μm PMT
temporal:
150 fs

perovskite films 1 kHz Ti:sapphire
amplifier115

Argon gas tube (continuum) 0.95 NA air spatial: 0.7 μm CMOS
temporal:
250 fs

200 kHz Yb:KGW
amplifier74

YAG (continuum), sapphire
(continuum)

1.1 NA oil spatial: 264 nm EMCCD
temporal: 13 fs

single organic crystals 200 kHz Yb fiber sapphire (continuum) 0.9 NA air − high-speed silicon array detector,
spectrometer

single nanowires 80 MHz Ti:sapphire59 BBO (400 nm) 1.3 NA oil spatial: 420 nm APD, AOM with lock-in amplifier
temporal:
300 fs

80 MHz
Ti:sapphire173

BBO (425 nm) 0.8 NA air spatial: 600 nm balanced photodiode, AOMwith lock-
in amplifiertemporal:

500 fs
single nanoparticles 86 MHz

Ti:sapphire124
BBO (400 nm), photonic crystal
fiber (continuum)

1.4 NA oil spatial: 600 nm amplifying photodiode, chopper with
lock-in amplifiertemporal:

sub-100 fs
80 MHz
Ti:sapphire123

OPO (530 nm) 1.3 NA oil spatial:
∼350 nm

APD, AOM with lock-in amplifier

temporal:
140 fs

single molecules 85 MHz
Ti:sapphire168

SLM (600−1000 nm) 0.52 NA
reflective

spatial: 1 μm EMCCD
temporal: 6 fs

ultrafast two-dimensional microscopy
polymer beads 1 kHz Ti:sapphire

amplifier129
OPA (5 μm) 0.4 NA

reflective
spatial:

∼15 μm
MCT array detector, spectrometer

temporal:
100 fs

nanocrystal thin films 100 kHz Yb
amplifier174

NOPA (585 nm) 0.13 NA
aspheric lens

spatial: 17 μm CCD, spectrometer
temporal: 80 fs

single organic crystals 100 kHz Yb
amplifier127

YAG (continuum) 0.65 NA
reflective

spatial: <1 μm linear CCD array, spectrometer
temporal: 33 fs

bacteria 83 MHz
Ti:sapphire130

− 1.2 NA water spatial:
0.83 μm

APD, lock-in amplifier

temporal: 20 fs
aAbbreviations: Beta barium borate (BBO), yttrium aluminum garnet (YAG), optical parametric amplifier (OPA), optical parametric oscillator
(OPO), spatial light modulator (SLM), noncollinear OPA (NOPA), photomultiplier tube (PMT), complementary metal−oxide−semiconductor
(CMOS), charge-coupled device (CCD), electron multiplying CCD (EMCCD), avalanche photodiode (APD), mercury cadmium telluride
(MCT).
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limitations arising from high pulse energies and low repetition
rates, these lasers have been mostly used in TA spectroscopy
rather than microscopy. Based on amplified 1−10 kHz lasers,
numerous investigations have been performed on the electronic
and acoustic ultrafast dynamics of various nanomaterials and
photosynthetic structures in solution through TA spectrosco-
py.117,154−160 The low repetition rates make it possible to
monitor slow dynamics without the build-up of long-lived
excited species, and also enable multichannel detection to
measure the absorption signal on a shot-to-shot basis. The trade-
off is that only limited spatial information is possible, and the
maximum differential signals do not generally exceed 10−5.

Work by Wong et al . on disordered 6,13-bis-
(triisopropylsilylethynyl)pentacene (TIPS-PN) thin films pro-
vides a notable example of a low repetition rate TA microscopy
setup used for probing relatively small scale dynamics.172,177

TIPS-PN films are a popular material for studying singlet
fission�a photon down-conversion process in which a spin-
singlet exciton is converted into two lower energy spin-triplet
excitons.178 Singlet fission has garnered interest for its potential
to improve solar cell efficiency,179,180 but the impact of grain
boundaries in these films on singlet fission and successful exciton
migration across boundaries require further investigation. In the
work highlighted here, the authors used polarized pump and
probe beams together with TA microscopy to investigate the
complex exciton dynamics at play and elucidate the possible
structural nature of these grain boundaries. In their setup, they
used a 5 kHz Ti:sapphire amplifier with an OPA to generate 700
nm laser pulses for exciting the S0-S1 transition in the TIPS-PN
sample. A beam splitter was used to separate this 700 nm output
into the pump and probe laser paths which were then routed
through separately controlled waveplates and focused to a spot
size of ∼4 μm by a 10×, 0.4 NA objective. Finally, a lock-in
amplifier coupled with a photomultiplier tube measured the
unnormalized transient transmission (ΔT) signal, which is
insensitive to the time-independent scatter from the disordered
sample surface. While a higher-resolution setup would be
possible with a higher NA objective and lower pump pulse
energy, the resolution of their TA microscope was sufficient for
probing the crystalline domains in these films and allowed for
reduced data collection times.

With precise control over the probe polarization, the authors
measured polarization dependent TA signals in two adjacent
crystalline domains (blue and green positions) and at the

interfacial region between them (red position), as shown in
Figure 5A. Based on their previous work with TIPS-PN, the
authors were able to correlate the observed TA signal, which was
dependent on probe polarization, with the relative orientation of
the transition dipole moments along the longitudinal and
transverse axes in the pentacene core.172 This approach aided in
interpreting the TA signals plotted in Figure 5B−D.
Interestingly, the TA signal from the interfacial region exhibited
distinct features from both of the adjacent domains, suggesting
that differently oriented domains at the interfacemay be present.
Through global fitting of the data at the blue and green positions,
shown as solid black lines in Figures 5B and 5D, respectively, the
authors calculated a predicted TA signal for the interfacial region
and fit it to the data in Figure 5C, shown as dashed black lines.
From these global fits, the authors concluded that the grain
boundary could be up to 150 nm in width, as opposed to being
molecularly sharp, and it most likely consisted of multiple
ordered, nanocrystalline domains, with varying orientation.
These domains could have been kinetically trapped in their
position during solution processing. This work by Wong et al.
provides a significant contribution to better understanding the
structure of grain boundaries in molecular solids and showcases
the usefulness of TA microscopy to extract complex nanoscale
information using precisely controlled pump and probe
polarizations.

Using a 1 kHz amplified Ti:sapphire system, Grancini et al.
investigated how the charge separation of photoinduced
excitons in blends of dendritically structured CdSe nanocrystals
and poly(3-hexylthiophene) (P3HT) depends on the excitons’
local environment (Figure 6A−D).69 In this work, the authors
employed a beta-barium borate (BBO) crystal to frequency-
double the output of the laser to 400 nm as the pump beam. For
the probe, a sapphire plate was used to generate a white-light
super continuum to supply tunable wavelengths. Even though
the laser source was amplified, reduction of the pulse energies to
10 μJ made it possible to focus the beams with an air objective
(NA = 0.75) without causing sample destruction. The
differential transient transmission ΔT/T, detected by a PMT,
reached maxima of 10−2, preventing the need for further
averaging or lock-in amplification. Imaging was performed by
sample scanning through the focused laser beams.

Utilizing their micrometer scale spatial resolution as shown in
the TA image in Figure 6A, the authors resolved differences in
the differential transient transmission ΔT/T between CdSe-rich

Figure 5. (A) Polarized transmission image showing the region of interest in a TIPS-PN film, with probed positions marked with blue, red, and green
circles. The double-headed arrow defines the orientation of 0° and the scale bar is 25 μm. (B−D) Probe polarization dependent TA signals are plotted
as a function of time delay for the left crystalline domain (B), interfacial region (C), and right crystalline domain (D). Global fits are shown as solid and
dashed black lines, while gray curves in parts B and D show the TA signal averaged over the different probe polarizations. Adapted from ref 177 with
permission. Copyright 2015 Springer Nature.
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and P3HT-rich areas (Figure 6B).69 Additionally, exciton
dynamics at 4 different local environments ranging from on to
off the CdSe crystal (Figures 6C and 6D) were quantified. Based
on this local information in combination with further
spectroscopic data, the authors determined that charge
separation at the crystal interface occurred through diffusion
of electrons to the nanocrystal center, while holes diffused into
the polymer. They also found that charge separation occurred
more slowly when the exciton was excited in the polymer due to

longer distances to the interface. The results led to an improved
understanding of charge separation and carrier diffusion in
polymer/semiconductor systems. This work demonstrates the
power of microscopic measurements, as conventional TA
spectroscopy alone could only measure averaged exciton
lifetimes but not provide local information about charge
diffusion.

Another unique application of an amplified laser source with
low repetition rates to investigate carrier diffusion was
demonstrated by Guo et al., who studied thin methylammonium
lead iodide perovskite films and crystals (Figure 6E−J).115 An
amplified 1 kHz Ti:sapphire laser was employed in a TA
microscope that combined multiple focused pump beams with a
wide-field probe geometry. To investigate these heterogeneous
films, the authors took advantage of high pulse energies of 4 mJ
to generate a continuum in an argon gas-filled tube for both
pump and probe beams. In each case, all reflective 4F geometries
were used to frequency resolve the continuum and select narrow
spectral windows through motorized slits at the Fourier plane.
For the pump, an array of 41 beams was generated using
diffractive optics and focused through an air objective with a NA
of 0.95 onto the back of the sample with spot sizes of 0.7 μm.
Thus, multiple local carrier populations were excited within one
sample. By illuminating the sample with a counter propagating
wide-field probe (150 μm spot size) that was collected through
the same objective and directed to a CMOS detector, the
authors imaged carrier diffusion at all 41 excitation spots in a
shot-to-shot detection at the repetition rate of the laser. This
unique configuration provided spatially resolved information
with fast acquisition times and the ability to average over
multiple areas, two advantages over raster-scanning TA
measurements.

