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ABSTRACT

Exploring nanoscale material properties through light-matter interactions is essential to unveil new phenomena and manipulate materials at
the atomic level, paving the way for ground-breaking advancements in nanotechnology and materials science. Various elementary excitations
and low-energy modes of materials reside in the terahertz (THz) range of the electromagnetic spectrum (0.1-10 THz) and occur over various
spatial and temporal scales. However, due to the diffraction limit, a slew of THz studies are restricted to drawing conclusions from the spa-
tially varying THz responses around half of the probing wavelengths, i.e., from tens to a couple of hundred micrometers. To address this fun-
damental challenge, scanning near-field optical microscopy (SNOM), notably scattering-type SNOM (s-SNOM), combined with THz sources
has been employed and is fueling growing interest in this technique across multiple disciplines. This review (1) provides an overview of the
system developments of SNOM, (2) evaluates current approaches to understand and quantify light-matter interactions, (3) explores advances
in THz SNOM applications, especially studies with THz nano-scale spatial responses employing an s-SNOM, and (4) envisions future chal-
lenges and potential development avenues for the practical use of THz s-SNOM.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0189061
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levels of assembly are known to have critical repercussions on the mac-
roscopic characteristics.”* Hence, examining materials at the nanoscale
becomes critical to unveil the relationship between micro- and macro-
scopic material responses.” One of the promising approaches to
unravel such relationships is to probe the materials via light-matter
interactions at the nanoscale.

Scanning near-field optical microscope (SNOM) is one of the
tools used to decipher material properties from the optical responses
obtained—beyond the Abbe diffraction limit—over a broad range of
wavelengths.”'® Since terahertz (THz) photons have energy in the
millielectronvolt (meV) range, they interact with energy transitions
ranging from zero to tens of meV in condensed matter systems.'”'®
Therefore, THz waves allow us to induce and probe various low-
energy modes and collective excitations'””’ such as charge-carrier
scattering, lattice vibrations,”' " polaritons,zg‘% molecular vibrations,
and inter-molecular non-covalent interactions in molecules.”” **

In terms of resolving sub-wavelength features, scattering-type
SNOM (s-SNOM) has been demonstrated to achieve nanoscale spatial
resolution for long-wavelength radiation, including THz waves.'" "
Therefore, THz s-SNOM allows the interrogation of optical properties
at the nanoscale, which is typically impossible by employing conven-
tional far-field techniques.”"”” In this article, the fundamental princi-
ples of SNOM are briefly reviewed along with recent advances in THz
s-SNOM. This review summarizes the seminal works by the THz s-
SNOM community and highlights the multi-pronged utility of such a
cutting-edge technique in practical use for material characterization.

Structurally, the review comprises of six sections. It begins with a
summary of SNOM system developments in Sec. II and then moves
the main focus to the studies that are employing scattering-type SNOM
(s-SNOM) in the THz regime. In Sec. III, the basic theory underpin-
ning near-field interactions in s-SNOM and the fundamental method-
ologies to unravel material properties from near-field scattering signals
are discussed. In Sec. IV, motivated by abundant responses collected
from various materials upon THz excitation, seminal works employing
THz s-SNOM for material characterization including solid-state bulk
samples, two-dimensional materials, and biological samples are
reviewed. In Sec. V, the perspective on several intriguing directions
regarding THz s-SNOM applications, including near-field investiga-
tions of soft or weak-scattering materials, nanotomography of multi-
layer structures, near-field interrogations in liquid environments,
cryogenic probing of quantum materials, and other emerging topics are
provided. Finally, in Sec. VI a summary and conclusions are provided.

Il. PRINCIPLES OF OPERATION

Conventional optical interrogation approaches aimed at materials
characterization are based on the far-field detection scheme. From a
transmitter to detector, the electromagnetic waves with high spatial
frequencies (larger than the free-space wavenumber) of electromag-
netic waves contribute negligibly to the finally detected signals. This is
because a far-field propagation process acts as a low-pass filter in
Fourier space. Lacking of such high-spatial-frequency components of a
field (also known as evanescent fields), the desirable spatial resolution
encompassed by these detection schemes is therefore bounded roughly
by half of the incident wavelength, which is known as the diffraction
limit.”>*” Hence, optical interrogation approaches based on conven-
tional far-field schemes preclude the observation of deep sub-
wavelength features. It is essential to collect the high-frequency
components of the electromagnetic waves to break such a spatial
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resolution limit.>® For further math details, readers may refer to a
recent monograph chapter by Bachelot and Douillard.™

A. System development
1. SNOM configurations

There are quite a few experimental configurations for probing
high-frequency evanescent fields based on scanning probe microscopy
methods. In this section, we start with reviewing the SNOM system
development and then delve into its recent advancements (i.e., aper-
ture and scattering-type) for near-field terahertz detection at the
nanoscale.

The SNOM is capable of exciting and of collecting evanescent
fields and is one of the most promising tools allowing subwavelength
sample characterization, beyond the diffraction limit. There are two
mainstream types of SNOM configurations, depending on whether the
light passes through an aperture of the probe tip or not: (1) aperture-
type SNOM (a-SNOM) and (2) scattering-type SNOM (s-
SNOM) 15,40,41

We would also like to highlight that scanning microwave micros-
copy (SMM) is another seminal scanning probe-based technique for
investigating nanoscale microwave responses (in the gigahertz or sub-
terahertz range), sharing synergistic insights with SNOM in system
development.”*’

Regardless of the configuration type, three critical elements are
required to surpass the diffraction limit using SNOM, namely,

(1) having a concentrated localized field acting as a point source to
probe (illuminate) the sample,

(2) maintaining the probe-sample distance within at least a single
incident wavelength,

(3) being able to raster scan the sample, and

(4) having an optical detection of sample response.

