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Abstract 

Innovation in microscopy has often been critical in advancing both fundamental science and technological progress. 
Notably, the evolution of ultrafast near-field optical nano-spectroscopy and nano-imaging has unlocked the ability 
to image at spatial scales from nanometers to ångströms and temporal scales from nanoseconds to femtoseconds. 
This approach revealed a plethora of fascinating light-matter states and quantum phenomena, including various spe-
cies of polaritons, quantum phases, and complex many-body effects. This review focuses on the working principles 
and state-of-the-art development of ultrafast tip-enhanced and near-field microscopy, integrating diverse optical 
pump-probe methods across the terahertz (THz) to ultraviolet (UV) spectral ranges. It highlights their utility in exam-
ining a broad range of materials, including two-dimensional (2D), organic molecular, and hybrid materials. The review 
concludes with a spatio-spectral-temporal comparison of ultrafast nano-imaging techniques, both within already 
well-defined domains, and offering an outlook on future developments of ultrafast tip-based microscopy and their 
potential to address a wider range of materials.

1  Introduction
Recent progress in high-resolution optical micros-
copy has significantly advanced our understanding of 
key nanoscale physical phenomena, such as polari-
tons [1–21], moiré physics [22–36], exotic spin textures 
[37–39], and  topological phenomena [40–46]. These 

breakthroughs enable precise analysis of nanoscale inter-
actions, the impact of defects, and signal heterogeneity, 
facilitating observations of ultrafast dynamics across 
nanoscale regions. Such observations reveal critical dis-
parities, deepening our insight into the fundamental 
mechanisms governing these phenomena. Consequently, 
developing advanced optical microscopy techniques that 
offer spatiotemporal resolution beyond intrinsic length 
scales and dynamic timescales is crucial for characteriz-
ing these observations effectively.

For a long time, the spatial resolution has been con-
strained by the optical diffraction limit in far-field imag-
ing [47]. Although advancements in microscopy have 
enabled far-field techniques to achieve super-resolution 
imaging [48], these methods are less suitable for quan-
tum or solid-state materials, as they primarily apply to 
sparse systems and often require labeling. However, with 
the emergence of scanning probe microscopy (SPM), it 
has become possible to go beyond the diffraction limit 
and achieve spatial resolution at the subwavelength 
scale. Atomic force microscopy (AFM) [49] and scanning 
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tunneling microscopy (STM) [50, 51] are recognized 
as two fundamental techniques in the SPM, renowned 
for their ability to achieve atomic-scale spatial resolu-
tion through the utilization of a tip. The subwavelength 
structure of the tip apex enables near-field localization of 
light, achieving optical spatial resolution in the nanom-
eter range and effectively overcoming the spatial aver-
aging effects typically encountered in the far field. The 
breakthrough has further inspired the invention of vari-
ous tip-based SPM techniques. Owing to its fundamental 
compatibility with optical techniques, the advancement 
has led to the development of scanning near-field optical 
microscopy (SNOM) [52–54], tip-enhanced Raman spec-
troscopy (TERS) [55–60], nanoscale Fourier transform 
infrared spectroscopy (nano-FTIR) [61], thermal infrared 
nano-spectroscopy (TINS) [62–65], synchrotron infrared 
nano-spectroscopy (SINS) [66–68], and others. Building 
on the various SPM techniques capable of breaking the 
diffraction limit, further integration with ultrafast tech-
niques has enabled the simultaneous achievement of 

high spatial and temporal resolutions [69–72]. As shown 
in Fig. 1a, the tip apex, being a subwavelength structure, 
provides spatial resolution comparable to its size. By 
adjusting the time delay between the pump and probe 
pulses that illuminate the tip, time-resolved experiments 
can be conducted. The temporal resolution is mainly 
related to the precision of the time delay control and the 
pulse duration. Notably, in ultrafast tip-based experi-
ments, samples are often subjected to thermal effects 
and photodamage resulting from laser irradiation, par-
ticularly when high-intensity femtosecond pulses are 
utilized. To minimize these effects, various approaches 
can be employed. An effective approach involves reduc-
ing the laser power or adjusting the pulse duration to 
limit heat accumulation in the sample [73]. Addition-
ally, applying cryogenic techniques during experiments 
can significantly decrease photodamage. This integration 
enables real-time observation of electronic, vibrational 
and magnetic dynamics at the nanoscale, which advances 
the exploration of ultrafast interaction processes 

Fig. 1  Ultrafast nano-spectroscopy and nano-imaging. a The combination of scanning probe microscopy and optical pump-probe spectroscopies 
enables simultaneous access to spatial and temporal resolutions. Both ultrafast s-SNOM and ultrafast nanofocusing are based on AFM with a spatial 
resolution comparable to the size of the tip, typically on the order of tens of nanometers. The former is effective in detecting light-matter 
interactions in linear optical regime, while the latter enables the investigation of coherent phenomena through grating-tip coupling in nonlinear 
optical regime. Ultrafast STM can provide subnanometer-scale spatial resolution by relying on the tunneling processes occurring in the STM 
junction. b Exploration of physical processes through the above spatiotemporally resolved techniques, sorted on the basis of their characteristic 
times. The left panel displays time scales dominated by different interactions for reference
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characterized by ultrashort lifetimes ranging from femto-
second to nanosecond time scales.

In this review, we concentrate on three types of 
ultrafast microscopy techniques: ultrafast scattering-
type scanning near-field optical microscopy (ultrafast 
s-SNOM), ultrafast nanofocusing, and ultrafast STM 
(Fig.  1a). The spatial resolution of s-SNOM is primar-
ily determined by the dimensions of the tip apex [74]. 
Compared to aperture-type SNOM, another significant 
branch of SNOM where smaller apertures compro-
mise signal strength due to the waveguide cutoff effect, 
s-SNOM does not suffer from this limitation [74]. Con-
sequently, s-SNOM has been more widely developed and 
utilized in recent years. By combining with the optical 
ultrafast techniques, s-SNOM provides a powerful tool 
for investigating the ultrafast dynamics of phenomena in 
linear optical regime, compatible with a broad range of 
optical wavelengths and working temperatures [75–77]. 
To extend the research into the nonlinear optical regime, 
plasmonic nanofocusing on a metal tip has been devel-
oped. Ultrafast nanofocusing not only enables detection 
of nonlinear effects such as second-harmonic generation 
(SHG) [78–80], four-wave mixing (FWM) [80–82], and 
coherent anti-Stokes Raman scattering (CARS) [83], but 
its coherent detection also allows for the characteriza-
tion of important physical processes such as electronic 
dephasing. Compared with these two AFM-based tech-
niques, ultrafast STM can achieve sub-ångström spatial 
resolution in a low-temperature vacuum environment. 
Ultrafast STM grounded in the principles of electron 
tunneling enables the study of electronic and vibrational 
dynamics at the atomic scale. Figure 1b presents a sum-
mary of significant physical phenomena investigated 
via tip-based ultrafast microscopy in various materials, 
including 2D materials, molecules, metals, and perovs-
kites, categorized by their characteristic lifetimes, as dis-
cussed in this review.

The structure of this review is as follows: The first 
part discusses nano-imaging and nano-spectroscopy 
using ultrafast s-SNOM, including the characterization 
of spatial heterogeneity and polariton propagation, and 
spectral analysis under weak and strong perturbation 
conditions. The second part provides an overview of the 
development and significant contributions of ultrafast 
nano-spectroscopy and nano-imaging using nanofo-
cusing techniques, and also covers nanofocusing-based 
ultrafast electron microscopy, such as the ultrafast point-
projection electron microscopy (UPEM). The final part 
deals with various lightwave modulation methods applied 
in ultrafast STM and explores the development in coher-
ent manipulation of electrons. The review concludes with 
a summary of current advancements and challenges, and 
provides an outlook on the potential future developments 

in the field of ultrafast tip-based microscopy. Therefore, 
we expect that this review will equip readers with a sys-
tematic understanding of this field while also inspiring 
researchers to gain more diverse insights for technical 
innovation.

2 � Ultrafast s‑SNOM
Ultrafast s-SNOM is a noninvasive and versatile tech-
nique capable of probing carrier and lattice dynamics in 
various materials with high spatial and temporal resolu-
tion, as shown in Fig.  1. For the selection of a material 
system for ultrafast s-SNOM research, key considera-
tions include but are not limited to, optical properties 
and structural characteristics. Materials with optical 
resonant modes are particularly suitable for investigat-
ing light-matter interactions, including polaritons [84–
92], polarons [93–95], quantum phases [73, 96–98], and 
a range of many-body phenomena. For example, 2D 
materials, phase change materials, and perovskites are 
ideal candidates for studying photoinduced processes. 
Additionally, this technique holds promise for explor-
ing novel structures such as superlattices [99], nanowires 
[100, 101], and nanotubes [102]. The precision of ultra-
fast s-SNOM in analyzing various excitation dynamics is 
instrumental in advancing our understanding and control 
of specific physical phenomena within these materials at 
the nanoscale.