Using the valuable spatial information, Guo et al. determined
that carrier diffusion was negligible in the films (Figure 6E−G)
but significant in the crystals (Figure 6H−J).115 The initial
signals in Figures 6E and 6H resemble the Gaussian beam
profile, whereas Figures 6F,G and 6I,J show the subsequent
carrier diffusion that occurs on the nanosecond scale. This result
was related to densely packed grain boundaries in the film that
hindered carrier transport. Interestingly, the observed diffusion
constant in the film was small compared to previous reports
because of differences in grain size. Here, the grain size of 0.2 μm
was smaller than the pump beam spot size, making the
measurement sensitive to diffusion processes between grains
and not within a grain. This finding again emphasized the
importance of local information and highlighted the advantage
of ultrafast TA microscopy in comparison to its bulk
spectroscopy counterpart.
Amplified 100−400 kHz Laser Sources. Amplified lasers

operating at hundreds of kHz with typically lower pulse energies
than 1−10 kHz sources have emerged as an important tool in
ultrafast microscopy because they combine convenient
frequency generation through nonlinear optical processes with
increased signal sensitivity and higher spatial resolution. Using
this approach, a wealth of information such as carrier transport,
carrier relaxation, and the dynamics of excitons at interfaces has
been achieved in films and one-dimensional nanoscale materials.
For example, researchers have used these lasers in ultrafast
microscopes to investigate vibrational energy flow in thin-film
pentacene,181 carrier relaxation through single GaN/InGaN
quantum well nanowires,163 dynamics in monolayer MoS2
flakes,166 and the excited state properties of graphene.70

Figure 6. (A) TA image of CdSe nanocrystals (red) and poly(3-
hexylthiophene) (P3HT) (blue) blends at a time delay of 1 ps. The
pump and probe wavelengths were 400 and 710 nm, respectively, and
the white scale bar corresponds to 1 μm. The yellow bar marks a line of
the image that is further investigated in part B. (B) Line profile
corresponding to the yellow line in part A, revealing the micrometer-
scale separated morphology of pure CdSe nanocrystal regions and
crystalline P3HT. (C) Enlarged image of part A. Red, purple, green, and
blue arrows represent the positions of the CdSe core, CdSe branches,
P3HT/CdSe interface, and P3HT-rich network, respectively. The scale
bar corresponds to 500 nm. (D) Pump−probe dynamics at the
positions indicated in (C), showing significant differences depending
on interrogated location. Adapted from ref 69. Copyright 2012
American Chemical Society. (E−G) TA images of a perovskite film
measured with 570 nm pump and 760 nm probe pulses at delay times of
(E) 1 ps, (F) 500 ps, and (G) 1000 ps. (H−J) TA images of a perovskite
single crystal measured with similar wavelengths to parts E−G at delay
times of (H) 1 ps, (I) 500 ps, and (J) 1000 ps. Adapted from ref 115.
Copyright 2018 American Chemical Society.
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For example, Snaider et al. used a 400 kHz amplifier to
investigate carrier diffusion at grain boundaries in hybrid
perovskite thin films (Figure 7A−F).68 In order to spatially
resolve the differences in dynamics at grain boundaries or within
grains, the authors employed an oil immersion objective with a
high NA of 1.4 to generate spot sizes close to the diffraction
limit. Additionally, two OPAs were used to gain wavelength
tunability for pump and probe pulses. By probing at the bandgap
of 755 nm or at 785 nm (∼60 meV below the bandgap), either
the bulk excited carrier population or sub-bandgap states
corresponding to defects at grain boundaries could be targeted.
An APD and lock-in amplification were employed for detection.
TA spatial maps that illustrated the distribution of such defect
states were first obtained by sample scanning through spatially
overlapped pump and probe beams. However, using galvano-
scanning mirrors to spatially scan the probe beam around a fixed
pump beam, the authors were then able to image carrier
diffusion after excitation.

Figures 7A and 7B show the results of this methodology,
where the TA image of a film with grain sizes of ∼200 nm
exhibits greater contrast when measured with a 785 nm probe
compared to a 755 nm probe. This difference is due to the
explicit imaging of the heterogeneous sub-bandgap populations

at the grain boundaries with the longer probe wavelength.
Furthermore, Figure 7C illustrates a zoomed-in TA image of the
same film, showing multiple grain boundaries around the
location of the pump beam (white circle). Starting from the
initial excitation spot, the authors found that the diffusion
constant of excited carriers depended strongly on the diffusion
direction as evident in Figures 7D through 7F. This result
indicated the crucial influence of variations in the grain
boundary structure on the depth of sub bandgap trap states,
and therefore their hindrance to carrier transport. Similar
measurements on films with larger grains showed an increase in
carrier diffusion of only a factor of ∼2, suggesting that the sub-
bandgap states at the boundaries were shallow and still allowed
efficient carrier diffusion across boundaries.

We want to point out that the instrumental design chosen by
Snaider et al. was crucial for the successful detection of minute
variations in an already small overall signal. The wavelength
tunability and small beam spot sizes enabled probing of states
with specific energies located at specific spatial locations. A small
overall signal level on the order of 10−6 was resolved through
lock-in amplification, highlighting the applicability of this
detection technique at repetition rates of hundreds of kHz.
The ability showcased here to overcome limitations in spatial

Figure 7. (A) TA microscopy image of a polycrystalline CH3NH3PbI3 thin film taken at a 10 ps time delay with pump and probe wavelengths of 630
and 755 nm, respectively, to probe at the bandgap of the semiconductor. (B) TA microscopy images of a similar area as in (A), but with a probe
wavelength of 785 nm to probe sub-band gap energy levels due to defects at grain boundaries. (C) Selected location onCH3NH3PbI3 thin film for time-
resolved studies of carrier dynamics. The dashed circle indicates the pump location, while the probe was scanned around this location using galvano-
scanning mirrors. (D−F) TA microscopy images of carrier transport at 10 ps, 2.5 ns, and 5 ns time delays, respectively, in the area from part C. The
arrows in parts E and F denote fast and slow transport, indicating different dynamics in specific directions. All scale bars correspond to 1 μm. Adapted
from ref 68. Copyright 2018 American Chemical Society. (G) Representative TA microscopy images of a methylammonium lead iodide perovskite
thin film for pump and probe wavelengths of 580 and 720 nm as a function of pump−probe delay. For clarity, the signal intensities of images recorded
at 0 and 10 fs time delays are scaled by factors of 5 and 2, respectively. (H) Corresponding carrier distributions extracted from fits of the experimental
data in part G to an isotropic 2D Gaussian function. The σ values represent the extracted width of the carrier distribution at each pump−probe delay.
All scale bars represent 500 nm. Adapted from ref 74 with permission. Copyright 2020 Springer Nature.
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resolution and low-signal detection perfectly illustrates the
importance of ultrafast microscopy.

One alternative to sample or beam scanning is wide-field
illumination of a large sample area, as previously introduced for
amplifiers with low repetition rates. Sung et al. used a tightly
focused pump and a loosely focused counter propagating probe
to take snapshots of the spatial distribution of carrier
populations in a methylammonium lead iodide perovskite thin
film (Figure 7G,H).74 An amplified laser at 200 kHz was

employed to generate white light continua for both pump and
probe beams with a yttrium aluminum garnet (YAG) crystal and
a sapphire crystal, respectively, to cover different wavelength
ranges. Using an oil immersion objective with a NA of 1.1, a
pump focus close to the diffraction limit was achieved, while
chirped mirrors in combination with a pair of fused silica wedges
granted a temporal resolution of less than 10 fs. Differential
transmission was detected with an EMCCD camera. Sub-10-fs

Figure 8. (A) Light microscopy image of a rubrene single crystal. (B) TA spectra measured 1.5 μm from the rubrene crystal edge using an excitation
pulse centered at 480 nm. Scattered pump light at this wavelength was removed from the presented data. (C) TA kinetics measured at probe
wavelengths of 440 and 515 nm that respectively highlight the decay of singlet excitons and production of triplet excitons due to singlet fission.

Figure 9. (A) Scattered light image of a CdSe nanowire and corresponding TA images at different time delays. Pump and probe wavelengths of 400 and
800 nm were used. The intensity changes are plotted on the color scale shown at the bottom. The TA signal at the junction between the two arms was
observed to decay faster than the signal at the arms. The scattering image does not show any difference in intensity at the heterojunction. Adapted from
ref 59 with permission. Copyright 2013 Royal Society of Chemistry. (B) SPPM image of a single 140 nm silicon nanowire at a pump−probe delay time
of 0 ps and pump and probe wavelengths of 400 and 585 nm. Different SPPM signal intensities were observed as a function of the location on the wire,
indicating different recombination kinetics. (C) Conventional diffraction limited TA image under similar conditions to part B. Differences in TA
intensities along the nanowire are less pronounced and the two touching wire branches are not spatially resolved compared to SPPM. (D) Line profile
comparison corresponding to the dashed white line in the SPPM (blue) and TA (red) intensity maps in parts B and C. The shape profile of the wire as
measured by SEM is indicated with the dotted black line. (E) Time-resolved SPPM and conventional TA transients measured at the location of the
dashed white line in parts B and C. The SPPM transients (red and green) are different for the two wire regions, whereas the TA data (black) only yields
averaged dynamics. Adapted from ref 37. Copyright 2016 American Chemical Society.
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temporal resolution made possible the investigation of spatially
evolving dynamics of both non- and quasi-equilibrium carriers.