Satisfaction of above four requirements enables to probe the
high-spatial-frequency electromagnetic waves, which do not propagate
to the far-field.

The most intuitive realization, which would simultaneously sat-
isfy three of the aforementioned requirements, would be an extension
from the conventional-type confocal microscope. Such an idea was ini-
tially proposed by Synge in 1928, and was published under the encour-
agement of Albert Einstein. Figure 1(a) is a depiction of this theoretical
design. Synge envisioned™* that by placing a photo-electric cell in the
proximity of an opaque film with a tiny rectangular aperture (the
radius roughly equals the incident wavelength), one would be able to
resolve sub-wavelength features of the sample by collecting the evanes-
cent fields. Such a system would allow these features to be displayed on
a screen synchronized with the raster scanning movement of the aper-
ture. In 1972, Ash and Nicholls** demonstrated the first implementa-
tion of such an aperture-type near-field detection scheme, resolving
/7/60 features on a grating in microwave frequency as shown in
Fig. 1(b).

To demonstrate the nano-scale spatial resolution, Pohl et al’®
employed this aperture-type detection scheme onto a visible laser
source (488nm) and, for the first time, applied a piezoelectric
feedback-loop control for the tip-sample distance regulation. Note
that, the demand of a precise probe-sample distance control limited
the rapid progress of SNOM development until the advent of scanning
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probe microscopy (SPM),"

1980s.

and its core element: a piezoelectric
feedback-loop control, as used in Pohl ef al’s work. This system con-
figuration triggered the acceleration of SNOM embodiment in the

M
acrosCopiC

Figure 2 is a temporal evolution map of all SNOM works extend-
ing the boundary of spatial resolution limits starting with 1972 until.
An observable upward trend of the spatial resolution began in 1983, as

shown in Fig. 2, and it has progressed annually in a wide range of

[88]x [73] )
i s [i8
[62] i1]73][)(;0 0;]&03][11?9]4] 039
57][108][§5][97>: T8 198] o1 1
771 x192] 1202
M%Wﬁﬁ%%bu 0
ot 69} 2
201 T ] o e 557 2 370y [62] 85] 10
I THZ) 102 Cm ! 1 SD . [65][ ] g &[98], 13
% 9000 o ( 5y Patig RSSom- 518l 1200 g
i N
0l ¢ ‘Oum o [s0)x [6811990
19807 S8
e ™~

FIG. 2. SNOM spatial resolution competi-
tion since 1972 over a broadband spectral
range, including visible (purple), infrared
(green), terahertz (red: scattering-SNOM,
blue: aperture-SNOM), microwave (cyan)
and radio-wave (yellow) frequencies.
Examples of possible test samples are
placed around typical spatial dimensions
with potential radiations of the interest.
References about THz SNOM spectral
bandwidth progression are labeled in
Fig. 3.
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frequency bands from visible to THz regimes. More noticeably, while
a-SNOM  demonstrated the sub-wavelength resolution in visi-
ble,">*”" infrared,”” THz,**" microwave,”” and radiowave™
regimes, its spatial resolution is still limited at the microscale for
long-wavelength electromagnetic waves, especially for THz radia-
tion®" ® (blue clusters in Fig. 2). This is due to the fact that an a-
SNOM relies on a tapered aperture to collect the near-field signals
through a tiny hole. Since the light transmission efficiency (o)
decays heavily with a small aperture radius (a) relative to wavelength
(2) as o o< (a%/2"), a trade-off between the aperture size and the
transmission efficiency needs to be achieved.'”**

Since the first THz a-SNOM work ™’ and the pioneering dem-
onstrations of the first THz near-field knife test and white-light
imaging,””” many efforts have been made for the advancement of
THz a-SNOM (see Table I). One approach is to engineer the probe
or the aperture coating materials as well as geometry and to utilize
surface plasmon polaritons or hyperbolic media to enhance the
transmission efficiency.”® *>*"  Another frequently encountered
approach is to integrate the THz nano-detector (an optical detector)
into the aperture probe as a single item.”’

However, recent studies of THz a-SNOM (blue crosses in Fig. 2)
show that its spatial resolution still fails to achieve hundreds of nano-
meters.””*>”>*" One recent study incorporated a quantum cascade
laser (QCL) as a laser feedback interferometry (LFI) with a THz nano-
detector, as shown in Fig. 1(c), achieving 17 um spatial resolution at

TABLE . Selected pioneer SNOM works in the spatial resolution competition.

REVIEW pubs.aip.org/aip/are

3.4THz.”” Such a micrometer-scale resolution ability hampers explor-
ing interesting phenomena from the physical, chemical, and biological
perspectives at the sub-cellular level.