Figure  2a presents an early example of ultrafast 
s-SNOM demonstrated in 2014 [84]. This s-SNOM con-
figuration consists of a Michelson interferometer com-
bined with a tapping-mode AFM. The AFM tip, featuring 
a radius of tens of nanometers, provides a large momen-
tum range on the order of the inverse of its radius of 
curvature and local field enhancement, enabling the 
investigation of physical phenomena with momen-
tum surpassing that of free-space light and delivering 
nanoscale spatial resolution. To further achieve ultra-
fast temporal resolution, ultrashort pulses are used as 
pump and probe pulses. Precise control and calibration 
of the optical pump-probe method are essential to ensure 
experimental success. Accurate synchronization of the 
pump and probe is necessary to achieve optimal temporal 
resolution. This can be accomplished using a mechanical 
stage that controls the time delay of the pulses, allowing 
for precise adjustments to the temporal overlap between 
the pump and probe. Additionally, minimizing mechani-
cal and thermal drift is crucial, as these factors can affect 
the alignment and timing of the pump-probe pulses. 
Active stabilization systems are commonly employed 
to maintain stability during measurements. The pump 
pulses induce a ground state perturbation. Demodulat-
ing the probe pulse signal at high harmonics of the tip 
tapping frequency enables the acquisition of temporally 
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resolved near-field amplitude and phase measurements 
influenced by pump excitation [103, 104], and allows for 
the extraction of near-field spectra from interferograms 
through nano-FTIR.

2.1 � Ultrafast nano‑imaging of spatial heterogeneity
To unravel the complex and heterogeneous dynamics of 
physical phenomena at the nanoscale, ultrafast s-SNOM 
offers unprecedented insights through nano-imaging. In 
the early example depicted in Fig. 2a, the integration of 
near-infrared (NIR) pump and mid-infrared (MIR) probe 
spectroscopy with s-SNOM was employed to probe 
the ultrafast dynamics of Dirac plasmons in graphene, 
achieving an analysis at temporal and spatial resolutions 
of 200  fs and 20  nm, respectively [84]. The near-field 
response of this sample originates from the interac-
tion between graphene plasmons and the surface pho-
non modes of SiO2 . Figure  2b displays spatiotemporally 
resolved near-field mapping of a region containing vari-
ous layers of graphene exfoliated on a SiO2/Si substrate, 
with the number of layers indicated in the top panel 

and confirmed by Raman spectroscopy. Results of spa-
tiotemporal mapping uncover significant heterogeneity 
in the evolution of the near-field plasmonic response of 
graphene corresponding to the number of layers. Decay 
times associated with various layer numbers can also be 
extracted, quantitatively revealing the dynamics of inter-
actions between hot carriers and phonons. In another 
implementation, THz nano-imaging of a gold grating 
embedded in a Si3N4 layer by integrating s-SNOM with 
THz pulses was achieved, demonstrating its subsurface 
near-field nano-imaging capabilities [105]. THz response 
of graphene and phase-resolved THz nano-imaging of 
WTe2 were further explored, respectively, exhibiting phe-
nomena different from observations at infrared frequen-
cies due to low-energy excitations [106, 107].

While the experiments above were generally per-
formed with weak pump excitations leading to a weak 
ground state perturbation, the use of intense amplified 
laser pulses allows for the far-from-equilibrium and sig-
nificant excited-state pumping. This enabled ultrafast 
s-SNOM to be utilized to investigate the dynamics of 

Fig. 2  Nanoscale heterogeneity revealed by ultrafast nano-imaging. a Schematic of ultrafast NIR-pump/MIR-probe s-SNOM on exfoliated graphene. 
b Spatiotemporally resolved s-SNOM images of exfoliated graphene. c Electronic band structure diagram for NIR-pump/MIR-probe response 
of IMT in VO2 . d Spatiotemporally resolved s-SNOM images with far-from-equilibrium excitation of IMT dynamics of a VO2 microcrystal. e Schematic 
of ultrafast visible-pump/THz-probe s-SNOM experiment on WSe2/WS2 heterostructure. Inset is the band diagram for the carrier tunneling occurred 
at the gap. f Spatially resolved s-SNOM image (top panel) and decay time image (bottom panel) combined with black contour lines. Inset shows 
the electric field intensity measured on two flat regions. g Schematic of ultrafast visible-pump/MIR probe s-SNOM experiment on triple cation 
perovskites (top panel). Spatiotemporally resolved images of photoinduced carrier dynamics (bottom panel)
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the photoinduced insulator-to-metal transition (IMT) in 
vanadium dioxide ( VO2 ) [73, 95, 97, 108]. Pump pulses 
with energy above the band gap are used to induce IMT, 
while MIR probe pulses are used to observe the near-
field Drude response of the emergent metallic phase 
of VO2 (Fig. 2c). Figure 2d shows a series of temporally 
resolved s-SNOM maps of a VO2 microcrystal, reveal-
ing the photoinduced collapse of the band structure and 
the emergence of the metallic phase on sub-picosecond 
time scales. It was shown that the region with a strong 
near-field response shifts over time from the middle of 
the crystal toward the edge. These time-resolved images 
reveal the temporal progression of nanoscale heterogene-
ity during photoinduced IMT in the VO2 microcrystal. 
In related experiments, albeit at low pump fluences and 
contributions of the thermally induced IMT pathways, 
the dynamics of IMT in VO2 nanobeams [109] and thin 
films [98] were investigated. These studies focused on the 
relationships between heterogeneity in IMT dynamics 
and varying pump intensity, ambient temperature, and 
nucleation sites.

Besides the studies on homostructures discussed 
above, ultrafast s-SNOM enables detailed exploration of 
the dynamics of local polarizability in heterostructures 
[110, 111]. Using a combination of s-SNOM with THz 
probe pulses, the dynamics of charge transfer associ-
ated with electron–hole pairs in the transition metal 
dichalcogenide (TMD) heterostructures were resolved 
(Fig.  2e). The WSe2/WS2 heterobilayer exhibits type-II 
band alignment, facilitating the separation of photoin-
duced electrons and holes into different layers. In this 
heterostructure, the interlayer tunneling process has the 
capability to generate coherent THz emission [112]. Con-
sequently, the density of interlayer electron–hole pairs 
can be quantified through the detection of the THz emis-
sion electric field. Figure  2f overlays the 3D topography 
with near-field amplitude (top panel) and the decay time 
of the photoinduced carriers (bottom panel). The hetero-
geneity in these mappings reflects the distribution of the 
density of electron–hole pairs. This work also provides a 
novel approach to investigate the tunneling process with-
out monitoring the lightwave-driven current.

To further reveal the intricate many-body carrier 
dynamics, ultrafast s-SNOM can also be used to inves-
tigate the complex interplay involving electron–phonon 
interactions and electron–electron interactions [93–95]. 
To achieve the necessary combination of strong pump 
far-from-equilibrium excitation with selectively probing 
the excited state, an ultrafast heterodyne pump-probe 
system was developed [95]. This approach allows visu-
alization of the spatiotemporal evolution of the photoin-
duced carrier absorption in a triple cation perovskite by 
capturing ultrafast “movies” (Fig.  2g). The application 

of the phenomenological adiabatic polaron absorption 
model and conventional Drude model allowed to extract 
the carrier relaxation rate from these spatiotemporally 
resolved mappings. The analysis suggests that the hetero-
geneity observed in the transient absorption of the triple 
cation perovskite can be attributed to variations in the 
interaction between photoinduced carriers and the per-
ovskite lattice.

2.2 � Ultrafast nano‑imaging of polariton propagation
Polaritons, as half-light half-matter quasiparticles emerg-
ing from the coupling of electromagnetic waves with 
material excitations, have become a promising pathway 
for manipulating light at the nanoscale. Polaritons are of 
great significance in exploring the properties and func-
tions of materials due to their ability to confine electro-
magnetic waves to dimensions much smaller than the 
wavelength of light. This confinement enhances light-
matter interactions, revealing material-specific electron 
dynamics, vibrational modes, and optical responses 
that are difficult to achieve through other techniques. 
Furthermore, polaritons allow probing of anisotropic 
properties in low-dimensional materials, as well as the 
coupling between electronic, vibrational, and optical 
excitations, making them indispensable in both funda-
mental and applied research of materials. In past stud-
ies, infrared s-SNOM has been successfully employed to 
image the real-space interference patterns of polaritons, 
which can be tuned by varying the gate voltage applied 
to the graphene [113–117]. By combining with polariton 
interferometry measurements, ultrafast s-SNOM enables 
observation of the polariton propagation and interfer-
ence simultaneously in space and time. It is noteworthy 
that polaritons with either near-zero group velocity or 
high propagating loss cannot be detected by s-SNOM, 
due to the absence of polariton interference.

In application to the phonon polaritons (PhPs), ultra-
slow PhPs in a thin hexagonal boron nitride (h-BN) 
slab, which supports two types of hyperbolic PhPs at 
760–825 cm−1 (HPI) and 1370–1610 cm−1 (HPII), were 
respectively observed [85]. Figure 3a shows the near-field 
fringes originating from the interference between the 
edge-launched propagating polaritons and tip-reflected 
propagating polaritons. By adjusting the time delay of 
incident pulses ( ∼100  fs duration) and subtracting the 
background signal, the propagation of PhPs was visual-
ized with nanometer and femtosecond resolution in the 
HPII spectral range (Fig.  3b). Edir represents the light 
directly scattered by the tip at zero time delay. The evo-
lution of EHP shows the PhPs launched by the gold film 
propagating in time. The lifetime of hyperbolic PhPs and 
the signs of group and phase velocities can be extracted 
from these time-resolved data. As shown in Fig. 3c, the 



Page 6 of 23Zhao et al. eLight             (2025) 5:1 

opposite signs of the envelope velocities Ve1 and Ve2 
derived from the near-field fringes reveal the coexistence 
of both positive and negative group velocities, and the 
fringe velocity Vf  indicates positive phase velocity in the 
propagation of PhPs [118].