Using the capabilities of their TA microscope, the authors
showed that nonequilibrium carriers traveled ballistically over
150 nm within 20 fs after excitation, before any scattering
phenomena occurred.74 A pronounced early spatial expansion of
the carrier distribution after excitation was observed in TA
images (Figure 7G) and fitted with an isotropic 2D Gaussian
function, leading to a spatial precision of 10 nm as shown in
Figure 7H. While all investigated perovskite films exhibited
ballistic carrier transport, the magnitude depended on the film
morphology. This example showcases the ability of ultrafast
microscopes with laser sources of hundreds of kHz repetition
rate to retrieve information with nanometer-scale resolution and
precision by employing wide-field geometries. Additionally, this
example illustrates that pulse compressing optics can enable use
of high NA objectives that yield high spatial resolution without
sacrificing temporal resolution. Without such pulse compres-
sion, transmissive high NA objectives can introduce significant
temporal dispersion to pump and probe pulses, thereby reducing
the temporal resolution of a measurement.

The ability to collect broadband spectrally resolved TA
microscopy images at 100 kHz repetition rates is highlighted by
recent work by Roberts and co-workers, who investigated spatial
variations in the photoexcited dynamics of rubrene crystals
(Figure 8A). Like TIPS-PN, rubrene is a molecular semi-
conductor known for its ability to undergo singlet fission182−185

and has garnered interest for potential applications in solar
energy generation. Rubrene crystals were investigated using a
TA microscope that employed a 1 MHz ytterbium fiber laser
that can be modulated to lower frequencies dependent on
detector and sample properties. For these measurements, the
repetition rate was set to 200 kHz. An 8 mm sapphire window
was used to generate a spectrally broadband probe pulse. A
portion of the probe was split and filtered using a bandpass filter
to produce a 480 nm pump pulse. Pump and probe beams were
focused to near the diffraction limit using a 100×, 0.9 NA air
objective. The probe was then spectrally resolved using a
spectrometer coupled with a high-speed silicon array detector
that had an acquisition frequency matching the 200 kHz
repetition rate of the laser to allow for shot-to-shot spectral
differencing. An 8 ns pump−probe delay range was enabled by a
multipass delay stage. Figure 8B shows TA spectra of a rubrene
single crystal taken at time delays spanning from 1 ps to 5 ns
acquired 1.5 μm from a crystal edge. Transient traces show that
over the course of ∼50 ps, a simultaneous decay and growth of
induced absorption bands at 440 and 515 nm, respectively, take
place (Figure 8C). Prior work performed on rubrene single
crystals has assigned these kinetics to the conversion of singlet
excitons into triplet exciton pairs via singlet fission.182,185

MHz Laser Sources. TA microscopy based on unamplified
MHz laser sources has been the bedrock for studying one-
dimensional and zero-dimensional samples on the nanoscale.
Sensitivities down to 10−7 have allowed the dynamics of single
nanoparticles to be studied, and more recently, single
molecules.124,168,169 The low pulse energies of MHz repetition
rate lasers are ideal for low-dimensional samples that easily
undergo irreversible photodamage.186 Additionally, the low
pulse energies minimize effects arising from the interactions of
multiple charge carriers.37,187 The high sensitivity allows studies
of both fluorescent and nonfluorescent zero-dimensional
objects, making TA microscopy using MHz sources the most

common approach employed for investigating the photoexcited
dynamics of single nanostructures and molecules.

A specific application of TA microscopy with MHz sources is
investigating the excitation and transport phenomena of carriers
in 1D materials, as well as the propagation of phonons. Lo et al.
used an 80 MHz Ti:sapphire laser to study the relaxation
dynamics of photoexcited single bent CdSe nanowires (Figure
9A).59 The authors used part of the fundamental beam at 800
nm as the probe and, after frequency doubling of the remaining
fundamental beam in a BBO crystal, a 400 nm pump to
interrogate excited carriers by monitoring induced absorption.
Both beams were collinearly focused onto the sample close to
the diffraction limit using an oil immersion objective with a NA
of 1.3 and the differential transmission was detected by an APD.
The fast repetition rates enabled high-frequency pump beam
modulations with an AOM at 500 kHz and lock-in amplification
to detect signals on the order of 10−6. TA images of a CdSe
nanowire were taken at different time delays by scanning the
sample through the laser beams.

Using the described setup, the authors showed that the carrier
relaxation dynamics exhibited a faster decay at a junction
between the two arms of a bent nanowire, as illustrated in the TA
images in Figure 9A.59 This observation was attributed to the
presence of a grain boundary at the junction or leftover metal
catalyst particles from the wire synthesis. Through comparison
of multiple single nanowires, the authors assigned the
accelerated carrier decay at the junction to efficient carrier
trapping in defect states. Similar observations of location-
dependent carrier dynamics were made for CdTe and ZnO
nanowires.188 It is important to point out that the effect of carrier
trapping at highly localized defects was not evident in other
microscopic techniques (such as the scattering image in Figure
9A), reaffirming the importance of ultrafast microscopy to
understand location-dependent dynamics.

In order to resolve carrier dynamics in individual silicon
nanowires, the Grumstrup group developed an ultrafast
microscopy technique with subdiffraction resolution (Figure
9B−E).37 For this technique, called structured pump−probe
microscopy (SPPM), the pump beam was frequency-doubled in
a BBO crystal and modulated with a digital micromirror device
that induced a sinusoidal pattern in the field intensity of the
pump beam, creating lines of full or zero field with thicknesses
below the diffraction limit. Additionally, the micromirror device
controlled the phase of the sinusoidal pattern. For the probe, a
photonic crystal fiber was used to generate a white-light
continuum for tunable wavelengths. Both beams where
collinearly focused onto a single wire using an objective with a
NA of 0.9, and the change in the retro-reflected probe intensity
was acquired by a balanced photodetector and subsequent lock-
in amplification using an AOM. By imaging an area through
sample scanning multiple times with different phases of the
sinusoidal field patterns followed by image reconstruction, the
authors accomplished subdiffraction imaging with line widths of
∼110 nm.

The increased image resolution of SPPM permitted acquiring
ultrafast microscopic information from a subdiffraction limited
volume.37 As a result of photoexciting a silicon wire with a 400
nm pump and probing at 585 nm, the authors studied the decay
of excited carriers through surface recombination. Figures 9B
and 9C compare SPPM and diffraction limited conventional TA
microscopy, respectively, at a delay time of 0 ps. The junction
between the wire branches, as indicated by a white dashed line, is
only resolved by SPPM. The difference in spatial resolution is
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even clearer when considering the line shapes of the signals
along the white dashed line in the images, as illustrated in Figure
9D. Only the SPPM line shape (blue line) matches the wire
shape profile, which was determined by scanning electron
microscopy (SEM, black dotted line). SPPM revealed that the
two different arms at the junction experienced different decay
rates (green and red), which were attributed to the varying
surface structure along the wire (Figure 9E). Diffraction-limited
TAmicroscopy, however, resulted in one decay rate (black) that
corresponded to an average value. Thus, apart from underlining
the scientific benefit of high spatial resolution in time-resolved
experiments through ultrafast microscopy, this work introduced
a methodology to further increase the spatial resolution of TA
microscopy beyond the optical diffraction limit.

While the previous two studies focused on exciton decay
within single nanowires, a wealth of information regarding both
electronic and acoustic dynamics is available through ultrafast
microscopy. Van Goethem et al. studied the exciton and phonon
propagation in germanium nanowires that where partially
positioned over trenches by employing a beam scanning scheme
(Figure 10).173 Here, the authors used a similar optical setup to
Lo et al.,59 but took advantage of motorized mirrors to scan the
probe beam over the sample while keeping the pump position
fixed. The flexibility in the probe beam position allowed imaging
of the diffusion of excited carriers within a single wire. Figure
10A presents TA microscopy images of a single germanium
nanowire taken with spatially separated pump and probe beams
to indicate the temporal evolution of the TA signal. Beginning at
0 ps, a photobleach was observed (red) that diffused along the
wire within the next 47 ps. At a delay time of 47 ps, the

photobleach became bimodal in character due to absorptive
components (blue) that were assigned to localized thermal
excitations causing a combination of wire expansion, changes in
the refractive index, and strain-induced modulation in the band
structure. At 88 ps, the photobleach was fading due to exciton
recombination, and the absorptive components became
dominant. A much slower diffusion of the thermal component
compared to the excited carriers was also observed.