Therefore, another type of SNOM capable of revealing nano-
scale features is needed. Unlike a-SNOM, s-SNOM focuses and collects
the scattering signals from the probe apex and thus avoids the wave-
guide cutoff effect happening in fiber/aperture transmission.”” Wessel
was the first to theoretically envision a metallic sharp probe that would
confine and enhance the electromagnetic field.”” Wickramasinghe and
Williams realized such a theoretical proposition with a signal detection
scheme for a scattering-type configuration and patented it.”’ In this
signal detection scheme, a carrier wave has a probe oscillation fre-
quency that modulates the near-field scattering signals. Thus, the back-
ground noise is expected to be suppressed after demodulating the
signals with multiple harmonics of carrier wave frequency. A further
brief summary of these signal detection principles is shown in Sec.
IIA2. More systematic studies on s-SNOM followed after
Wickramasinghe et al, kept pushing the s-SNOM capability limit as
demonstrated by performing typical resolution tests, including the
knife-edge test and contrast imaging. Developments in s-SNOM sys-
tems with nano-scale resolutions were reported in broad electromag-
netic spectra among visible,'**> * infrared,”” 7*?"* THz,*"*7%%
8293719° and microwave™**%19%1% regimes. Note that the pioneer
work in 1996 by Keilmann et al* did demonstrate that s-SNOM
would work in all infrared regions in principle. Figure 1(d) shows a

Aperture SNOM (sorted by year)

Scattering or apertureless SNOM (sorted by year)

Frequency Spatial resolution References Spatial resolution References
; Pohl et a6 ~500 nm (670 nm) Inouye et al.®” i
Visibl /60 (488 nm) ohlez al.” 35-100 nm (670 nm) Bachelot et al.**"
siole 2./50 (630 nm) Betzig et al.”' 10,68
: 1-3nm (633 nm) Zenhausern et al. "
100 nm (9.2-10.7 um) Knoll et al.*””"
Infrared /4 (4 um) Piednoir et al.”” 20 nm (9-12 pm) Amarie et ﬂ{-"l
100 nm (7.6-13.3 um) Huth et al.”
150 nm (2 THz) Chen et al.”*
A/2 (359 um) Keilmann™ 40 nm (2.54 THz) Huber et al.””
A/4(0.6-2.3 THz) Hunsche ef al.” 300 nm (0.2-3.2 THz) von Ribbeck ef al.”®
7-60 um (0.2-2.5 THz) Mitrofanov et al.”*>’ 50 nm (1.3-8.5 THz) Kuschewski et al.””
Terahertz 10 um (0.05-1.5 THz) Walther et al.®' 1 um (2.53 THz) Dean et al.”
30 um (0-2 THz) Sawallich et al.®* 200 nm (0.11-0.175 THz) Chen et al.””
3.9 um (0.2-1.5 THz) Siday et al®? 125 nm (3.44 THz) Rubino et al.*’
17 um (3.4 THz) Giordano ef al.”” 35nm (2.7 THz) Pogna et al.”’
120 nm (3.28 THz) Reichel et al.**
200 nm (217 mm) Knoll et al.”’
Microwave 0.5mm (10 GHz, 3 cm) Ash et al.” ~1pm (3 mm) Dai et al-é’f
< 0.1 nm (2.5GHz, 12 cm) Lee et al.*”
) /40000, 100 um (4 m) Keilmann™
Radiowave 1,/200 000, 10 m (20 m) Keilmann ef al.*°
Appl. Phys. Rev. 11, 021306 (2024); doi: 10.1063/5.0189061 11, 021306-4
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typical s-SNOM configuration. It contains four main components: (1)
a vibrating metallic probe tip driven by a piezo, (2) a pilot laser with a
quadrant photodetector to maintain the closed-feedback-loop regula-
tion of the probe tip oscillation, (3) a high-precision sample translation
stage in transverse and vertical directions, and (4) a radiation source
and detector for optical investigations. Nowadays, it is typical to
assemble an atomic force microscope (AFM) with an optical detection
system as an s-SNOM.

Figure 2 summarizes published seminal s-SNOM system
and instrumentation development studies with corresponding
spatial resolutions and bandwidths over the past 50years since
1972.11)‘45\46,5() 52,54-59,61,62,65-74,76-84,86,88,92-111 OVeraH, the Spatlal reso-
lution and available spectral bandwidth of s-SNOM increased over
time in a broad spectral range, from visible to microwave regimes. At
the start of the period (1970s-1990s), most efforts to increase the spa-
tial resolution capability were made for visible wavelengths (purple
crosses), especially for monochromatic radiation sources.' "° "% Since
late 1990s, such consistent efforts to push the boundary of the spatial
resolution limit started to translate into infrared” "*'* (green crosses)
and THz 70 75082757197 (red crosses) regimes. Enabling the broad-
band spectral range for s-SNOM was until recently the most challeng-
ing part of this research effort.

The THz s-SNOM development tracking of spatial resolution
began around 150 nm, in the early 2000s,”* and then kept pushing the
boundaries until reaching a plateau at about 50 nm””'"*'"* and even
better (about 20 nm) for time-resolved measurements.”*'°"'% On the
other hand, the spectral range of THz s-SNOM started to broaden
within 0.5 — 3 THz in late 1990s.”” A typical broadband THz investi-
gation approach was THz time-domain spectroscopy (THz-TDS).”®
Favored by the introduction of free-electron lasers (FEL) with tunable
radiation, the available THz near-field interrogation spectral range
extended up to 8.5 THz recently.”’