Meanwhile, the presence of surface plasmon polaritons 
(SPPs) in graphene can be dynamically monitored [86], 
e.g., the generation and propagation of SPPs in a single-
layer graphene encapsulated in h-BN (Fig. 3d). Through 

the photoinduced increase in carrier density, the interfer-
ence fringes became clearly visible, with standing waves 
arising from the interference between tip-launched and 
edge-reflected SPPs. Nano-FTIR measurements on gra-
phene then capture near-field hyperspectral images as a 
function of time delay and distance between the tip and 
the graphene edge. In addition, the dispersion of SPPs 
can be analyzed by converting the distance into momen-
tum. Clearly, the period of standing waves decreases as 

Fig. 3  Ultrafast dynamics of polariton propagation in polaritonic materials. a Schematic of ultrafast MIR-pump/MIR-probe s-SNOM experiment 
on Au/h-BN/SiO2 system, supporting PhPs launched at the edge of gold film. b Ultrafast dynamics of PhPs, unveiled by the evolution of scattered 
electric field intensity versus distance from the gold edge in the HPII spectral range. c Near-field signal of PhPs obtained at fixed spatial 
positions and time delays, with Ve (left panel) and Vf  (right panel) representing the envelope velocity and fringe velocity, respectively. d Ultrafast 
dynamics of plasmon polaritons, as indicated by the spectra measured at different delay times versus the distance from the graphene edge. 
The dashed lines mark the positions where the spatial derivative of s(ω, x) with respect to x, d s(ω, x)/dx = 0. e Ultrafast dynamics of hybrid 
phonon-plasmon polaritons, demonstrated through spatiotemporally resolved images of scattered electric field intensity measured on SiO2/
BP/SiO2 system. f Topograhic image of WSe2 slab on two gold antennas (top panel). Ultrafast dynamics of hyperbolic exciton-polaritons, captured 
through spatiotemporally resolved images of optical phase in the region corresponding to the top panel (bottom panel). g (i) The amplitude (left 
panel) and real part (right panel) of the near-field interference of PhPs launched by two gold antennas on α-MoO3 flake at 990 cm−1 , measured 
at 11.14 ps. (ii) The corresponding measurements at a complex frequency of (990 - 2i) cm−1 . h Evolution of isofrequency contours extracted 
from ultrafast s-SNOM measurements, revealing the topological transition from lenticular to hyperbolic
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the frequency increases, reflecting plasmonic dispersion 
with a positive group velocity. There is an obvious reduc-
tion in both the period and signal strength over delay 
time, which can be attributed to the relaxation of hot 
carriers.

Further, hybrid polaritons which arise from the cou-
pling of plasmon [86], phonon [85], and exciton polari-
tons [87, 88] can be spatiotemporally imaged. Near-field 
nano-imaging and nano-FTIR have resolved the switch-
ing and decay of hybrid polaritons in a SiO2/black phos-
phorus (BP)/SiO2 heterostructure [89] (Fig.  3e). The BP 
supports SPPs that can couple with phonons within the 
Reststrahlen band of SiO2 . In contrast to the behavior 
of SPPs in graphene, the period of the hybrid polaritons 
shows no significant changes with time delay, while the 
propagation length increases due to the involvement of 
phonons. This behavior of the period and propagation 
length provides evidence of the coupling between the 
SPPs and the phonons, in agreement with theoretical 
expectations.

To comprehensively investigate the topological prop-
erties of polaritons, ultrafast s-SNOM can enable the 
visualization of polaritons in 2D materials in both real 
space and k-space by employing nanoantennas such as 
metal disks [90–92]. Different from the direct observa-
tion of the propagation of exciton polaritons [87], the 
pump-induced out-of-plane hyperbolic dispersion of 
exciton polaritons was investigated in a configuration 
with a gold disk placed underneath the WSe2 slab [91]. 
The temporal variations of the interference fringes can 
be clearly observed (Fig. 3f ). The dispersion of polaritons 
is associated with the density of the electron–hole pairs 
generated by the pump pulses, which allows for pump 
intensity control of the near-field patterns and analysis 
of hyperbolic Rydberg polaritons. Similarly, in-plane ani-
sotropic polaritons can also be monitored in spatiotem-
poral nano-imaging by placing a gold disk on the surface 
of polaritonic materials [92, 119]. The interference of in-
plane hyperbolic PhPs launched by two gold antennas on 
the α-MoO3 film was investigated at 990 cm−1 (Fig.  3g-
(i)). However, the interference was weak due to the atten-
uation of polaritons during propagation. To compensate 
for intrinsic losses in polariton propagation, a multifre-
quency approach was demonstrated to synthesize the 
complex-frequency wave (CFW) [119–121]. Utilizing 
the CFW excitation, the propagation distance of the 
polaritons was significantly increased, as confirmed by 
the enhanced interference at (990-2i) cm−1 (Fig. 3g-(ii)). 
With the emergence of polaritons with diverse topologi-
cal properties, such as shear [18], ghost [15], and cana-
lized [122] polaritons, analyzing topological transitions 
in k-space has become essential. As shown in Fig. 3h, by 
applying 2D Fourier transform to real-space images, the 

shape of isofrequency contours (IFCs) was observed to 
change over time from lenticular to hyperbolic, directly 
revealing the dynamic evolution of polariton dispersion 
in anisotropic material.

2.3 � Spatiotemporally resolved nano‑spectroscopy
Previous sections introduced ultrafast s-SNOM experi-
ments probing heterogeneities in material responses in 
spatiotemporal nano-imaging. The experiments shown 
so far detected the probe signal in a spectrally integrated 
fashion, i.e., without spectroscopic information. In order 
to also obtain information about the electronic or lattice 
resonances, time-resolved nano-spectroscopy or full spa-
tio-spectral-temporally resolved nano-imaging needs to 
be performed. Ultrafast nano-spectroscopy implements 
time-resolved spectroscopy with nanoscale spatial reso-
lution [123], which is essential to investigate the underly-
ing mechanisms responsible for the heterogeneity arising 
from various interaction processes in different materials 
and systems, including graphene [124], semiconductors 
[99, 125], plasmonic nanostructures [100], and others.

The dynamics of various light-matter interactions 
investigated through ultrafast nano-spectroscopy can be 
broadly categorized into two parts: short-lived excited 
states under weak perturbation and long-lived excited 
states under strong perturbation. Figure  4a illustrates 
the mechanism of short-lived excited states in the nar-
row bandgap semiconductor InAs [124]. The NIR pulse is 
used to pump carriers across the bandgap, while the MIR 
pulse is utilized to probe the near-field time-resolved 
spectra during the generation of hot carriers and subse-
quent relaxation. Nano-spectroscopy has been employed 
to investigate the dynamics of pump-induced changes to 
the surface plasmons in an InAs film ( ∼2 µ m) grown on 
a GaAs substrate with 200  fs temporal resolution [124]. 
Similarly, Fig. 4b provides an example of NIR pump/THz 
probe spectra measured on an InAs nanowire [126]. In 
this study, electro-optic sampling was used for subcycle 
gate pulse (<10 fs) detection, achieving 10 nm spatial res-
olution and 10 fs temporal resolution. The solid blue line 
indicates the evolution of the resonance frequency over 
the pump-gate delay time, providing insight into the car-
rier density variation in the nanowire.

In the application to photovoltaic perovskites and in 
extension to the ultrafast s-SNOM of the polaron dynam-
ics with far-from-equilibrium excitation [94, 95], spec-
trally resolved heterodyne detected ultrafast s-SNOM 
was performed. Figure  4c shows the diagram of the 
pump-probe measurement concerning long-lived excited 
states with strong perturbation, depicting the process 
of the spectrally resolved extraction of the excited state 
lattice vibration in the form of the complex dielectric 
response. The pump-induced excited-state carriers give 
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rise to both a soft lattice (polaron) response and modi-
fication of the molecular cation vibration. The tem-
porally resolved complex spectral profile △ENF of the 
near-field MIR signal can be extracted from the col-
lected pump-probe signal by the Fourier transform. The 
pump-induced change with respect to the ground state 
in the complex spectral profile in lead halide perovs-
kites resolves the spatial heterogeneity in the coupled 
electron-lattice-molecular cation response. The derived 
frequency shift of the Im[△ENF ] comprising contribu-
tions from both Fano-type interference and excited-state 
vibrational absorption, is consistent with the polaron-
cation coupling. The distinct contributions of vibrational 
and carrier responses to spectral change are able to be 
identified separately (Fig.  4d). In Fig.  4e and f, spectral 
profiles were acquired at different locations and delay 
times on the perovskite film, respectively. The different 
vibrational frequency shifts of Im[△ENF ] reveal the spa-
tial heterogeneity in the polaron-cation coupling, which 
cannot be detected by far-field spectroscopy because of 
spatial averaging. The narrowing of transient absorption 
spectra with increasing time delay is interpreted as pro-
gressive carrier stabilization, attributable to mechanisms 
such as polaron formation, revealing the photoinduced 

polaron dynamics. Recently, the dynamics of charge car-
riers in organic–inorganic metal halide perovskite films 
have also been studied through ultrafast s-SNOM imple-
menting THz nano-spectroscopy with subcycle temporal 
resolution, which facilitates the analysis of chemical com-
position and crystallographic phase [127]. These results 
provide a real-space real-time view of the spatio-spec-
tral-temporal dynamics underlying the photophysical 
response of perovskites.