Additionally, Van Goethem et al. identified acoustic radial
breathing modes as well as longitudinal modes along the wire,
and determined their vibrational frequencies and propagation
velocities.173 Using spatially overlapped pump and probe beams,
they found that nanowires showed smaller damping of the
acoustic breathing mode over trenches compared to when the
wires were in contact with the substrate. This result was ascribed
to a loss of acoustic energy into the substrate (Figure 10B).
Spatially separated beams furthermore revealed that the radial
breathing mode spread out of the initial excitation spot at a
velocity of ∼1000 m/s, whereas the longitudinal mode moved
along the wire with a speed of ∼6500m/s, as illustrated in Figure
10C. All of the discussed studies on nanowires excellently
validate that, by adjusting the excitation and detection
mechanisms, ultrafast microscopy provides a multifaceted
toolbox to interrogate one-dimensional structures and obtain
information that is otherwise unachievable with bulk spectro-
scopic methods.

Apart from 1D structures, ultrafast TA microscopy based on
MHz laser sources is ideal for studying dynamics of photoexcited
zero-dimensional structures such as nanoparticles or molecules.
The high repetition rates and low per pulse energies provide

Figure 10. (A) TA images of a germanium nanowire with pump and probe wavelengths of 425 and 850 nm at different delay times, as indicated in the
lower left corner of each image. The intensity changes are plotted on the normalized color scale shown at the bottom, with relative scaling factors given
in each bottom right corner. The location of the wire is given by black dotted lines. The scale bar corresponds to 1 μm. (B) Time-transients of a single
nanowire on the substrate (orange) and above a trench (blue). The traces are offset for better visibility. Inset: SEM image of the respective nanowire.
(C)Distance from the initial excitation at which acoustic phonon peaks in the transient signal were found, plotted against the corresponding time delay
when they were observed. The dotted line represents a linear fit with a slope that corresponds to the phonon velocity. Adapted from ref 173. Copyright
2019 American Chemical Society.
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sufficient signal-to-noise ratios while avoiding laser-induced
damage to the sample. Plasmonic nanoparticles and their
dynamics have been of interest because the plasmon enhances
the nanoparticles’ absorption and scattering cross sections,
therefore also increasing the induced changes in the transient
signal.49,123,124,169 Since the plasmon depends strongly on
material, size, and shape, microscopy as opposed to spectros-
copy is ideal to study the effect of heterogeneity among
plasmonic nanostructures.

One of the first examples of using TA microscopy to examine
dynamics in single nanoparticles was provided byMuskens et al.,
who investigated the electron−phonon coupling in single silver

nanospheres with a diameter of 30 nm (Figure 11A).49 The
authors coupled a 76 MHz Ti:sapphire laser into a microscope
that combined spatial modulation microscopy for the measure-
ment of extinction spectra with a conventional pump−probe
setup. For TA measurements, the particles were pumped with
the fundamental beam at 850 nm and, after frequency-doubling
in a BBO crystal, probed close to the particle plasmon resonance
at 425 nm. The latter beam was also used for extinction
measurements, which were fit to Mie theory to obtain single-
particle absorption cross sections. Both beams were collinearly
focused close to the diffraction limit onto single particles. Taking

Figure 11. (A) Electron−phonon relaxation dynamics in a single silver nanoparticle with a diameter of 30 nm. Temporal evolution of the TA signal
measured for different incident pump powers: 180 μW (dotted line), 280 μW (solid line), and 480 μW (dashed line). The pump and probe
wavelengths were 425 and 850 nm. The inset shows the measured linear dependence of the maximum signal amplitude on the pump power. Adapted
from ref 49. Copyright 2006 American Chemical Society. (B) Time-resolved TA traces showing the vibrational modes for a single quasi-spherical
colloidal aluminum nanocrystal (dark blue) with a diameter of 181 nm compared to a lithographically fabricated aluminum nanodisk (pink) with a
diameter of 180 nm and height of 35 nm. Data are offset for better comparison and were fitted to a damped harmonic oscillation (black line).
Corresponding normalized Fourier transforms, and correlated SEM images of each aluminum nanoparticle are shown as insets. Adapted from ref 124.
Copyright 2020 American Chemical Society. (C) Spectral power densities of the frequency components in oscillating TA traces of gold nanorods to
monitor the deposition of silver. Different colors illustrate the changes in the vibrational modes. The extensional mode, represented by peaks at lower
frequency, hardly changes with increasing silver thickness, while the higher frequency of the breathing mode decreases, as indicated by the black arrow.
The values in the legend describe the measured thickness of deposited silver layers and the standard deviation from measuring the same particles 10
times. Adapted from ref 169. Copyright 2014 American Chemical Society. (D) The top panel shows a white field image of a gold nanoplate with an
edge length on the order of approximately 5 μm and thicknesses of 40 nm. Dark spherical objects were codeposited polystyrene beads. The dotted
yellow circle marks a bead. The lower panel shows the power spectral densities of the frequency components in time-resolved TA traces of the shown
nanoplates, where the frequencies correspond to the vertical out-of-plane acoustic breathing mode. The red, blue, and black spectra were obtained
when the laser beams were focused on an area of the plate without beads. The yellow and green spectra were measured at an area of the plate with a
bead, and are shifted to lower frequencies. Adapted from ref 123. Copyright 2019 The Royal Society of Chemistry.
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advantage of lock-in amplification, differential TA signals (ΔT/
T) as low as 10−6 were measured.

To study the electron−phonon relaxation dynamics after
optical excitation, the silver nanoparticles were subjected to
different pump powers, and their respective differential TA was
observed.49 The time transients in Figure 11A show a linear
increase in the signal with the pump power. The initial rise of the
transient signal corresponds to the creation of an excited carrier
population, while the following signal decay is due to electron−
phonon coupling and gives access to experimental electron−
phonon coupling times. Furthermore, the measured absorption
cross sections aided in the calculation of electron−phonon
coupling times using the two-temperature model. Comparison
of measured dynamics and calculated coupling times showed
good agreement, even though the heat capacity of bulk silver was
used to calculate temperatures from the absorption cross
sections. This result indicated that single particles with sizes of
tens of nanometers exhibit comparable properties to bulk. Most
importantly, the work showcased how ultrafast microscopy

could monitor dynamics in single nanoparticles, opening the
door to many further time-resolved studies of the effect of
heterogeneity in particle size, shape, and environment on
materials properties.

In one of those studies, Ostovar et al. examined the effect of
heterogeneous crystallinities on the acoustic properties of
aluminum nanoparticles and applied TAmicroscopy to measure
acoustic phonons (Figure 11B).124 A 86 MHz Ti:sapphire laser
was used in a similar pump−probe setup to Muskens et al.49 but
a nonlinear photonic crystal fiber was employed to generate
variable probe wavelengths close to the plasmon resonance of
the investigated particles. Differential transmission was detected
with an amplifying photodiode and lock-in amplifier. Coherent
acoustic vibrations in nanoparticles were optically excited
through light-induced lattice heating, and the periodic
oscillations in the particle volume and shape were detected
through oscillations in the TA signal as they shifted and
broadened the plasmon-enhanced optical cross sections. The
authors found that coherently excited vibrational modes were

Figure 12. (A) Transient fluorescence trace of a DBT molecule recorded by trueSMS for different pump−probe delay times. The orange data points
are fitted to a kinetic model consisting of a convolution of a step function, a Gaussian rise and a single exponential decay (black dashed line). The green
arrows indicate time delays at which spectral information was extracted. (B) Transient fluorescence traces recorded by trueSMS for the same DBT
molecule (orange and blue) at fixed pump−probe time delays, but varying effective time delays as induced into the probe pulse through pulse shaping.
All traces are offset for clarity. The respective pump−probe time delays are indicated to the lower right of each trace. The green trace suggests a small
background signal, recorded after one-step photobleaching of the DBT molecule. (C) Deexcitation spectra plotting the measured fluorescence signal
after Fourier transformation against wavenumbers, calculated from the trueSMS traces in part B. All spectra are offset for clarity. The spectra
corresponding to the pump−probe delay long before time zero (−108 fs) and to the bleached molecule are included at the bottom. The white area
marks the spectral region of the employed probe pulse, and shows two spectral features that are attributed to vibrational transitions. Adapted with
permission from ref 168. Copyright 2018 Springer Nature.
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damped faster in lithographically fabricated polycrystalline
nanostructures (pink) than in colloidally grownmonocrystalline
particles (blue), as indicated in the TA traces in Figure 11B. This
effect was attributed to internal crystal defects, resulting in an
order of magnitude differences in acoustic lifetimes. These
results helped characterize acoustic phonons in aluminum
nanoparticles, and they were not possible in ensemble
measurements because the particle size heterogeneity leads to
averaging effects that cause much faster, inhomogeneous
damping, thereby hiding the underlying mechanisms.

The sensitivity and precision achieved in ultrafast single-
particle TA measurements was especially highlighted in work by
Yu et al., whomonitored the deposition of nanometer scale silver
layers on gold nanorods through their acoustic vibrations
(Figure 11C).169 Using a conventional pump−probe setup with
a 76 MHz Ti:sapphire laser, the authors employed an OPO to
generate variable probe wavelengths close to the plasmon
resonance of single nanorods that had been placed in a flow-cell
filled with an aqueous silver nitrate solution. An APD detected
changes in the differential transmission combined with lock-in
amplification. The continuous deposition of silver onto the gold
nanorods changed the particle mass and dimensions, which in
turn led to modified acoustic frequencies.