To highlight the spatial resolution advantage for long wave-
lengths, selected pioneering and representative works of s-SNOM are
summarized in Table I and compared with a-SNOM. As Table I sug-
gests, there are two types of radiation sources typically incorporated
with THz s-SNOM. Depending on the purpose and funding budgets,
it is common to incorporate either powerful continuous-wave laser
sources” "’ %#1521%% or broadband pulse systems’®”” into an s-SNOM.

In THz regimes, providing a reliable and affordable radiation
source and detector is still considered a challenge.1 12113 THy QCL, for
example, is one of the promising sources with high-power radiation
and potentially, a room-temperature operating environment."'*''°
One of the detector-less and cryogen-free schemes based on THz QCL
is called laser feedback interferometry (LFI), in which electromagnetic
radiation from the laser is re-injected into the laser cavity after inter-
acting with external targets.'* It is a compact technique combining
the transmitter and receiver as a single device and allowing coherent
detection by analyzing the perturbing intra-cavity electric field. Figure
1(e) displays a typical LFI setup using a THz QCL.”” Such a cutting-
edge THz detection scheme has been reported with sub-50 nm spatial
resolutions within 2.5 — 4 THz, and has been used to reveal detection
dynamics in semiconductor nanowire detectors.”" %'’

Another configuration extension is to combine a pump source with
THz s-SNOM to probe dynamics in materials.”*'*"'">""”""* To reveal
spatial-temporal ultrafast dynamics in time domain usually relies on a visi-
ble or near-infrared beam and/or a THz beam to pump the material

REVIEW pubs.aip.org/aip/are

concurrently with the incident THz beam as shown in Fig. 1(f). The charge
carriers inside the sample would thus generate and accelerate upon the
femtosecond illumination. Such a technique is referred to as pump-probe
near-field optical spectroscopy. Its scattering fields contain the modulated
THz field from pumping, which encodes the sample’s ultrafast dynamics.
If the incident field has THz components, such a THz near-field scattering
configuration is referred to as near-field optical pump THz probe (n-
OPTP)' in the literature. Otherwise, it is referred to as near-field optical
pump THz emission (n-OPTE)'”" or laser THz emission nanoscopy
(LTEN)”*'02 according to different literature nomenclatures. Recently, Cai
et al. employed such n-OPTE idea to study THz spin current pulses by
pumping a type of nonmagnet/ferromagnet heterostructures (in this study,
cobalt-iron-boron alloy, a ferromagnetic layer, is sandwiched by tungsten
and platinum, two nonmagnetic layers) at the nanoscale.'"” Generally,
THz nanoscopy with near-field pumping schemes should be able to study
arbitrary heterostructures with potential applications in characterizing
spintronic optoelectronic nanodevices in the future.

In summary for THz spatial resolution studies: SNOM serves as a
promising tool to provide sub-wavelength THz signatures beyond the
diffraction limit. THz s-SNOM is capable of unraveling spatially vary-
ing features at the nanoscale level (50 nm) while a-SNOM is more suit-
able for capturing THz responses at the microscale.

Figure 3 illustrates the annual progression of THz SNOM
system developments vs frequency/wavelength for broadband and
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FIG. 3. THz SNOM developments since the first demonstration (1995) with typical
THz sources covering 0-10 THz bandwidth for aperture SNOM (blue) and scattering
SNOM (red). The typical bandwidth of each source is illustrated. Horizontal lines
indicate the probing bandwidth for each reference. Subfigures are reproduced with
permission from Liewald et al, Optica 5, 159-163 (2018). Copyright 2018
Optica.'” Reproduced with permission from Khatib et al., ACS Photonics 5, 2773-
2779 (2018). Copyright 2018 American Chemical Society.'"" Reproduced with per-
mission from Raki¢ et al., Appl. Phys. Rev. 6, 021320 (2019). Copyright 2019 AIP
Publishing LLC.""
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single-wavelength radiation sources from 1995 to 2022. We also indi-
cate the relative cost of different types of sources on a $ to $$$$ and
their representative output powers. Depending on the generation
mechanism, preferable THz spectral range, and funding budgets, there
are five typical options of THz radiation sources to be incorporated
into an s-SNOM: (1) electronic mixer,'” (2) THz-TDS,””*>"*'" (3)
QCL, 7882103120 (4 gas laser,” and (5) free-electron laser and
synchrotron.””""!

Overall, both a-SNOM and s-SNOM have been developed to
operate in broadband THz regimes. For example, in the spectral ranges
below 3 THz, both a-SNOM and s-SNOM have been demonstrated in
near-field THz studies with THz-TDS,”>’**>?*'%12! which is a typi-
cal, commercially mature and available broadband option (0 — 6 THz)
at an affordable financial budget for most THz laboratories. A few
cases have used electronic mixers and gas lasers. Electronic mixers
transmit THz waves based on high-harmonic generation of GHz
waves and are usually preferred to provide monochromatic THz radia-
tions at sub-1THz, e.g, 0.5 THz or lower.'"" Alternatively, gas laser is
another commercially accessible option with a promising budget.”” In
terms of monochromatic THz radiation, a noticeable option for
SNOM, especially s-SNOM, are quantum cascade lasers (QCLs). Over
the past 20 years, consistent efforts in the community have been made
to improve the spatial resolution and scattering intensity of THz s-
SNOM. As summarized in Fig. 3, s-SNOM has opened up THz
responses between 2 and 4 THz at nanoscale, either with a standalone
bolometer” ™ *”*”* or using the laser cavity itself as a detector-less
Scheme.78,8(),82,‘)9, 103