3 � Ultrafast nanofocusing
Traditional near-field optical microscopy provides a ver-
satile tool for ultrafast nano-imaging in the linear opti-
cal regime. However, advanced ultrafast spectroscopic 
techniques such as coherent 2D spectroscopy, which 
can probe coupled degrees of freedom and coherent 
dynamics of various excitations in matter, require non-
linear optical signals. Generating near-field coherent 
nonlinear optical responses in s-SNOM is challenging 
due to the generally weak local field enhancement and 
lack of synchronization between cantilever oscillations 
and pulsed laser output in terms of repetition rate and 
duty cycle. Recently, an alternative approach to coher-
ent nonlinear nano-spectroscopy and nano-imaging has 

Fig. 4  Ultrafast nano-spectroscopy with s-SNOM. a Schematic of the InAs band structure. Inset depicts carrier generation and the Fermi-Dirac 
distribution before relaxation to the equilibrium state. b Temporally resolved absolute phase spectra of the scattered electric field, measured 
at the center of the InAs nanowire. c Schematic illustrating the procedure for retrieving the dielectric function change from the pump-probe 
signal. d Composition analysis of Im[△ENF ], showing separated contributions from vibrational and carrier responses. e Spatial heterogeneity 
in polaron-cation coupling revealed by measurements at different positions on the perovskite. f Temporal evolution of absorption spectra 
of the perovskite
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been developed. This approach is based on the concept 
of adiabatic plasmonic nanofocusing [128, 129], which is 
schematically illustrated in Fig.  1a and further demon-
strated in Fig.  5a. Another innovative method involves 
designing a spiral-grating metal-coated tip on an optical 
fiber, which enables high resolution while maintaining 
high throughput and contrast [130] (Fig. 5b). Instead of 
focusing onto the apex of a tip as in conventional near-
field optical microscopy, the incident light is first coupled 
into SPPs away from the tip apex, for example, via a grat-
ing coupler. The SPPs then propagate without radiation 
into the far field on the surface of a tapered tip towards 

the apex. Upon propagation, the lowest-order azimuthal 
mode experiences a continuous asymptotic increase of 
the group index, 3D mode compression, slow down [131], 
and field enhancement, eventually scattering into the far 
field at the apex [132]. As a result, a bright point-like light 
source is formed at the tip apex, which can be used for 
background-free nano-spectroscopy and nano-imaging.

3.1 � Nanofocusing‑based ultrafast nano‑spectroscopy 
and nano‑imaging

Among various experimental implementations of adi-
abatic plasmonic nanofocusing, the conical metal tip 

Fig. 5  Femtosecond nanofocusing and nonlinear nano-imaging. a Schematic illustration of ultrafast SPP nanofocusing on a sharp metal tip 
brought into close proximity to sample surface. b Schematic of a spiral-grating conical tip integrated on an optical fiber for nanofocusing 
measurements (top panel). Top and side views of the optical nanofocusing spot emitted from the tip apex (bottom panels). c Power 
dependence of nanofocused FWM signal on a log-log scale (circles), with a cubic fit (red line) showing slope of 3.01± 0.08 . d Nanofocused FWM 
and fundamental SPP spectra collected from the tip apex in proximity with WSe2 monolayer. e Interferometric FWM spectrogram measured 
on a bare tip. f Nanofocused FWM images measured on a gold step edge with two-pulse excitation, corresponding to an inter-pulse delay of τ 
= 0 fs (top), 8.2 fs (middle) and 16.4 fs (bottom) and demonstrating evolution of the relative intensities in spots S1 , S2 and S3 . g FWM intensity 
in S1 and S2 for 3 selected delays, showing variation in dephasing time T2 , with simulation for T2 = 16 fs (black curve) and T2 = 10 fs (red curve). 
h Schematic of grating-coupling and femtosecond adiabatic nanofocusing combined with pulse shaping for nanolocalized FWM excitation in 
graphene. i Normalized polarization dependence of graphene FWM (red) and tip FWM (blue, magnified x10), fitted by a cos2θ dependence. j 
Nanofocused FWM imaging of monolayer graphene with a line-cut (red) extracted from signal averaging along the edge-parallel direction (across 
the rectangular box). k FWM images of graphene with two-pulse excitation, corresponding to five inter-pulse delays (from top to bottom), τ = 0, 5.6, 
11.2, 16.6 and 19.3 fs. l FWM intensity of the graphene edge (right red square in k) for 5 selected delays (blue circles), with finite decoherence time 
of T2 = 6± 1 fs (red solid curve and red dashed envelope), compared to a simulated instantaneous response (black dashed envelope). m Schematic 
of nanofocusing-based 2ω-CARS measurement on the multi-walled carbon nanotube (top panel). Nanofocusing-based 2ω-CARS imaging at the D-, 
G-, and 2D-bands (bottom panel)
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geometry with a grating engraved at a 10–30 µ m distance 
from the tip apex [133] has proved particularly suit-
able for ultrafast nano-spectroscopy as it is intrinsically 
broadband, compatible with ultrashort laser pulses, and 
can be easily incorporated into a scanning probe micro-
scope, for example, in the non-contact shear-force feed-
back mode. For time-resolved spectroscopy with few-fs 
temporal resolution, ultrashort laser pulses are spectrally 
shaped, grating-coupled, and nanofocused on a tip. In 
order to achieve transform-limited pulses at the tip apex, 
dispersion pre-compensation and pulse shaping [79, 134, 
135] have been used together with adaptive iterative 
algorithms such as multiphoton intra-pulse interference 
phase scan (MIIPS). The feedback signal for optimizing 
the pulse shape is provided by local SHG, which results 
from the broken inversion symmetry in the axial direc-
tion [136] and nanofocusing-induced compression of the 
SPP mode volume with multi-fold increase in the local 
optical field amplitude at the tip apex. Further, full deter-
ministic optical waveform control of nanofocused SPPs 
has been enabled as demonstrated in [79] via measure-
ments based on frequency-resolved optical gating (FROG 
and XFROG).

The nanofocusing approach enables simultaneous com-
pression of optical fields in space and time. Experiments 
on imaging nanostructured surfaces [137] and nanopar-
ticles [138] with nanofocused SPPs have demonstrated 
field localization at the sub 20–30 nm level, which can 
be improved further to a few-nm level by using the gap-
plasmon geometry [139]. This allows various implemen-
tations of nanofocusing-based imaging of nanomaterials 
with deep subwavelength spatial resolution, as demon-
strated in several works with nano-localized Raman spec-
troscopy [140, 141], photocurrent imaging [142], 
coherent light scattering [143], and broadband spectral 
bandgap nano-imaging [144]. In the temporal domain, 
the nanofocused SPP pulse durations can reach down to 
the few-cycle level limited by the employed laser sources, 
as has been demonstrated in experiments on nanofo-
cused photoemission [145, 146], enabling the implemen-
tation of nanofocusing-based ultrafast spectroscopy via 
spectral interferometry [147] and local manipulation of 
low-dimensional materials with femtosecond laser pulses 
[148].

The nm-fs spatiotemporal confinement of optical fields 
achieved with adiabatic plasmonic nanofocusing opens 
new opportunities for generating nonlinear optical sig-
nals on the nanoscale. Particularly interesting are third-
order nonlinear processes, which provide the basis for 
all-optical control and enable realization of multidimen-
sional spectroscopies for studying quantum coherence 
and coupling in nanomaterials. Efficient third-order non-
linearity has been demonstrated for SPPs nanofocused 

on a gold tip via FWM [81]. In the experiment, the FWM 
response is generated predominantly within the nano-
scopic volume at the apex and exhibits a cubic depend-
ence on the excitation power as shown in Fig.  5c. The 
short-wavelength part of a broadband excitation laser 
spectrum is blocked with a long-pass filter, and the FWM 
signal is selected with a short-pass filter resulting in fun-
damental and FWM spectra shown in Fig.  5d. A two-
pulse interferometric FWM spectrogram illustrated in 
Fig. 5e can be used to probe an ultrafast FWM response, 
which in the case of a bare gold tip decays within few fs 
and can be effectively instantaneous in a non-resonant 
case [81]. The efficient 3rd-order nonlinear response of 
nanofocused SPPs has been a subject of a more detailed 
investigation, which revealed the existence of an addi-
tional nonlinearity mechanism enabled by high longitu-
dinal field gradients associated with plasmon modes at 
the tip apex [149].