By combining measured acoustic frequency shifts with single-
particle absorption spectroscopy and a finite element method
analysis of the vibrational frequencies based on continuum
mechanics, silver layer thicknesses on the order of nanometers
were determined with subnanometer precision.169 Figure 11C
shows the power spectral density of the oscillatory components
of the time-resolved TA traces of individual gold nanorods,
which were found to support two vibrational modes. The
breathing mode involves radial deformation, seen as the peaks at
higher frequency in Figure 11C, while the extensional mode,
involving displacement along the long axis, corresponds to the
peaks at lower frequency. The authors showed that silver
deposition lowered the breathing mode frequency due to an
increase in particle mass, while the extensional mode frequency
remained unchanged because the overall increase of mass was
balanced by an increase of material stiffness. The ability to
precisely monitor nanoscale changes was once again only
possible in single particle measurements, giving way to potential
applications of ultrafast microscopy and nanoparticles as
nanobalances.

Lastly, Devkota et al. showcased how the excellent spatial
resolution of ultrafast microscopy can resolve different proper-
ties within a single nanoparticle, when they studied environ-
ment-induced changes in the acoustic phonons of gold
nanoplates (Figure 11D).123 Polystyrene beads were deposited
onto gold nanoplates with large edge lengths of approximately 5
μm and comparatively small thicknesses of 40 nm, to study the
effect on the acoustic frequencies of the plates. The authors took
advantage of the low pulse energies of their 80MHz laser source
and employed an objective with a NA of 1.3 to focus the pump
and probe beams close to the diffraction limit. Because the beam
sizes were small in comparison to the particle sizes, it was
possible to study intraparticle heterogeneity. This study
employed a reflection geometry to measure small changes in
reflectivity with an APD and subsequent lock-in amplification.

Performing TA microscopy, the authors were able to relate
shifts in acoustic frequencies to local mass changes due to
deposited beads.123 The upper panel of Figure 11D shows a
bright-field image of an exemplary nanoplate, with the yellow
dashed circle marking a deposited bead. Performing TA

microscopy measurements of the acoustic frequencies at bead-
free areas, the authors found signatures of the out-of-plane
breathing mode with values of 45−46 GHz, as illustrated in the
lower panel of Figure 11D (black, blue, and red). This frequency
was shifted to smaller values of ∼44 GHz when measuring close
to a bead, indicating the locally increased mass. The results were
compared to continuum mechanics calculations, which allowed
mass changes down to 10 ag to be measured, even improving on
the sensitivity demonstrated by Yu et al., as discussed above.169

The unique ability to interrogate the influence of highly localized
perturbations on the same particle eliminates other factors such
as substrate effects or particle-to-particle variations in mecha-
nistic studies.

The photoexcited dynamics of single molecules are evenmore
difficult to measure than single nanoparticles, since their small
sizes lead to extremely small absorption cross sections, orders of
magnitude smaller than a diffraction limited laser beam. To
circumvent this problem, Liebel et al. have developed a TA
technique called transient ultrafast encoded single-molecule
spectroscopy (trueSMS), which measures ultrafast dynamics of
single molecules through their fluorescence (Figure 12).168 The
measurement of fluorescence signals yields a technique with
much lower background compared to absorption. In its simplest
description, trueSMS employs a pump pulse to photoexcite a
fluorescent molecule to an excited state, and a subsequent probe
pulse de-excites the molecule through stimulated emission.
Importantly, while the pump pulse aims to incorporate all
wavelengths of the ground state absorption spectrum of the
target molecule, the probe pulse covers a spectral window
narrow than the fluorescence, which is subsequently detected.

In order to also obtain spectral information from these weak
fluorescence signals, trueSMS mimics components of Fourier
transform spectroscopy.168 Using amplitude pulse-shaping, the
spectral envelope of the probe pulse is modulated to yield
interferograms, which imitates the superposition of two pulses
with variable effective time-delays, where each time delay
generated a different set of spectral components in the probe
pulse pair. Control of the pulse shaping process allowed creation
of interferograms with effective time delays on the order of
femtoseconds. Upon interaction of the probe pulse pair with a
sample, the stimulated emission is not only affected by the
spectral window covered by the probe, but also by the spectral
profile which was induced by the pulse shaping. Changes in the
stimulated emission are reflected in the resulting fluorescence,
thus encoding the spectral modulation of the probe pulse into
the measured signal field. By monitoring the signal field for
multiple effective time delays and subsequent Fourier transform,
fluorescence deexcitation spectra were then obtained, reflecting
the wavelength dependent reduction in fluorescence due to
stimulated emission.

The authors applied trueSMS to single dibenzoterrylene
(DBT) molecules that were fixed in an anthracene matrix.168 In
their experiment, an 85 MHz Ti:sapphire laser provided short, 6
fs pulses. Spectral envelopes were selected through grating
stretchers and spatial light modulators, before both pump and
probe beams were collinearly focused onto a sample using an
objective with a low NA of 0.52. The small fluorescence signal
was captured with an objective with a high NA of 1.4 and
detected with an EMCCD camera. By scanning through the
pump−probe time-delay, the change in total detected photons
reports on the temporal evolution of the stimulated emission
within the spectral window of the probe. Comparable measure-
ments have been performed using white light.189
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trueSMS furthermore resolved vibrational features in the
fluorescence of single DBT molecules, an approach that has also
been pursued through ultrafast microscopy in the IR.168,190

Figure 12A shows the depletion of the fluorescence of a single
DBT molecule due to stimulated emission when the time delay
between pump and probe is 0 fs. A kinetic model based on a step
function convolved with a Gaussian rise time and a single
exponential decay to describe the pulse and excited state decay
was fitted to the experimental data (black, dashed line), giving
excellent agreement. The green arrows indicate six pump−probe
delay times from −108 to +3500 fs at which the fluorescence was
further studied with different effective time delays, which is
illustrated as trueSMS fluorescence traces in Figure 12B. All
traces were measured on the same molecule, and comparison to
the fluorescence signal of the same molecule after photo-
bleaching (green) proved that the background signal was small.
Fourier transformation of the traces yielded the temporally
evolving spectra shown in Figure 12C, where the white area
marks the spectral region of the probe and the two observed
features within were interpreted as vibrational modes of the
DBT.

The work by Liebel et al. is an example for the outstanding
capabilities that ultrafast microscopy techniques have achieved.
The study ofmolecular dynamics throughTA spectroscopy does
not allow to resolve local influences and underlies averaging
effects. As discussed, even conventional TA microscopes are not
able to routinely detect TA from single molecules. As such,
trueSMS exemplifies the evolution of ultrafast microscopy

through exchange with different spectroscopy and microscopy
techniques.

The studies presented in this section illustrated various kinds
of ultrafast microscopy from conventional TA microscopy to
novel excitation, detection, or sample scanning schemes. The
results highlighted the importance of microscopic interfaces,
defects, and environmental effects on the overall properties of
materials ranging from 2Dmaterials to single particles and single
molecules. The many innovative experimental setups also prove
that the long-standing challenges of simultaneously achieving
high temporal resolution, high spatial resolution, and wave-
length tunability are being overcome through high NA
objectives, chirped optics, as well as progress in nonlinear optics
and laser technology. These developments promise the ability to
measure ever smaller structures and faster phenomena in the
future. Even though ultrafast TA microscopy has developed into
a mature technique to investigate two-dimensional films, or one-
dimensional and zero-dimensional nanomaterials, the high
backgrounds of absorption measurements will make studies on
single molecules difficult. We thus suggest that fluorescence-
based methods will lead the way toward exciting insights into
single molecule properties in the future.

■ SCIENTIFIC INSIGHTS AND INSTRUMENTAL
ACHIEVEMENTS IN ULTRAFAST 2D MICROSCOPY

TA microscopy and its derivatives provide valuable insights into
the temporal and spatial dynamics of heterogeneous materials
on the nanoscale. However, TA signals can contain complex
information, stemming from various different excited species

Figure 13. (A) Left: 2D IR spectrum of a 100 μm polystyrene bead, with the detected frequency components plotted against the excitation frequency.
The diagonal line indicates points of same excitation and detection frequencies. Right: 2D IR chemical map of polystyrene beads, determined by
integrating the diagonal peak at 2014 cm−1 in the 2D IR spectrum for different positions on the bead. The color-coding indicates the integrated
intensity. The integrated intensities are overlaid on top of a bright-field image of the bead. Adapted from ref 129. Copyright 2014 Optical Publishing
Group. (B) Left: 2D IR spectrum of a 110 μm polystyrene bead, with the pump frequency plotted against the probe frequency. Right: Image of the
integrated intensities of the main peak on the diagonal in the 2D IR spectrum, generated by performing the integration for every pixel of the array
detector. Adapted from ref 52. Copyright 2016 American Chemical Society.
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that can interact with each other or experience different
environmental influences at the same time. These overlapping
spectral features are not easily resolved in TA microscopy.
Ultrafast 2D microscopy, on the other hand, adds to the
experimentally obtainable information of TA microscopy by
separating overlapping spectral features along two frequency
axes. Ultrafast 2D spectroscopy can be used to track coherent
processes such as energy and charge transfer while also providing
valuable insight into how environmental variations impact
chemical processes. Since ultrafast 2D microscopy offers the
temporal and spatial resolution of TA microscopy, it is a
promising next step in the evolution of ultrafast microscopy.