The QCL is a unipolar device and exploits a cascaded series of
intersubband transitions for laser emission. It is able to provide high-
power THz radiation (up to 1 W) and can operate in a cryogen-free
scheme,''*"'>'** with improved designs and modes of operation
opening the potential for wide bandwidth tunable operation above
1.5THz'*'*°

New advancements in frequency combs (FC) for THz QCL are
expected to assist THz s-SNOM with both the advantages of being
high-power broadband simultaneously.'””'** Pistore et al. reported
the first demonstration of combining the THz QCL frequency comb
with an s-SNOM.'”” This QCL-FC-assisted scheme extended the fre-
quency range of THz s-SNOM from 0.4-1.6 THz (THz-TDS system)
to 2.5-3.5 THz (Pistore et al, THz QCL frequency comb). Note that,
at frequencies except the central frequency of the THz QCL FC, the
amplitude of s-SNOM scattering signals collected from a Au mirror is
around 25% to that of its counterpart with a THz-TDS system (panel g
of Fig. 3 in Pistore et al.'"”) Further studies, for example improving sig-
nal-to-noise ratio, of phase-locked THz QCL FC are essential to enable
QCL-FC-assisted THz s-SNOM to be experimentally useful for mate-
rial characterization,'”*'*” like the retrieval of complex dielectric prop-
erties of interrogated samples, """ leveraging short pulses generated
by THz QCL"*"**"** and coherent sensing capability of LFI
scheme'"*'***? for THz s-SNOM in future investigations.

Another noticeable broadband THz radiation source for s-
SNOM are the free-electron laser (FEL) or synchrotron. FEL employs
relativistic electrons as a gain medium and thus is able to generate
ultrashort pulses. The s-SNOM equipped with such a high-power
broadband source was demonstrated in the spectral range of up to
10 THz and beyond, including the mid-infrared range.””'"" Recently,
Wehmeier and co-workers (a team led by Mengkun Liu and G.
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Lawrence Carr) in Brookhaven National Laboratory (National
Synchrotron Light Source II, Upton, USA) have demonstrated to fill
an under-explored bandwidth gap at a cryogenic temperature
(>5THz with detector cooled at 4.2K) for synchrotron-based THz
nanospectroscopy measurements by using a liquid-Helium-cooled
Hg,  Cd,Te (x ~ 0.173, MCT) detector,""’ allowing investigations
of phonon modes and other various collective features in solid-phase
materials in THz regimes in the future. Note that the detection thresh-
old of MCT detector for THz nanospectroscopy is hugely impacted by
MCT cooling temperature (5.2 THz at 4.2K and shifts to 12 THz at
77 K), because the detector material band edge shifts to lower energies
with decreasing temperature.

Apart from developing systems, another ongoing task for s-
SNOM community is to improve the signal-to-noise ratio of near-field
signals. This leads to the discussion of principles about near-field signal
retrieval and studies about near-field signal enhancement.

We also would like to mention that, in the context of SMM, the
configuration of apertureless SMM is different from scattering-type
configurations we discussed in Fig. 1. In apertureless SMM, the probe
itself is typically the antenna with microwave (subterahertz) radiation
and detection from a vector network analyzer (VNA),"" without an
external radiator to create scattering from the AFM tip.

More recently, in SMM development, Farina and Hwang led the
invention of an interesting configuration called inverted SMM (i-
SMM),'”'**"'** where a microwave signal is injected through a sam-
ple holder (also as a microwave waveguide) and thus through the inter-
rogated sample rather than through the conductive probe tip. Note
that in i-SMM configuration, the sample is held by a transmission line
with a broadband impedance matching range, thus allowing both
transmission and reflection signals to be measured. We envisage such
an inverted near-field detection scheme can be incorporated for high-
speed nanoscale THz coherent measurements, if the synchronization
between the probe tip dithering and THz raster scanning in the
emitter-detector pair can be achieved, including for laser feedback
interferometry (THz nano-LFI) detection (in the context of LFI, the
laser itself acts as both the emitter and detector simulta-
neously)'"*>"*% in tandem with a properly designed sample holder.
By exploiting LFI, the swept-frequency delayed self-homodyning
method'*” allows to operate THz QCL in either continuous-wave'*° or
pulsed modes,”” without requiring an external mechanical modula-
tion scheme (e.g., modulated by a laser drive current rather than an
optical chopper)' """ for lock-in detection, which greatly reduces the
sampling time per pixel and is practically important for realizing high-
speed near-field nanoimaging and nanospectroscopy measurements
for material analysis employing THz nanoscopy with table-top sources
in a compact and experimentally simple scheme.