FWM signals generated at the tip apex are highly sen-
sitive to the local field enhancement and can be used to 
probe local field distribution and corresponding fs-scale 
dynamics in a wide range of samples. Figure  5f shows 
the results of femtosecond near-field imaging of local 
plasmon dynamics in a thermally evaporated 100  nm 
thick gold film sample [81], where the gold tip is ras-
ter scanned at a few-nm distance above sample surface 
while the grating is illuminated with pairs of ∼10  fs 
laser pulses producing nanofocused FWM at the tip 
apex. Upon scanning over the gold film edge, nanoscale 
regions with strong FWM signal (hot spots S1,2,3 ) appear 
due to nonlinear polarization enhancement by localized 
surface plasmon resonances (LSPRs). These hot spots 
show different FWM decay dynamics, as observed in 
Fig. 5f where FWM images at different interpulse delays 
are normalized to the amplitude at region S1 . Fitting the 
experimental data with a model accounting for a Lorent-
zian response with resonant frequency ωres and dephas-
ing time T2 yields similar resonance frequencies (800 nm 
and 790 nm) yet significantly different dephasing times T2 
(16 fs and 10 fs) as shown in Fig. 5g. These results mani-
fest the first nonlinear optical spatio-temporal nano-
imaging of coherent dynamics and demonstrate the 
potential of nanofocused FWM spectroscopy for investi-
gating optical properties in a wide range of materials on 
nm-fs scales.

Nanofocusing-based nonlinear nano-imaging is par-
ticularly suitable for investigation of novel van der 
Waals 2D materials, where nanoscale inhomogenei-
ties, grain boundaries, edges, and defects can crucially 
affect the local electron dynamics and associated opti-
cal properties. This has been demonstrated in the appli-
cation of nanofocusing-based spectroscopy to study 
ultrafast coherent dynamics in graphene [82], with the 
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experimental configuration illustrated in Fig.  5h. The 
FWM signal is generated in graphene itself with in-plane 
polarization, and, despite the interaction area of only 
about 1000 carbon atoms, dominates over the FWM 
signal generated in the gold volume at the tip apex with 
out-of-plane polarization as shown in Fig. 5i. This strong 
graphene-generated FWM allows imaging its nanoscale 
distribution in the two-pulse excitation scheme with 
variable interpulse delay. Interestingly, the FWM inten-
sity is enhanced at the edges as shown in Fig. 5j, with the 
spatial extent of the enhancement ranging from 100 to 
400  nm scale, which exceeds the near-field localization 
by an order of magnitude. This delocalization behavior 
is attributed to Doppler broadening, which, due to the 
unusually high Fermi velocity in graphene vF , limits the 
spatial resolution to scales of �L ≃ 2πvF/�ω , where 
�ω is the bandwidth of the FWM response. From the 
results of time-resolved FWM nano-imaging shown in 
Fig. 5k and the modelling of FWM autocorrelation traces 
shown in Fig. 5l, a dephasing time T2 in the range of 5 to 
6  fs is obtained, which exhibits no discernible variation 
across the graphene flake and on the edges [82]. Such fast 
dephasing is attributed to efficient carrier-carrier scat-
tering, which is screened only weakly in a 2D graphene 
sheet, and associated impact ionization as well as Auger 
recombination processes leading to rapid energy and 
momentum redistribution.

In contrast to the broadband response of graphene, 
the generation of nonlinear optical signals in 2D van der 
Waals semiconductors is strongly affected by the pres-
ence of excitonic resonances [80, 150, 151]. In monolayer 
transition metal dichalcogenide WSe2 [80], the nonlinear 
optical response induced by nanofocused SPPs is com-
plex and includes SHG due to the intrinsically broken 
inversion symmetry, 2-photon PL due to the A-exciton 
resonance, and FWM signal, which is extracted by fit-
ting the measured spectrum and subtracting its SHG and 
2-photon PL parts (Fig.  5d). Measurements of the local 
FWM autocorrelation traces in 1L WSe2 with two-pulse 
nanofocused SPPs excitation under the tip apex and 
nano-imaging reveal a resonant response with dephasing 
times ranging from 5 to 60 fs with spatial variation on the 
50 to 100 nm scale. This fast and spatially heterogeneous 
dephasing is attributed to thermally activated exciton-
phonon interaction and disorder-induced scattering, 
which depends sensitively on the local presence of grain 
boundaries, line defects, and strain.

In addition to probing local femtosecond dynam-
ics via FWM, the efficient third-order nonlinear optical 
response induced by nanofocused SPPs can be used to 
access vibrational resonances via CARS. It was shown 
that spectral focusing via ultrafast pulse shaping in com-
bination with SPP nanofocusing on a gold tip achieves 

selective CARS excitation of a single Raman mode of car-
bon nanotubes [135], with corresponding spatial mapping 
on the nanoscale. The approach was further developed to 
demonstrate a new modality of CARS microscopy with 
simultaneous nanofocusing of phase-shaped 800  nm 
pump and 440 nm probe pulses on an aluminum tip [83]. 
Using this nanofocusing-based 2ω-CARS, an enhanced 
Raman response of the G- and 2D-bands in monolayer 
graphene was observed, and multi-walled carbon nano-
tubes were imaged using the D-, G-, and 2D-bands with 
spatial resolution of less than 90 nm (Fig. 5m).

3.2 � Nanofocusing‑based ultrafast electron microscopy
Beyond nonlinear optical nano-spectroscopy, plasmonic 
nanofocusing provides a promising approach towards 
new modalities of ultrafast electron microscopy. Pho-
toemission from sharp metal tips under direct apex 
illumination with ultrashort laser pulses potentially 
allows for the development of point-like sources of high-
brightness coherent femtosecond electron wavepackets 
for femtosecond point-projection microscopy (fsPPM) 
[152–155]. However, the spatial and temporal resolu-
tion achievable in fsPPM is ultimately limited by the tip-
sample distance, which cannot be made much smaller 
than 10 µ m due to undesired sample illumination. Plas-
monic nanofocusing, with its efficient background-free 
confinement of optical field in the nanoscopic volume at 
the tip apex, allows for reducing the tip-sample distance 
down to sub-micrometer level and thus offers a powerful 
approach to improving the resolution of the fsPPM tech-
nique. Nanofocusing-based sources of ultrafast electron 
wavepackets have been experimentally demonstrated 
and studied in several works [145, 146, 156], with a typi-
cal setup shown in Fig.  6a. Inside an ultrahigh-vacuum 
(UHV) chamber, a few-cycle SPP pulse is launched on 
the tip shaft via grating coupling and propagates to the 
apex, undergoing adiabatic 3D compression of the opti-
cal mode. Electrons are generated at the apex in a mul-
tiphoton photoemission process, accelerated, and imaged 
with a microchannel plate (MCP) detector, a fluorescent 
screen, and a CMOS camera. From interferometric auto-
correlation measurements shown in Fig. 6b, the electron 
pulse duration at the tip apex is extracted as 7.7 fs, which 
is only slightly longer than the original optical pump 
pulse duration of 5  fs [146] and enables the possibility 
for ultrafast electron microscopy with sub-10 fs temporal 
resolution. The nanofocusing-based electron point source 
has been used to image a single InP nanowire contain-
ing n- and p-doped segments [146], as shown in Fig. 6c. 
Here, the trajectories of tip-emitted electrons sensitively 
depend on local electric near fields in the vicinity of the 
nanowire [153], with the dominant deflection occurring 
in the nanowire-normal direction. Depending on the 
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sign of the electric near fields, electrons are deflected 
either towards or away from the nanowire (black dashed 
lines), which translates into the opposite contrast for n- 
and p-doped regions seen in the resulting background-
subtracted electron distribution (top panel) and in the 
second derivative of the corresponding Gaussian-fitted 
profiles (bottom panel), demonstrating spatial resolution 
on the order of tens of nanometers.

Further, the nanofocusing-based electron source has 
been used to implement UPEM with temporal resolution 
down to 25 fs [157]. Here, in a pump-probe experiment, 
electron wavepackets were generated via probe pulses at 
1.8 µ m wavelength nanofocused on a sharp gold tip, while 
a sample consisting of a nanogap antenna fabricated in a 
30 nm thick gold film was excited by pump pulses derived 
from the same laser. Nanofocusing-generated electrons 
were accelerated towards the sample placed 2.7 µ m away 
from the tip apex, diffracted by the sample, and captured 
by a distant MCP detector to obtain a 2D image as shown 
in Fig.  6d (top panel), with the two circles correspond-
ing to the two nanoholes in the gold film where probe 
electrons are mostly transmitted without scattering. 
When the sample was optically pumped (bottom panel), 
a cloud of photoemitted electrons was generated in the 
nanogap, which resulted in the local reduction in probe 
electron transmission. By measuring the image on the 

detector as a function of the pump-probe time delay, the 
release and expansion dynamics of the pump-generated 
electron cloud photoemitted from the nanogap sample 
were captured with simultaneous spatiotemporal resolu-
tion of 20  nm and 25  fs, made possible by the reduced 
tip-sample distance in the nanofocusing configuration. 
The nanofocusing-based UPEM was developed further 
to incorporate a time-of-flight detector and addition-
ally probe electron kinetic energy distribution shown in 
Fig.  6e, which allowed distinguishing between angular 
deflection of the probe electrons due to the transverse 
local field components and acceleration/deceleration due 
to the longitudinal local field components [158]. Recently, 
it was demonstrated that nanofocusing-based UPEM can 
be applied to directly probe optical near fields and cor-
responding ultrafast dynamics of a nanoscale Yagi-Uda 
antenna consisting of three parallel slots in a 13 nm thick 
gold film [159], with a characteristic spatiotemporal elec-
tron image shown in Fig.  6f-(i). The result of subtract-
ing a reference signal obtained without optical pump 
reveals deflection of the probe electrons by transient near 
fields from regions inside the slots (blue, lower signal) to 
regions outside the slots (red, higher signal), with 80  fs 
dynamics defined by the antenna plasmon resonance 
as compared to 20  fs full width at half maximum of the 
pump pulses (Fig. 6f-(ii)).