Ultrafast 2D microscopy is still a new discipline and is more
challenging to implement than TA microscopy. To this date,
there are only a handful of examples of these applications, which
are discussed below. The existing work lays the foundation for a
promising future in the field of ultrafast microscopy and is
discussed below. We will discuss the roots of ultrafast 2D
microscopy in the IR region of the spectrum at repetition rates
between 1 and 10 kHz before taking a closer examination of the
exciting studies conducted with ultrafast 2D microscopy at VIS
wavelengths and faster repetition rates on the scale of 100 kHz.
As in the previous section on TA microscopy, we will orient our
discussion according to the laser sources employed for ultrafast
2D microscopy.
Amplified 1−10 kHz Laser Sources. As with TA

microscopy, 2D microscopy has utilized different laser sources
depending on the intended application. Initial studies employed
amplified laser sources with repetition rates of a few kHz. For
example, early work by Baiz et al. coupled a collinear train of
pulses produced by a 1 kHz laser source into a conventional
microscope to collect spatially resolved 2D IR spectra of a
functionalized polystyrene bead (Figure 13A, left).129 Using a
pulse shaper to generate the pump pulse pair, a pulse series of
three pulses, 2 pump pulses and one probe pulse, was employed.
The pulses, which had a central wavelength of 5 μm, were
focused to a spot size of ∼15 μm in the sample using a reflective

objective, and the spectrally resolved signal was detected by a
MCT array detector. Bead images were acquired by scanning the
sample through the laser beams (Figure 13A, right). For these
early measurements, signal averaging was limited due to the low
repetition rates, and complicated phase cycling scheme, along
with the use of orthogonal pump and probe polarizations, were
required to isolate the signal field from the background, a
process resulting in long collection times.

To reduce the scanning time, Ostrander et al. implemented a
wide-field 2D IR microscope (Figure 13B).52 While also using a
1 kHz laser source in a comparable setup, pump and probe
beams were now focused onto the sample with a larger spot size
of ∼100 μm and subsequently detected by a focal plane array
detector in order to directly measure an image of the sample
(Figure 13B, right). Aspheric lenses based on CaF2 and ZnSe
with high transmissions in the IR were used to focus the beam on
the sample and detector, respectively. To collect spectral
information without the use of a spectrometer, a four-pulse
series containing two pump pulses, one probe pulse, and a local
oscillator pulse was employed. Scanning of the time delay
between both pump pulses and subsequent Fourier transform
again yielded the pump frequency axis. Simultaneously, by
scanning through an additional time delay between the probe
pulse and the local oscillator, interferograms were measured to
generate the probe frequency axis through another Fourier
transform. In this way, after double Fourier transformation of
the acquired signals, every detector pixel yielded a 2D IR
spectrum (Figure 13B, left). This technique allowed for
simultaneous spatial imaging of the 2D IR signal produced by
different spatial points on a functionalized polystyrene bead,
eliminating the need to raster scan the sample. However, the
need to scan the time delay between the probe and local
oscillator reference pulse added to the acquisition time. While
the wide-field approach appears advantageous for large samples
on the micrometer scale, a point scanning technique can be
preferred for smaller samples.

Figure 14.Top panels show ultrafast 2D spectra of CdSe QDs in a solution (left) and in thin film aggregates (middle and right), with the pump energy
plotted against the probe energy. The bottom panels show corresponding linear absorption spectra, with the absorption plotted against the probe
energy. In both the linear and ultrafast 2D spectra, the thick dotted line represents the location of the |X1⟩ excitation, which was found to be red-shifted
for the aggregated samples. Adapted with permission from ref 174. Copyright 2019 The Optical Society of America.
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Independent from the detection scheme, laser sources with
kHz repetition rates offer limited opportunities for averaging,
often demanding long acquisition times for adequate signal-to-
noise ratios. However, because 2D spectroscopy requires
complex pulse sequences with multiple delay scans to generate
spectra, it already has a longer data acquisition time than its TA
counterpart. The most straightforward strategy to shorten
acquisition times is to move to a higher laser pulse repetition
rate. This need for increased averaging over shorter acquisition
times has caused a recent push to employ 100 kHz amplified
lasers and MHz oscillators for 2D microscopy for high-speed,
low-noise measurements of spatially resolved spectra in the IR
and, as discussed in the next section, the VIS.127,174,191

Amplified 100 kHz Laser Sources. Ultrafast 2D
microscopy based on 100 kHz laser sources was realized by
taking advantage of ytterbium lasers, advancements in pulse
shaping, and improved shot-to-shot correlations. For example,
Steves et al. applied these higher repetition rate laser sources to
determine differences in the optical response of solutions of
single CdSe quantum dots (QDs) and thin film QD aggregates
(Figure 14).174 QDs are an ubiquitous example of a semi-
conductor at the nanometer scale. Because of their size resulting
in 3D quantum confinement, QDs have different physics from
their larger semiconductor counterparts and can exhibit
interesting exciton interactions. To understand these physics
in detail it is also important to note that QD excitons will behave
differently in films and solutions containing aggregated
particles.192,193 As such, the importance of local environments
and the complexity of the electronic transitions makes ultrafast
2D microscopy an ideal method to acquire mechanistic insights
into how excitons in QDs interact with one another.

To perform these spectroscopic measurements, Steves et al.
built a 2D electronicmicroscope using a 100 kHz ytterbium laser
to pump a noncollinear optical parametric amplifier (NOPA),
which produced pulses at 585 nm.174 Pump and probe optical
beams were separated with a beam splitter and the two pump
pulses were generated using a pulse shaper. To focus the pump
and probe beams onto the sample, they used an aspheric lens,
which yielded a spatial resolution of ∼20 μm. A spectrometer in
combination with a CCD camera was implemented to spectrally
resolve and detect the nonlinear 2D signal. This setup allowed
them to implement an only partially collinear pump−probe
geometry, reducing the contributions of residual pump light to
the overall signal field. The reduction of detected pump light also
made it possible to reduce the number of phase cycling frames,
decreasing their acquisition time.

Figure 14 shows the linear absorption (bottom) and ultrafast
2D electronic spectra (top) of a CdSeQDdot solution (left) and
two locations on an aggregated QD film (middle and right). The
2D spectra contained two peaks on the diagonal, of which the
peak at lower probe energy was more intense and attributed to
the QD’s lowest-energy exciton state |X1⟩ (dashed black line),
and the other peak to a second exciton |X2⟩. Linear absorption
spectra indicated a redshift of |X1⟩ upon QD aggregation, in
good agreement with previous literature. The presence of cross
peaks in the 2D spectra also revealed energy transfer between |
X1⟩ and |X2⟩ upon QD photoexcitation. Importantly, 2D spectra
show that the strength of these cross peaks strongly differs
between QD aggregates, indicating the presence of spatial
variations in energy transfer rates within a QD solid.

In this work, exciton decay rates were furthermore
determined, leading to the identification of decay components
such as intraband carrier relaxation and hole trapping in defect

states, as well as competing carrier trapping and radiative
recombination.174 Generally, unaggregated QDs had longer
lifetimes than aggregated ones, agreeing with the occurrence of
inter-QD energy transfer in aggregated samples. Measurements
of nine different spatial locations within the QD film sample also
unveiled an exciton lifetime distribution of that was consistent
with the heterogeneity of the film’s structure, again highlighting
the importance of considering sample variations and utilizing
ultrafast microscopy. Even though the spatial resolution in this
study was limited, we expect that recent technological advances,
such as high-repetition rate NOPAs, will expand the ability to
use high NA objectives and increase the number and variety of
chemical systems that can be studied.

Ultrafast 2D microscopy based on 100 kHz laser sources has
also been applied to study the physics of organic semi-
conductors. Jones et al. investigated singlet fission in TIPS-PN
microcrystals (Figure 15).127 By using ultrafast 2D white light
microscopy, the authors examined how molecular packing
affected the optical response of TIPS-PN crystals with widths
between 10 to 15 μm. Their ultrafast 2D microscopy instrument
used the output of a 100 kHz ytterbium laser to generate white
light continua for both pump and probe beams in a YAG crystal,
denoting the technique as 2D white light (2DWL) ultrafast
microscopy. Pulse shaping was again applied to generate a pump
pulse pair. Low pulse energies enabled the use of high NA
reflective objectives that provided focused spot sizes below 1
μm. The emitted signal field was spectrally dispersed in a
spectrometer and detected by a CCD camera. Interestingly, the
optical setup was combined with AFM to also allow for
topographic imaging.

Figure 15 illustrates ultrafast 2D measurements of a TIPS-PN
crystal ensemble after a delay time of 1 ps, when singlet fission is
assumed to be complete. The series of three negative cross peaks
in the ultrafast 2D spectrum in Figure 15A corresponds to the
ground bleach of three singlet vibronic energy levels S1,0, S1,1, and
S1,2. The broad, positive peak at longer wavelengths corresponds
to the weak excited-state absorption of a triplet state. To analyze
the spatial dependence of the spectral S1,0 feature, 2D spectra of a
single crystal were acquired close to the crystal edge or in the
crystal center, as indicated through pink and orange dots in
Figure 15B, respectively. Figures 15C and 15D show a zoomed-
in view of the S1,0 cross peak in the center and at the edge. The
change in the optical response, a signal shoulder, and a shift of
the peak maximum toward longer wavelengths, indicate an
increased density of molecules at the edges of the crystal that
adopt packing arrangements that differ from the equilibrium
TIPS-PN single crystal structure. The relative contributions
from molecules in the equilibrium (purple) or nonequilibrium
(blue) state to the optical response is shown through Gaussian
fits to spectral slices of the S1,0 feature, as illustrated in Figures
15E and 15F.