2. Signal retrieval

One of the important roles of SNOM is to translate the informa-
tion about the near-field probe-sample coupling into the far-field. For
s-SNOM, this is realized by modulating the near-field electromagnetic
components onto a carrier wave scattered from the probe. The probe
tip acts as an antenna whose scattering depends on both the illuminat-
ing field and the near-field interaction between the tip and sample.
The illuminating field is formed by propagating waves (directly inci-
dent upon the tip and those reflected from the sample surface), consti-
tuting background with slow spatial variation on the wavelength scale.
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In contrast, the near-field is composed of evanescent waves that decay
exponentially at the nanometer scale, and thus induce rapid spatial
variation of the tip-scattered light. To separate the near-field from the
background, the tip-sample distance is modulated by tip dithering at a
frequency €, which typically corresponds to the cantilever’s mechani-
cal resonance frequency. For small dithering amplitudes, (typically a
few tens of nanometers), the slowly varying background is nearly linear
with tip-sample distance and mostly contributes to the low order har-
monics (<2Q) of the tip-scattered signals. The fast-varying near-field
interaction is highly nonlinear with distance and thus contributes to
higher-order harmonics (> 2Q). Thus, the background could be signif-
icantly suppressed by demodulating the detector signal at higher har-
monics of the tip dithering frequency using, e.g., a lock-in amplifier.”’
Unfortunately, the high-harmonic demodulation on its own does not
provide complete background suppression. Because the far-field detec-
tor always measures scattered power, Ijet = |Epnf + Ebg\2 rather than
the field, for coherent near-field scattering, E,, and background, Eyg,
the detected signal will always contain products of Ey¢ and Epg. This
leads to a, so-called, multiplicative background that could obscure
near-field signal. For monochromatic radiation sources, Oceli¢ et al.
demonstrated a pseudoheterodyne interferometric detection technique
to retrieve background-free near-field responses in s-SNOM.'* Before
the invention of proper interferometric detection techniques such as
pseudoheterodyne (PsHet),""” multiplicative background constituted a
leading cause of s-SNOM imaging artifacts. Note that, synthetic optical
holography based on the interference between s-SNOM tip-scattered
field and a synthetic reference wave is also suitable for s-SNOM mea-
surements with monochromatic radiations." **

To allow for a complete description of material properties, one
needs to have access to both amplitude and phase of the tip-scattered
light. To do so, an interferometric detection is utilized. Such techniques
usually direct a portion of the incident light to the reference arm of a
Michelson interferometer, allowing for an interference between a refer-
ence beam and the tip-scattered light at the optical detector." """ "**
Reference beam further provides a strong boost of the weak near-field
signal, significantly enhancing s-SNOM sensitivity. For monochro-
matic radiation sources, Oceli¢ et al. introduced a PsHet interferomet-
ric detection technique, which completely suppresses all s-SNOM
backgrounds.'*” It adds the reference beam phase modulation to the
classic high-harmonic demodulation scheme, suppressing the multipli-
cative background and enabling simultaneous measurement of the
scattered field amplitude and phase, even in the case whereas homo-
dyne s-SNOM detection schemes fail to do so."”' Recently, Sternbach
et al. reported the applicability of pseudoheterodyne detection method
with pulsed laser sources; they employed this transient detection
approach to time-resolved measurements on photo-induced effects in
the insulator-to-metal transition of vanadium dioxide at the nano-
scale.'”” The compatibility of s-SNOM detection with low-repetition
rate pulsed laser systems (which have high-peak power) faces a con-
straint with lock-in detection, which requires the sampling rate at least
twice that of the highest frequency component to accurately recon-
struct a signal due to the Nyquist-Shannon sampling theorem.'** For
typical Ptlr-coated AFM tips (Rocky Mountain Nanotechnology) of
~75 kHz oscillation frequency, the repetition rate of the pulsed laser
has to be at least 300 kHz for the second-harmonic demodulation. For
higher-order harmonic signals, e.g., the 4th harmonic demodulation
with a lock-in amplifier requires the pulse repetition rate to be at least

pubs.aip.org/aip/are

eight times of the tip oscillation frequency for proper sampling. In
addition to pseudoheterodyne detection, to further circumvent the lim-
itation of standard lock-in detection with low repetition rate kHz-class
pulsed lasers, Palato et al. recently demonstrated a quad demodulation
detection method to retrieve higher-order (1 >4, up to n=7) near-
field signals with a 200 kHz laser amplifier with the tip oscillation
frequency as 325kHz by exploiting the stroboscopic effect.'”” These
innovative detection schemes will be beneficial for observing spatio-
temporal dynamics utilizing ultrafast s-SNOM in the future.

The Michelson-type interferometric approach also serves as a
core part for s-SNOM measurements with broadband sources, as per-
formed with nano-Fourier transform infrared spectroscopy (nano-
FTIR). In nano-FTIR, the detector signal is recorded as the reference
mirror translating linearly (thus changing the phase of the reference
beam). The resulting interferogram is then Fourier transformed to
obtain the amplitude and phase spectra of the interrogated sample.
Similar to PsHet, nano-FTIR also provides complete suppression on s-
SNOM backgrounds complemented by a strong interferometric boost
of the weak near-field signals.”">”*

For broadband THz s-SNOM measurements, usually performed
with THz-TDS, the forward elastically scattering field is detected
whereas no interference happens between the incident and reference
beam."”>"”” This is at first demonstrated by von Ribbeck et al.”® before
the demonstration of broadband infrared s-SNOM by Amarie et al.,”"
which was much later named nano-FITR.”* As opposed to nano-FTIR,
a femtosecond pulse acts as a gated beam in the THz photo-
conductive antenna to sample the scattering THz field at the receiver.
Therefore, the complex tip-scattered THz field is directly measured in
s-SNOM combined with THz-TDS systems.”””® Note that since THz-
TDS systems directly measure THz field rather than power, they do
not suffer from the multiplicative background and could simply rely
on the high-harmonic demodulation for the background suppression.