Fig. 6  Nanofocusing-based ultrafast point projection electron microscopy. a Schematic of the setup for remotely driven electron emission, 
with SPP wavepackets nanofocusing at the apex of a gold tip, which results in electron emission. Electrons are then detected in a point-projection 
setup. b Interferometric autocorrelation of the photoelectron current emitted from tip apex under grating-coupled nanofocused SPP excitation 
(circles) together with fit (curve) assuming sech2 pulse shape. c Background-subtracted PPM image of the transition region of an individual InP 
nanowire in the nanofocused SPP-driven mode. d Point-projection image of a double-nanohole gold antenna recorded in the absence of a pump 
laser with nanofocused SPP-driven electron source. e Kinetic energy spectrum of photoelectrons emitted from a nanofocused SPP-driven tip 
and transmitted through the center of a double-nanohole gold antenna in UPEM as a function of pump-probe delay. f (i) Spatially and temporally 
resolved images of a Yagi-Uda slit antenna integrated along the slit axis measured in a nanofocusing-based UPEM. (ii) Corresponding differential 
images obtained by subtracting data in the absence of pump pulses
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4 � Ultrafast STM
Exploring light-matter interactions at ultrafast time-
scales down to the femtosecond range and high spatial 
resolutions reaching the sub-ångström level has been a 
long-standing objective of scanning probe techniques. In 
recent years, related techniques have experienced signifi-
cant progress with the emergence of ultrafast STM. The 
operation of ultrafast STM requires precise, high-speed 
control of quantum tunneling between the tip and sam-
ple. By applying ultrafast electromagnetic pulses to mod-
ulate the local electric field at the STM junction (Fig. 1a), 
rapid changes in the electron tunneling processes occur 
in response to the pulses, leading to the generation of a 
corresponding ultrafast current component. This enables 
ultrafast STM to achieve signal modulation for probing 
tunneling dynamics, providing temporal resolution down 
to the femtosecond scale as determined by the pulse 
duration. This cutting-edge technique combines the abil-
ity to resolve electronic density distribution down to the 
sub-ångström scale of STM with transient electromag-
netic field control of the tunneling processes [160–162]. 
The light-assisted tunneling processes in the STM junc-
tion can be categorized into photon-driven tunneling 
and field-driven tunneling characterized by the Keldysh 
parameter γ ( γ = 

√
Ebarrier/2UP  , where Ebarrier is tun-

neling barrier and UP is ponderomotive kinetic energy) 
[163, 164] (Fig.  7a). Photon-driven tunneling domi-
nates the tunneling process when γ > 1 , as multipho-
ton absorption can excite electrons near the Fermi level 
in tunnel junction, thereby inducing electron tunneling. 
In contrast, when the local electric field in tunnel junc-
tion is sufficiently high ( γ < 1 ), the potential barrier 
experiences a significant bend. Electrons can easily tun-
nel to the other side without the need for multiphoton 
absorption, facilitating a transition from photon-driven 
tunneling to field-driven tunneling. Recognizing these 
distinct tunneling mechanisms is crucial for elucidating 
the fundamental processes involved.

Despite achieving such high spatial resolution, intro-
ducing optical pulses into STM presents notable chal-
lenges, particularly the signal distortion due to thermal 
expansion [165] with incident photon energy at the visi-
ble light range or even higher frequencies. Recent studies 
have shown that light-induced thermal expansion can be 
significantly suppressed via either involving light of lower 
frequencies, extending down to the terahertz range, or 
by employing ultrashort laser pulses of durations even 
shorter than 6  fs [164, 166], due to their minimal ther-
mal effects. Building on these developments, we review 
the critical influence of the carrier-envelope phase (CEP) 
in ultrashort pulses for ultrafast STM, introducing an 
ultrafast asymmetric electric field into the tunnel junc-
tion. This asymmetry significantly affects the tunneling 

dynamics within the STM junction, facilitating a more 
profound exploration of quantum states and the precise, 
coherent control over electronic and vibrational dynam-
ics [162, 164, 167, 168].

An alternative strategy to mitigating thermal expansion 
is to extract the modulated ultrafast tunnel current by 
adopting delay-time modulation rather than laser inten-
sity modulation [169–171]. In this approach, the tunnel 
current resulting from thermal expansion is filtered out 
as an averaged background, which will be discussed in 
detail in the “Lightwave-driven delay-time modulation 
STM” section. Consequently, the ultrafast components 
within the tunnel current can be isolated through the 
lock-in technique, enhancing the precision of ultrafast 
response. As a result of recent technological advance-
ments, ultrafast STM has facilitated a plethora of unprec-
edented in-depth investigations into the electronic and 
vibrational dynamics in metals, semiconductors, mole-
cules, 2D materials, and diverse quantum materials down 
to picometer spatial and femtosecond temporal resolu-
tion [160, 172–176].

4.1 � Terahertz scanning tunneling microscopy
Recent advancements in THz techniques and the design 
of lightwave-driven STM have facilitated the integra-
tion of few-cycle THz pulses into STM, leading to the 
development of terahertz scanning tunneling micros-
copy (THz-STM). Traditional STM employs electronic 
approach to control the bias voltage applied to the STM 
tip for manipulating the tunneling process. Similarly, 
THz-STM relies on modulating the bias voltage, but 
this modulation is facilitated by THz pulses. This opti-
cal approach enables high-speed control, allowing THz-
STM to achieve femtosecond temporal resolution. The 
key advantage of the application of THz pulses lies in the 
strong electric field and low photon energy, which leads 
to minimal absorption by a metallic tip and consequently 
negligible thermal effects [166]. This advantage allows 
researchers to perform ultrafast experiments in THz-
STM alongside the conventional optical pump-probe 
techniques, effectively bypassing the issue of noise from 
thermal expansion.

Figure  7b outlines the schematic diagram of an early 
example of the experimental configuration of THz-STM 
[166]. Free-space terahertz pulses with a frequency range 
from 0.1 to 10 THz are focused on the STM tip, leading 
to a strong transient electric field confined at the tip apex. 
The oscillating electric field induces a voltage pulse in 
the STM junction, generating tunnel current. To extract 
the tunnel current induced by THz pulses, the system 
employs an optical chopper to modulate the intensity 
of THz pulses and a lock-in amplifier to demodulate 
the tunnel current signal. The principle of THz-STM is 



Page 14 of 23Zhao et al. eLight             (2025) 5:1 

Fig. 7  Spatio-spectral-temporally resolved dynamics demonstrated by ultrafast STM and coherent manipulation of tunneling processes. a 
Illustration of the photon-driven tunneling process (left panel) and the field-driven tunneling process (right panel) in STM junction. b Schematic 
of a terahertz scanning tunneling microscope (top panel) and electric field enhancement at the apex of tip (bottom panel). c Nonlinear relationship 
between the tunnel current and the voltage across the tunnel junction. The application of bias voltage results in an asymmetric tunnel current 
response with a significant rectified component. d THz-STM autocorrelation images of gold islands on HOPG from 0 fs to 500 fs, in intervals 
of 250 fs. e (i) Constant-current STM image of a pentacene molecule HOMO (top left) and a copper phthalocyanine molecule HOMO (bottom 
right). (ii) THz-STM measurements performed on these different molecules, with positions marked with the red and blue circles shown in the left 
panel, indicating distinct coherent molecular oscillations. f IETS (left panel) and TRS (right panel) measurements of H2 molecule at three positions 
on a Cu2 N island. g Tunnel current measured on a gold nanorod, revealing temporal oscillations of LSPRs. h Electron population evolution 
of coherent interference between the HOMO and surface state. i Count of rectified electrons induced by incident electric fields at different CEPs 
( φ = 0,π ). j Rectified current variation with bias voltage at three different CEPs ( φ = 0,π/2,π ). The right panel shows distinct electron motion 
behaviors corresponding to the CEPs. k Tunnel current as a function of CEPs with different tunnel gap widths. The bias voltage is 100 mV. The white 
dashed line represents the maximum values of the tunnel current for varying the tunnel gaps
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based on the I–V dependence of the tunnel junction 
(Fig. 7c), which is depicted by the Simmons model [166]. 
Considering the nonlinear I–V dependence and that the 
measured tunnel current results from integrating the 
lightwave-driven current over time, applying a bias volt-
age to the STM tip is crucial for obtaining a sufficient rec-
tified component of the tunnel current, which arises from 
the asymmetric response. In the early example shown in 
Fig. 7d, THz-STM autocorrelation measurements investi-
gating carrier dynamics were performed with gold islands 
deposited on a highly ordered pyrolytic graphite (HOPG) 
substrate, demonstrating 2 nm spatial and subpicosecond 
(< 500  fs) temporal resolution at room temperature. In 
subsequent studies [160, 161, 172, 173], the integration of 
THz-STM with low-temperature facilitated higher spatial 
resolution, reaching ångström scale at around 100 K, and 
sub-ångström precision at temperatures near 10 K. With 
this superior spatiotemporal resolution, THz-STM ena-
bles direct observation of quantum coherence [162], the 
distribution of local density of states (LDOS) [176, 177], 
charge density waves [178], and provides access to phase-
resolved spectroscopy [179] and luminescence spectros-
copy [180].