Combining the 2D spectral information with more conven-
tional TA microscopy measurements and spectral modeling
allowed Jones et al. to assign the spectral shoulder to a
nonequilibrium vibronic state and find a correlation between the
spatial position at which a singlet exciton is generated and the
rate with which it converts to a pair of triplet excitons via singlet
fission.127 This finding indicated that TIPS-PN molecules that
form nonequilibrium crystal structures at the edges of a
microcrystal undergo singlet fission faster than molecules
located in the crystal’s center. Thus, the authors showcased
the ability of ultrafast 2D microscopy with broad spectral
windows to identify spatial variations in kinetic processes in
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complex chemical systems and to connect these variations to
their underlying structural origin, in this case differences in
intermolecular packing. Additionally, the authors demonstrated
that after initial characterization of a system through ultrafast 2D
microscopy, faster TA measurements can be performed to
acquire time-resolved kinetics information. The combination of
ultrafast 2D microscopy with TA microscopy is especially
advantageous, because the inclusion of a pulse shaper in the
experimental setup allows easy switching between both
techniques.
MHz Laser Sources. The previously discussed studies

showed that ultrafast 2D microscopy relies on the creation of a
pump pulse pair, which is most often accomplished through
pulse shaping based on an acousto-optic modulator.52,127,129,174

However, pulse shaping based on this technology does have
limitations, and the maximum repetition rates have been limited
to ∼100 kHz or less for pulse pair generation.130 Nevertheless,
for microscopy experiments on single particles or molecules on
the nanometer scale, MHz repetition rates may be necessary to
speed up acquisition times and have appropriate signal-to-noise
ratios, as we previously discussed in-depth for TA microscopy.
One approach to overcome this issue was implemented by
Tiwari et al., who implemented spatially resolved fluorescence-
detected 2D electronic spectroscopy (sf-2DES).130 The
motivation to use fluorescence-based 2DES is related to an
intrinsic limitation of conventional ultrafast 2Dmicroscopy. The
ability to measure a third-order nonlinear signal field is restricted
to samples with volumes larger than λ3, where λ is the
wavelength of light and usually equals to multiple hundreds of
nanometers or larger. Therefore, conventional ultrafast 2D
microscopy is often not able to studymaterials on the nanometer
scale. This limitation is due to phase-matching conditions of the
wave vectors that form the radiated signal field in ultrafast 2D
microscopy. However, fluorescence is not constrained by this
limitation.

The microscope employed by Tiwari et al. utilized a
spectrometer design by Tekavec et al. where the output of an
83 MHz Ti:sapphire oscillator is split into four separate beam
paths.194 Using two delay stages, the pulses are temporally
delayed relative to each other in order to create a train of four
pulses. This geometry removes the need to use a pulse-shaper to
generate the pump and probe pulses used in a 2Dmeasurement.
Unlike conventional ultrafast 2D microscopy, which employs a
3-pulse sequence for generating and probing the third-order
polarization, sf-2DES includes a fourth pulse that produces an
excited state population that emits fluorescence. Each beam path
contains an AOM that modulates the phase of the respective
pulse envelope with characteristic radio frequencies Ω1 through
Ω4. The beams are then recombined and collinearly focused
onto a sample with an objective. Using two APDs and a pair of
phase-sensitive lock-in amplifiers, the rephasing and non-
rephasing nonlinear components of the fluorescence signal
were detected at modulation frequencies corresponding to linear
combinations of the introduced radio frequencies and were used
to construct purely absorptive 2D spectra.

The authors applied this technique to examine fluorescence
emitted by the photosynthetic bacterium Rhodopseudomonas
palustris (Figure 16).130 This bacterium grows differently under
low light (LL) or high light (HL) conditions, each having a
different optical response. By generating a thin film mixture of
bacteria grown in both conditions, sf-2DES measurements were
able to identify which area of the sample had high concentrations
of LL and which had high concentrations of HL. Figure 16A
shows a confocal fluorescence image of a thin filmmixture of HL
and LL bacteria. The 2D spectra of the selected locations at the
enlarged green, blue and red circles are illustrated in Figure 16B.
In each row, the left panel corresponds to the measured 2D
spectra. By applying the 2D spectra of pure HL and LL bacteria
films (Figure 16C) as a basis set in a linear least-square fit to the
2D spectra of the mixed samples, the fits in the middle panel are
obtained. The ratio of the HL and LL functions contributing in
the fits are shown above each middle panel, indicating big
variations in HL and LL bacteria populations between the
selected locations. Subtracting the fit from experimental spectra
generates small residuals, as shown in the right panel of Figure
16B, suggesting good agreement between experimental data and
the fit.

Figure 15. (A) 2D spectra of a TIPS-PN crystal shows cross peaks
corresponding to three different vibronic levels S1,0, S1,1 and S1,2. The
white box around the S1,0 transition indicates the area of interest in
further analysis. (B) Microscopy image that indicates the location on
the TIPS-PN crystal where different 2D spectra were collected. Pink
indicates edge spectra and orange indicates center spectra. (C and D)
2D spectra of the marked sample area around the S1,0 cross peak in part
A, suggesting a stronger shoulder and a shifted peak wavelength at the
edge. (E and F) Slice of the 2D spectra in parts C and D, taken parallel
with the probe axis. The black graphs are experimental data, while the
red plots correspond to a fit based on Gaussian functions for
equilibrium and nonequilibrium states. The insets give insight on the
proportional composition of the fits. Adapted with permission from ref
127. Copyright 2020 Springer Nature.
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The location-dependence of the bacteria fluorescence once
again demonstrates the value of spatial resolution in 2D
spectroscopic experiments and therefore of ultrafast 2D
microscopy and its derivatives. Furthermore, Tiwari et al.
demonstrated a way of performing ultrafast 2D microscopy
measurements based on fluorescence and using a MHz source,
which opened up corridors to studying small nanoscale materials
that cannot be measured through conventional ultrafast 2D
microscopy techniques.130 The ability to measure nanoscale
samples will significantly elevate the applicability of ultrafast 2D
microscopy.

All presented studies highlight the ability of ultrafast 2D
microscopy to resolve complex interactions in the dynamics of
materials on the micro- and even nanoscale, distinguishing itself
from TA microscopy in the amount of generated information.
However, the discussed examples also showcased the increased
experimental difficulty and data analysis complexity of ultrafast
2D microscopy. Despite the larger amount of information
compared to conventional TA techniques, we assume that
ultrafast 2D microscopy will become a valuable complementary
method to TA microscopy, rather than replacing it.

■ NONOPTICAL ALTERNATIVES IN ULTRAFAST
MICROSCOPY

As mentioned above, the spatial resolution of all-optical TA and
ultrafast 2Dmicroscopy are limited to the diffraction limit of the
employed light. On the other hand, nonoptical probing
mechanisms can allow subdiffraction detection. Limiting this
review to an example of just one of the above-mentioned
techniques, Nguyen et al. employed ultrafast STM to observe
the flow of energy within single carbon dots (CDs) using the
previously introduced technique trSMA-STM (Figure 17).145

CDs are promising in bioimaging and energy-related applica-
tions, but their low fluorescence quantum yield limits their
present utility. Thus, a detailed understanding of CD exciton
behavior is required.

Similar to ultrafast TA and 2D microscopy, the small signal
levels of extremely small samples on the nanoscale require
advanced averaging and background reduction, which benefit
from signal acquisition at high repetition rates. Thus, the authors
used an 80 MHz Ti:sapphire laser to provide an 800 nm probe
beam and, after frequency-doubling in a BBO crystal, a 400 nm

Figure 16. (A) Confocal fluorescence image of a thin film of mixed LL and HL bacteria. The green, blue and red enlarged squares mark locations at
which the 2D spectra shown in (B) where measured. Other red squares mark locations of additional spectra that are not shown here. The scale bar
represents 10 μm. (B) Three (upper, middle, lower) horizontal panels showing the data corresponding to the three location in part A. The first square
in each panel corresponds to the experimental data, as marked by the respectively colored circle above. The second square shows the result of fitting the
data to a set of 2D basis functions shown in part C that were obtained from 2D spectra of pure HL and LL bacteria. The title above shows the ratio of
HL and LL basis functions in the fit and thus gives information on the bacteria ratio in the sample. The final panel is a residual after subtracting the fit
from the experimental data, showing good agreement. (C) 2D spectra from HL (top) and LL (bottom) bacteria that circulated in solution to avoid
photodamage. These spectra were applied as basis sets in the fits to experimental data. Adapted from ref 130. Copyright 2018 Springer Nature.
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pump beam. Both beams were collimated and subsequently
focused to a large spot size of ∼100 μmat the sample as the beam
focus was not relevant for the spatial resolution of ultrafast STM.
The pump pulses excited electrons in the CDs to empty core
orbitals near the tunneling energy, resulting in temporary
blockage of the tunneling mechanism. The probe pulses further
excited those electrons, effectively emptying the orbital and
opening the tunneling pathway. The dynamics within the CDs
were observed through monitoring the tunneling current for
different time delays between pump and probe pulses. To isolate
the signal from the background, both beams were modulated at
two different frequencies, and a lock-in amplifier extracted the
signal in the tunneling current at the sum frequency of pump and
probe modulation. All measurements were performed in a
chamber under ultrahigh vacuum.