However, due to the detection principle of time-domain-spectros-
copy, THz white-light nanoimaging obtained by s-SNOM with THz-
TDS system usually serves as a qualitative THz contrast scanner with
an averaged spectral amplitude but no meaningful phase information,
where s-SNOM tip scattered signal is collected when the time delay
between the gated pulse (the sub-ps beam, usually in near-infrared)
and the to-be-sampled THz field is fixed. Usually, meaningful phase-
resolved information from nano-THzTDS relies on THz hyperspectral
nanoimaging by taking THz nanospectroscopy at points of inter-
est,”” """ which usually is time-consuming. Recently, Jing et al. dem-
onstrated a data acquisition method to enable phase-resolved
information in THz white-light nanoimaging for nano-THzTDS."””
The key of this approach relies on an additional modulation of the
optical delay path between the gated pulse and the to-be-sampled THz
field at a modulation frequency (M) much smaller than the s-SNOM
tip resonant frequency (€2). By combining the carrier-band (nQ) and
sideband (nQ = mM) information, the access to meaningful complex-
valued THz nanoimaging information is achieved. Refer to recent
studies, like Dai et al.'®’ and Larson et al.,'®" for more technical details
of s-SNOM signal detection techniques.

3. Probe designs for scattering-type SNOM

In a scattering-type configuration, SNOM relies on the tip to con-
fine the electric field around the tip apex in order to overcome the dif-
fraction limit and re-radiate the incident field encoded with the sample
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information. Therefore, the design of probe tips is significant and has
the potential to improve the signal-to-noise ratio of scattering signals.
Recently, researchers in the s-SNOM field have attempted to
optimize the design of probe tips from different angles, including
the tip shank length and surface coating.'*”"'*® As demonstrated
using classical antenna theory for s-SNOM spectra using
broadband (0.2 —1.2THz) and single-frequency (3.11 THz,
A = 96.5 um) THz radiation sources, the preferred tip shank length
Lyp is associated with multiple times of the half-wavelength
(Liip,n = "7)", n is the resonance order), where the spectral varying
near-field tip enhancement is possibly to be tuned with the probe
length as shown in Fig. 4(a)."®” However, the resonant tip length
does not scale linearly with the resonance order (n) but with a
shorter probe resonant length (Liip, optimal,n < ”7)"), as shown in
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Fig. 4(b), which is attributed to the presence of a cantilever.
Intriguingly, THz near-field coupling does not further shift the
probe resonance with the presence of a dielectric or metallic sam-
ple under the tip, a phenomenon observed for such devices at visi-
ble and infrared frequencies.'*

A recent study reports the observation of deep-subwavelength
THz spatial features around 100 nm by employing a blunt tip whose
radius was substantially larger (750 nm) than the obtained resolu-
tion.'”" This interesting result was observed at 2.5 THz (119 um) by
increasing the radius of a Ptlr tip (standard shank length: 20 yum) from
25 to 750 nm, as shown in Fig. 4(c), which breaks with the common
belief of s-SNOM users. It is explained by a strong “virtual tip sharpen-
ing” through utilization of very small tapping amplitudes compared to
the tip radius.

(b) .
r T T T ) ' T T T DA A=96.5 pm
20 st s2 2.0
15 P el :'-'\/\/\/‘\/\/\NW-: _ 15 'é
- \ 60 pn g 157
e all frssnnmssnd N Anssmsamipd §10 e
- sF VV pm 4 F ] 8 w
< I.IJ:
0 M’\/\M\/\Aﬁ -w-)\/\/\.MAN 5 0.5
100 pm i
00 25 50 75 100 00 25 50 75 100 05 20 40 60 80100 °-°
. Time (ps) Time (ps) Antenna Lgngth L [um]'.....,.u
10 F s14 F S2
. 08f | 1 F 3
w | 1596
N 06 - . - 4
TL[' / 5[/’?1
0.4f 1t ] l/\/\/‘ »
0.2t 1 F -
L 1 Y Al .
00™=5% 10 15 20 05 10 15 20 e
Frequency (THz) Frequency (THz) _

wom_lﬂ_

R =750 nm
100§ | 3
|

|
10 Py R =25nm 3
I o > - e L Ly
113 nm
3 —|| E
e R=6nm
0.1¢ | P 3

500
Lateral position x (nm)

-

Amplitude signal s, (uV

(d)

...... |
: Coating length ({)

! Total length

FIG. 4. Probe design for enhancing THz s-SNOM near-field couplings: (a) the tip-shank length dependence of near-field THz spectrum ranges due to antenna resonance effect,
which highlights the significance of realistic probe tip geometry shape on frequency-dependent near-field coupling enhancement (probe tip responsivity) in THz nanospectro-
scopy measurements. Reproduced with permission from Siday et al., ACS Photonics 7, 596-601 (2020). Copyright 2020 American Chemical Society."*® (b) THz near-field
enhancement dependence on antenna length in addition to the presence of cantilevers, which aligns with the understanding of half-wavelength antenna theory. Reproduced
with permission from Mastel et al., Nano Lett. 17, 6526-6533 (2017). Copyright 2017 American Chemical Society.'®” (c) An experimental observation that 100 nm spatial resolu-
tion of THz near-field responses can counter-intuitively be maintained even with a probe tip radius at the micrometer-scale. Reproduced with permission from Maissen et al.,
ACS Photonics 6, 1279-1288 (2019). Copyright 2019 American Chemical Society."* (d) A probe design proposal to enhance near-field scattering by customizing a chiral coat-
ing pattern on the probe surface to be experimentally demonstrated in the future. Reproduced with permission from Zhang et al., Phys. Rev. Appl. 15, 014048 (2021). Copyright