In addition to probing electronic dynamics, THz-STM 
can unravel vibrational dynamics, e.g., the dynamics of 
pentacene molecules on a monolayer sodium chloride 
island that electrically insulates the molecules from the 
underlying gold substrate, forming a classical double-
barrier geometry [160]. With the strong electric field of 
THz pulses, the Fermi level of the tip can be aligned with 
the substrate and molecular orbitals, such as the lowest 
unoccupied molecular orbital (LUMO) or the highest 
occupied molecular orbital (HOMO), enabling electron 
tunneling. During the tunneling process, an electron tun-
nels from the molecular orbital to the tip, resulting in the 
molecule being temporarily charged, which triggers oscil-
lations of the molecule in the tunnel junction as a result 
of altered Coulomb and van der Waals interactions. This 
allowed the observation of coherent oscillations in tun-
nel current, originating from the distinct motion of pen-
tacene and copper phthalocyanine molecules (Fig.  7e). 
The measured current oscillations at marked positions 
on the constant-current STM image exhibit different fre-
quencies (Red: 0.3 THz. Blue: 0.5 THz), correlating with 
molecular properties. Further, the atomic-scale force 
pulse originating from breaking the equilibrium of force 
can induce ultrafast switching in molecular structural 
configurations. For instance, the ultrafast force gener-
ated by THz-STM can be utilized to switch a magnesium 
phthalocyanine (MgPc) molecule between two stable 
adsorption geometries within a double-well potential 
[174]. Overall, by investigating molecular motion dynam-
ics through current oscillations, THz-STM showcases the 

capability to probe ultrafast processes at the molecular 
level.

To enhance functionality further, molecules in tunnel 
junctions of THz-STM are frequently employed as ultra-
fast switches and coherent sensors. Based on the previous 
work [174], the MgPc molecule has been demonstrated 
to function as an ultrafast switch by altering its adsorp-
tion geometries on the substrate in response to a tran-
sient THz electric field [181]. Moreover, the switching 
rate of the MgPc molecule between two stable adsorp-
tion geometries is discovered to have a strong correla-
tion with the voltage waveform inside the STM junction, 
making the molecule an effective atomic-scale voltage 
gauge. Utilizing these properties, reconstruction of the 
transient near field confined around the STM junction is 
successfully realized. These works have inspired further 
research [182] on the non-destructive methods for prob-
ing the near-field waveform within the STM junction. By 
integrating THz-STM with THz pulse cross-correlations, 
spectral measurements of THz near field in the tunnel 
junction have been successfully demonstrated, eliminat-
ing the requirement for molecules to serve as ultrafast 
switches. Moreover, H2 molecule was demonstrated to 
serve as a quantum sensor for imaging the surface het-
erogeneity of Cu2 N islands on a Cu(100) surface [161]. 
When the energy of tunneling electrons was sufficient to 
excite vibrational or rotational states of the H2 molecule, 
the THz pulse drove a coherent oscillation of the H2 mol-
ecule, resulting in a significant change in the population 
of two distinct adsorption configurations of the molecule. 
Utilizing the coherent oscillations of the molecular two-
level system, which exhibits extreme sensitivity to the 
applied electric field [183] and the underlying atomic 
composition of the Cu2N/Cu(100) system, an enhance-
ment in spatial resolution can be achieved. Conventional 
inelastic electron tunneling spectroscopy (IETS) was per-
formed to confirm the presence of the H2 molecule, and 
a comparison with IETS results indicated that terahertz 
rectification spectroscopy (TRS) also effectively drives 
excitation processes (Fig.  7f ). Further conducting THz-
STM measurements in TRS mode can result in improved 
signal contrast relative to both IETS and single beam 
TRS, enabling sub-ångström spatial resolution and fem-
tosecond temporal resolution with energy-level resolu-
tion in the GHz range.

4.2 � Ultrashort near‑infrared pulse scanning tunneling 
microscopy

As the pulse duration becomes ultrashort, the cou-
pling between laser pulse and atomic lattice diminishes 
even at NIR frequencies, resulting in a notable suppres-
sion of thermal effects. Considering that the employed 
ultrashort pulses are typically few-cycle in nature, their 
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characteristics are profoundly influenced by the pulse’s 
CEP, which makes the utilization of CEP-stable pulses 
essential. For example, by employing CEP-stable ultra-
short (< 6  fs) NIR ( ∼810  nm) pulses, the manipula-
tion of electrons by varying tunnel gaps, bias voltages, 
and CEPs of pulses was investigated in the field-driven 
regime [164]. Using this precise setup, the coherent 
relaxation dynamics of LSPRs with ∼40 fs characteristic 
time in a gold nanorod can be observed (Fig. 7g). In the 
subsequent study shown in Fig. 7h, the quantum coher-
ent interference excited in perylenetetracarboxylic dian-
hydride (PTCDA) molecules by orthogonally polarized 
pulses was explored in the photon-driven regime [162]. 
By changing the delay time between the orthogonally 
polarized CEP-stable ultrashort pulses, the polarization 
of the total electric field can be manipulated to investi-
gate coherent interference among the HOMO, LUMO, 
and surface state of Au(111).

4.3 � Coherent manipulation in ultrafast STM
Coherence is an important and fascinating characteris-
tic of ultrafast laser pulses. As to the tunneling processes 
assisted by the ultrafast laser, the phase information 
from the ultrafast laser is coherently transferred to the 
samples within the tunnel junction, including but not 
limited to atoms, molecules, and semiconductors. This 
opens up new opportunities to investigate the quantum 
coherent phenomena and their dynamics inside the tun-
nel junctions. Moreover, the phase of the ultrafast pulse 
gains further significance when the ultrafast laser pulse 
(including both THz laser pulse and ultrashort laser 
pulses) approaches the few cycles or even half-cycle limit. 
Under such conditions, the CEP of the ultrashort pulse 
becomes critical, influencing the electric field’s polarity 
and subsequently controlling the tunneling process.

Precisely controlling the CEPs of laser pulses is impor-
tant for achieving ultrafast coherent manipulation of 
tunnel electrons. Recently, the manipulation of tunnel 
electrons in the STM junction by controlling the CEP of a 
single-cycle THz pulse was achieved [167, 168]. When no 
bias voltage is applied to the tunnel junction, the rectified 
electrons exhibit opposite responses corresponding to 
the CEP of THz pulse at 0 and π (Fig. 7i). The dashed line 
calculated using the Simmons model, aligns closely with 
the experimental results. Figure 7j shows the tunnel cur-
rent in relation to the bias voltage for three distinct CEPs: 
0, π/2 , and π , while the right panels depict the corre-
sponding motions of tunnel electrons at these respective 
CEPs. The remarkable feature observed in these curves is 
the occurrence of pulse trains as the bias voltage changes, 
which is evidence that the current is generated in a tun-
nel junction, proving the coherent manipulation capa-
bilities of both the bias voltage and the CEP. Figure  7k 

also indicates the influence of the tunnel gap on the tun-
nel current [164]. It was shown that a decrease in the 
tunnel gap by 1  nm can lead to a reduction of approxi-
mately 600 as in the time required for electrons to tun-
nel through the barrier. These findings are motivating for 
the future advancement of coherently manipulating tun-
neling processes on a sub-femtosecond timescale.

4.4 � Lightwave‑driven delay‑time modulation STM
In addition to the efforts to mitigate thermal expansion 
by employing THz and ultrashort pulses, researchers 
have demonstrated an alternative approach to iso-
late noise originating from thermal expansion. Unlike 
the previously mentioned techniques which modulate 
pulse intensity, the key idea of this strategy is to modu-
late the delay time between pump and probe pulses 
instead (Fig.  8a), leaving the thermal expansion of the 
tunnel junction as an averaged background to a large 
extent [184]. Consequently, the tunnel current originat-
ing from the thermal expansion exhibits a different fre-
quency compared to the current from optically excited 
phenomena, which effectively suppresses signal interfer-
ence from thermal effects through lock-in demodulation. 
The delay-time modulation techniques, which are mainly 
discrete modulation methods, can be implemented using 
pulse pickers [169] and switching optical paths [185], 
among other techniques [186]. These discrete modula-
tion approaches not only further suppress noise but also 
broaden the scanning range of the delay time. Therefore, 
the delay-time modulation STM has been demonstrated 
as a versatile technique in visible light and NIR range, 
capable of measuring an extensive array of characteristic 
times. This versatility enables it to explore various phe-
nomena, including photoinduced carrier dynamics [169, 
186], spin dynamics [187] and many-body dynamics 
[185], among others, showcasing its broad applicability in 
uncovering intricate dynamic processes.