Using this setup, the authors were able to resolve exciton
dynamics within CDs that were only a few nanometers in size.145

They found that initially excited electrons migrated from their
excited-states c in the CD core to surface defect states s. From
there, two mechanisms were identified in which the electrons
either rapidly decayed to the ground state g, or decayed into
long-lived surface states f from which fluorescence back to the
ground state could occur. Figure 17A shows STM traces for
three different CDs that exhibit either a slow (1, 2) or fast (3)
decay of the STM signal, corresponding to rapidly decaying or
long-lived surface states. Fitting of a kinetic model based on the
described decay processes provided the corresponding decay
times and signal amplitudes, and showed large variations
between CDs. The importance of defects for the generation of
long-lived surface states for the first two CDs is also illustrated in
Figure 17B, where STM images of the same three CDs at 4
subsequent times are depicted. With larger STM amplitudes
corresponding to a brighter color, it can be seen that excited
electrons are initially broadly distributed over the QD but
become localized in specific defect states.

These ultrafast studies on single CDs showed that decay
processes can strongly vary between different CDs, and
highlighted the importance of defects for achieving CDs with
long-lived fluorescent states.145 Further investigations also

yielded insights into relaxation processes between different
CDs or between CDs and their substrate. The knowledge of a
strong correlation between efficient fluorescence and the
microscopic structure of CDs opens the window toward
additional studies regarding the purification of CD ensembles
and the generation of fluorescent materials with high emission
quantum yields. While the identified decay mechanisms agree
with observations in ensemble measurements, only single
particle studies have revealed the direct correlation between
the optical and physical properties of CDs. Thus, this work
exemplifies the importance of nonoptical ultrafast microscopy
techniques for materials that are challenging or impossible to
study through ultrafast TA or 2D microscopy.

Lastly, in addition to the above highlighted ultrafast STM, we
want to briefly mention the broad applicability of ultrafast
electron microscopy (UEM) and its access to a wide range of
material properties. UEM and variants thereof make use of an
optical pump and electron probe to achieve femtosecond
temporal, nanometer spatial, and meV energy resolution, as
detailed in several reviews.110,195,196 The optical pump not only
is used to photoexcite the sample of interest but also is necessary
to generate ultrashort electron pulses. To probe ultrafast
dynamics, a laser pulse ejects electrons from the gun via the
photoelectric effect. These pulses contain single or very few
electrons such that the mutual Coulomb repulsion between
electrons, which would result in temporal spread, is negligible,
and images are collected stroboscopically.197 UEM has further
been combined with cathodoluminescence (CL-UEM), wherein
the optical excitation beam is turned off and the electron beam is
used to excite the sample, with the resulting cathodolumines-
cence recorded by a single photon counter which is time-
correlated with the electron pulse.198,199

UEM has been employed to image and study acoustic
vibration dynamics in single nanoparticles,200,201 identify active
sites in inorganic photocatalysts,202 and probe the dynamics of
the electronic states of nitrogen color centers in nanodiamonds
in both transmission and scanning transmission modes.198,199 In
another variant of UEM, called ultrafast spectrum imaging
(USI), Yurtsever et al. used the optical excitation mechanism to

Figure 17. (A) Ultrafast STM traces of three carbon dots with either long-lived surface states or rapid relaxation. The 0−1 ps range is plotted linearly,
1−500 ps logarithmically. The green boxes on the right report on the decay times between surface defect states and fluorescent surface states τsf,
between excited core states and surface defect states τcs, and between surface defect states and ground states τsg. The amplitudes Sc and Ss of the ultrafast
STM signal, corresponding to carriers in the excited core states or the surface defect states respectively, are also provided. All values were determined by
fitting the experimental data to a kinetic model. The gray bars within each panel represents the averaging time applied for the images shown in part B.
(B)Ultrafast STM images of the carbon dots in part A show the localization of carriers in a single ∼1 nm2 spot with enhanced tunneling current only for
dots 1 and 2. Frames i−iv were measured with averaging times corresponding to the gray bars in part A. All scale bars represent 2 nm. Adapted from ref
145. Copyright 2021 National Academy of Science.
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increase the spectral resolution compared to conventional
electron energy loss spectroscopy and measured spectral images
of silver nanoparticles and copper interfaces.203 Furthermore,
photon-induced near-field EM (PINEM) forms images through
electrons that have gained energy following optical excitation.204

PINEMhas enabled imaging of the near fields of entangled silver
nanoparticles,205 evanescent electric fields of carbon nanotubes
and silver wires,206 plasmon dynamics at buried Ag/Si3N4
interfaces,207 and plasmon coupling between gold nanocapsules
and graphene step edges on short time scales.208 New imaging
modalities are imminent, withmethods such as PINEM enabling
the light-modulation of free-electrons to shape electron
packets.207,209 We expect the intersection of optical and electron
microscopy to provide unprecedented insight into optical,
electronic, and chemical interactions in the years to come.

■ SUMMARY AND OUTLOOK
Over the past few decades, ultrafast microscopy has matured
into a powerful and accessible technique for investigating the
dynamics of a wide assortment of systems, ranging from
semiconducting and metallic nanomaterials to organic and
biological samples.51,57,74,168,177 As opposed to spectroscopy
techniques, ultrafast microscopy reveals the crucial role of size,
shape, environment, and composition heterogeneity on the
physical behavior of a sample. The ability to spatially and
temporally resolve chemical dynamics of a material makes it
possible to identify and adopt apparent flaws into potential
application features, whether the material is a metal, semi-
conductor, organic crystal, or biological organism. We suspect
that ultrafast microscopy will be fundamental in endeavors to
optimize properties such as quantum yields, exciton lifetimes,
and carrier diffusion efficiency for modern technologies in
energy conversion, catalysis, and many other areas.

While we expect the field of ultrafast microscopy to grow as a
whole, the techniques and instrument setups will vary depending
on their intended goal. TA microscopy and its derivatives offer a
robust methodology with temporal resolutions down to sub-10
fs and even subdiffraction spatial resolution, due to the two-
photon nature of pump-probe excitation. Even though laser
sources of a few kHz or up to hundreds of kHz repetition rates
are feasible for TA measurements of samples such as thin films
and 1Dmaterials, onlyMHz sources offer the low pulse energies,
spatial resolution, and averaging capabilities that are required for
samples with heterogeneities on the nanoscale, single nano-
particles, and single molecules. Additionally, technological
advancements in nonlinear processes with high repetition rate
laser sources, new pixel-array lock-in cameras, and enhanced
measurement techniques have improved the attainable temporal
and spectral resolution and information of ultrafast TA
microscopy. These developments enable the study of structural
differences such as defects, oxide layers, and surface features on
the nanometer scale on samples ranging from highly
heterogeneous 2D materials to quasi zero-dimensional single
nanoparticles. Location-specific time dynamics can be resolved
down to femtoseconds. By applying fluorescence-based
techniques, the sensitivity of ultrafast TA microscopy even
allows to investigate the vibronic behavior of single molecules.
We therefore expect that MHz lasers will dominate ultrafast TA
microscopy over low-repetition rate sources in the future.

TA microscopy measures signals that can consist of multiple
convoluted spectral features, originating from interactions
between excited carriers or other dynamics. Ultrafast 2D
microscopy offers the ability to resolve those features while

principally retaining the spatial and temporal abilities of TA
microscopy, making it a generally superior technique.
Unfortunately, ultrafast 2D microscopy is more complicated
to implement than ultrafast TA microscopy and generally
demands longer acquisition times. In addition, repetition rates of
100 kHz or smaller have been necessary to generate the pulse
trains needed for ultrafast 2Dmicroscopy through pulse shaping
based on acousto-optic modulators. The averaging processes
employed to obtain adequate signal-to-noise ratios thus results
in much longer acquisition times than TA microscopy.

Nevertheless, we expect that ultrafast 2D microscopy will
become a benchmark method in investigating dynamics in
heterogeneous and nanoscale materials, with TA microscopy as
a faster, complementary technique. New techniques based on
fluorescence have used MHz laser sources for ultrafast 2D
microscopy by circumventing pulse shaping for pulse pair
generation. Pulse shapers based on liquid crystal spatial light
modulators allow for repetition rates above 100 kHz and may be
a promising alternative in the future. The ability to use MHz
sources will improve the signal-to-noise ratios through
averaging, and create better spatial resolution due to the use
of high NA objectives. In turn, we expect ultrafast 2D
microscopy will be especially crucial to better understand
phenomena such as catalysis, singlet fission, and energy transfer
processes by spatially and temporally resolving different
electronic states and their interactions rather than reporting
convoluted signals. By obtaining this information in dependence
of the location on heterogeneous samples similar to those stated
for ultrafast TA microscopy, the importance of defect structures
and surface features for these phenomena can be investigated.
The presented studies prove the power of combined ultrafast 2D
and TA microscopy experiments, proposing a mutually
reinforcing coexistence of both techniques.

The studies and instrumental advances presented in this
review point toward ever-evolving and improving ultrafast
microscopy techniques and technological abilities. We expect
improvements in the modification of optical pulses, lock-in
amplification, laser source repetition rate and stability, detector
capabilities, and detection schemes will push the boundaries of
signal-to-noise ratios as well as spatial and temporal resolution
toward smaller objects, more heterogeneous materials, and
faster dynamics. Due to the inherent limit of optical ultrafast
microscopy in spatial resolution, we also anticipate nonoptical
ultrafast microscopy techniques to establish themselves as
routine for the study of materials on size scales of a few
nanometers.
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