Compared with the conventional pump-probe tech-
nique, delay-time modulation STM offers a distinctive 
capability to study physical phenomena with remarkably 
long relaxation times, extending into the microsecond 
scale. Figure 8b shows the heterogeneous charge dynam-
ics on the n-type GaAs(110) substrate, highlighting indi-
vidual ionized donors beneath the surface [170]. These 
ionized donors can capture photocarriers generated 
by laser pulses, thereby reverting to neutral donors and 
leading to heterogeneity in the decay times in their vicin-
ity. This study revealed that the decay constant is con-
nected to the donor binding energy and the local electric 
field, and it also examined the variation of the binding 
energy with the distance to the surface. In another imple-
mentation, the relaxation dynamics of polarons bound to 
oxygen vacancies on the surface of rutile TiO2(110) was 
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investigated [171]. Lattice defects in TiO2 can scatter 
the electrons, resulting in changes to their lifetimes and 
energy states. Figure 8c depicts how the lifetime of free 
electrons in the conduction band changes with defect 
density. It is noteworthy that the lifetime is minimally 
influenced by the spatial distribution of defects, as shown 
in the insets. Recently, exciton dynamics associated with 
many-body effects in a WS2 ripple, such as exciton-exci-
ton annihilation (EEA), has been investigated by delay-
time modulation STM as well (Fig. 8d). The variation in 
EEA dynamics between the top and bottom of the ripple 
arises from the interaction between the ripple structure 
and the substrate, influencing the excitonic behavior and 
thus altering the observed tunnel current. As the tunnel 
current is positively correlated with exciton dissociation 
and exciton density, and the probability of exciton disso-
ciation is also associated with exciton density, observing 
the variation in the normalized �I allows for analyzing 
the EEA dynamics in the region beneath the tip [185].

Improvements to the instrumental configuration to 
expand the functionality of delay-time modulation STM 
are ongoing. In the study depicted in Fig.  8d, two con-
tact mode AFM tips serving as drain and source elec-
trodes of monolayer WS2/WSe2 in-plane heterostructure 
were incorporated into the system [185]. Thus, current 
flow can be continuously monitored while conducting 

measurements, enabling the distinction of high-resistive 
grain boundaries in WS2 . This allows for the examina-
tion of the dynamic processes depending on grain sizes. 
To explore a broader range of physical phenomena, the 
optical pump-probe technique utilized in delay-time 
modulation can also be refined. Figure 8e shows the fur-
ther developed circular polarization modulation STM, 
which was demonstrated to observe the spin dynamics 
at the nanoscale [187]. As electron spins can be optically 
oriented by circularly polarized laser pulses, the spin 
relaxation following excitation by these pulses can be 
monitored, thereby enabling the investigation of impor-
tant physical phenomena such as quantum beats of spin 
precession. The consistent and inconsistent circular 
polarizations of pump and probe pulses are referred to 
as co-circularly polarized (co-CP) and counter-circularly 
polarized (counter-CP), respectively. The signal differ-
ence between these two modes can be acquired through 
delay-time modulation, facilitating the investigation of 
spin dynamics with atomic-scale spatial resolution and 
subpicosecond temporal resolution.

5 � Summary and outlook
This review explores the underlying principles and 
associated applications of three distinct ultrafast 
microscopy techniques. Additionally, we present a 

Fig. 8  Ultrafast delay-time modulation STM. a Principle of tunnel current signal extraction through delay-time modulation. b Decay time 
mapping on the n-type GaAs(110) surface with donors beneath the surface (three donors shown as colored dots: red for nearest, blue for farthest 
to the surface). c Lifetimes of free electrons versus defect density, with its distributions shown in the insets. d STM image on the WS2 ripple (top 
panel) and corresponding ultrafast STM measurement performed (bottom panel). The blue and red dashed lines indicate the bottom and top 
of the ripple, respectively. e Spin detection signal versus delay time with different mixing degree of circular polarizations of pump and probe pulses: 
counter-CP and co-CP
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three-dimensional depiction of ultrafast tip-based 
microscopy (Fig.  9), demonstrating that both spatial 
resolution at the sub-ångström scale and temporal res-
olution at the femtosecond scale have been achieved, 
with probe frequency effectively spanning the NIR to 
far-infrared (FIR) spectrum.

Through the three-dimensional representation, a 
comprehensive comparative analysis of the three tech-
niques can be conducted. Ultrafast STM provides the 
highest spatial resolution among tip-based microscopy 
techniques, while its temporal resolution awaits further 
improvement. Moreover, the practical application of this 
technique is often constrained by the requirements for 
cryogenic environments and UHV conditions. In con-
trast, ultrafast nanofocusing offers exceptional temporal 
resolution down to a few femtoseconds due to coher-
ent excitation in the nonlinear optical regime [188]; yet, 
enhancing its spatial resolution remains a challenge, with 
the probe frequency range also being notably restricted. 
Both of the above two techniques currently lack stud-
ies in the MIR range, while s-SNOM has been exten-
sively demonstrated in this spectral band. However, the 
spatiotemporal resolution of s-SNOM requires further 
improvement.

The above analysis shows that although these three 
techniques have covered a wide range of probe frequen-
cies and are actively pursuing higher spatiotemporal 
resolution as well as broader spectral coverage, there 
are many aspects yet to be investigated. From the three-
dimensional representation, it is evident that probe fre-
quency in the visible and higher frequency ranges, as well 
as attosecond-scale dynamics, are largely unexplored. 
In terms of broadening frequency coverage, ultrafast 
s-SNOM is in principle compatible with diverse fre-
quencies, and recent advancements in ultrafast nano-
focusing with broadband spectral sources [144] and 
THz sources [189] are also expected to further expand 
the probe frequency range. At the same time, achieving 
attosecond-scale temporal resolution in the field of ultra-
fast near-field optical microscopy is highly desirable, as it 
would allow for the direct study of electron motion and 
other rich physical phenomena.

In addition, some advanced techniques have been 
developed with the potential to enhance ultrafast tip-
based microscopy. For example, research on THz 
s-SNOM has recently increased due to its low-energy 
excitation [106, 190–193]. More extensive studies of THz 
s-SNOM are expected to lead to future developments of 

Fig. 9  Three-dimensional representation of spatio-spectral-temporal measurement parameters. This plot aggregates experimental data points 
from the literature, showcasing the spatial resolution, characteristic time, and probe wavenumber of each data point. Each data point corresponds 
to reported values from a specific study, illustrating the current state-of-the-art capabilities in ultrafast near-field microscopy. Axes represent spatial 
resolution, characteristic time, and probe wavenumber, respectively
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ultrafast THz s-SNOM. Notably, the integration of cry-
ogenic techniques into ultrafast s-SNOM experiments 
has not yet been developed, but the potential benefits 
are substantial. This approach will facilitate the study of 
more novel physical phenomena that cannot be observed 
at room temperature, such as high-mobility graphene 
and long-lived polaritons. However, the combination of 
cryogenic techniques presents technical challenges, such 
as the need for a cryogenic scanner with a long travel 
range, while the operation of ultrafast s-SNOM at low 
temperatures also faces difficulties. Moreover, artificial 
intelligence algorithms and machine learning techniques, 
including compressed sensing [194] and hybrid neural 
networks [195], have been integrated into data processing 
for nano-spectroscopy and nano-imaging, demonstrating 
the ability to improve acquisition efficiency and sensi-
tivity. Additionally, new techniques are emerging in the 
field of ultrafast tip-based microscopy. Near-field optical 
tunneling emission (NOTE) was recently demonstrated 
as a new type of ultrafast SPM [196], enabling access to 
atomic-scale spatial resolution and allowing observation 
of the tunnel current within a subcycle. Compared to 
conventional lightwave-driven STM, NOTE is not lim-
ited to conductive materials and can measure insulating 
materials.

The future applications of ultrafast techniques can sig-
nificantly broaden the exploration of more diverse mate-
rial systems, such as the investigation of Rabi oscillations 
in a single emitter, topological insulators that provide 
insight into edge-state dynamics, and emerging mate-
rial platforms like 2D moiré superlattice known for their 
correlated electronic phases. These systems offer excit-
ing opportunities for exploring novel phenomena using 
ultrafast tip-based microscopy. Moreover, these ultra-
fast techniques have potential applications in the field of 
quantum technology. In quantum information science, 
defects and heterogeneities can lead to premature loss 
of quantum coherence. Nano-imaging can help identify 
these heterogeneities, while ultrafast implementations 
can reveal how defects induce electronic or phononic 
scattering associated with decoherence. Furthermore, 
exploring strong coupling in light-matter hybrid states 
remains relevant for quantum applications, suggesting 
that ultrafast nano-spectroscopy and nano-imaging tech-
niques could enhance our understanding of the behaviors 
of these materials.

In conclusion, this review presents the significant 
advancements enabled by ultrafast tip-based micros-
copy in the exploration of nanoscale phenomena, 
offering remarkable spatiotemporal resolution. Three 
representative techniques in ultrafast tip-based micros-
copy, namely  ultrafast s-SNOM, ultrafast nanofo-
cusing and ultrafast STM, have greatly advanced the 

understanding of underlying physical mechanisms, ena-
bling the direct observation of dynamic processes at the 
atomic scale. Continued progress in this field promises to 
further enhance the ability to investigate complex physi-
cal phenomena, driving both advanced scientific discov-
ery and the development of cutting-edge techniques.
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