2021 American Physics Society.'*®
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In these s-SNOM probe works, full-wave simulations (COMSOL
Multiphysics, CST, etc.) play a significant role and are used to aid the
understanding of the experimental observations, e.g., reproducing the
spectral peaks observed in THz s-SNOM spectra, which does not origi-
nate from the sample permittivity but the antenna-resonance
effect.(ﬁ,l(yfv,l(ﬁ

Another notable study suggested that a tunable spectral enhance-
ment could be achieved by tuning the metallic coating length or by
changing the coating pattern of a chiral helical structure on an achiral
silicon probe tip as illustrated in Fig, 4(d).'*

In addition, a deliberate selection of coating materials to generate
surface polaritons at a specific probing wavelength may serve as
another potential option. For example, multiferroic materials may
introduce an enhanced tip-sample coupling in THz regimes and there-
fore act as a versatile s-SNOM tip coating option to probe local mate-
rial properties.'”’

While the dominant near-field response in the scattering sig-
nals of s-SNOM is attributed to p-polarized components, recent
studies showed that s-polarization responses from s-SNOM could
be detectable on specific materials'®’ and a special probe design
may facilitate the enhancement of s-polarization components.'*®
Rather than optimize the probe tip itself, Zhou et al. suggested that
a grating-slab-tip cascading structure may provide 15-fold near-
field enhancement around 0.5 THz.'®’ Despite these pioneering
works regarding the tip-scattered signal enhancement in the
SNOM field, there is still a lack of systematic and conclusive
knowledge to guide probe fabrication in a feasible way, especially
for THz waves. Significant efforts are required to investigate and
provide a refined recipe for reproducible probe tip fabrication and
controllable near-field enhancement. This probe tip fabrication
reproducibility is essential to broaden the utility of THz s-SNOM
for practical use in material characterization at the nanoscale for
multidisciplinary projects.

I1l. NEAR-FIELD INTERACTIONS
A. The three near-field effects

The major element of proper s-SNOM functionality is the metal-
lic sharp probe tip and there are three near-field effects that are essen-
tial for enhanced tip-sample coupling and elastic scattering,'"' "

1. Lightning rod effect

When an electric field is focused onto the probe tip, the tip itself
becomes polarized and acts as a lightning rod, leading to a strong local-
ized field enhancement at its apex.””"'7°

2. Dipole effect

According to the method of images, scattering by a polarized tip
placed in the sample proximity is equivalent to the scattering of the tip
dipole and its mirror image dipole in the sample half-space, essentially
representing a dipole antenna. Since the image dipole depends on the
sample dielectric properties, the scattered radiation encodes this infor-
mation and allows for the possibility of recovering the local sample
permittivity.IT(],l777ISl
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3. Antenna resonance effect

In s-SNOM spectroscopy, the probe tip acts as a nanoantenna
with spectral varying enhancements (alternatively, responsivity) for
tip-scattered signals. This probe tip response function is determined
primarily by its geometry as well as the coating materials and attached
cantilever, which dominates the access to available frequency compo-
nents of near-field signals. Due to a fixed tip shank length in s-SNOM
spectroscopic measurements (equivalently with varying wavelengths of
incident radiation), dipolar antenna theory could be adopted to explain
experimental near-field enhancements in the frequency domain, whose
bandwidth looks as “bandpass-filtered” and “selectively enhanced”
(actually due to the probe response function) when compared to its
far-field reflection component,' *'¢>1¢7152

B. Light-matter interactions: Calibration

There are two approaches to relate the permittivity with near-
field scattering spectra, as shown in Fig. 5(a). The first approach is to
fit the complex permittivity (dielectric response) to the experimental
near-field amplitude and phase data using an s-SNOM model. This
approach has been used frequently in studies aiming to correlate pho-
non or molecular resonances with measured near-field spectra, identify
localized plasmonic resonances, and recover free-carrier spatial and
spectral profiles by assuming knowledge of the sample properties a pri-
ori,/ > 1OOISBIO9I84186 11y this review, we define it as solving a verifica-
tion problem. Another approach treats the complex permittivity in an
a posteriori manner and recovers this unknown material property
from the measured near-field complex-valued spectra.'”'®”'*° We
define this inverse process as solving a retrieval problem in this review.

Note that both the sample permittivity and the experimental
near-field spectra are complex-valued quantities. Therefore, the scat-
tering process involving an s-SNOM probe tip is a complex-complex
mapping as denoted in the center of Fig. 5(a).

The essence of multiple interactions between the probe and the
sample, before scattering to the far-field, has been well captured by
model approximations involving dipole effects'””'*'>1971% and its
extensions'”” *%” as shown in Fig. 5(b). The main significance of dipole
models is to calibrate the charge response along the probe tip geome-
try. Such a probe response calibration in dipole-model families relies
on fitting the approach curve,**'*""***%* which is the tip-sample scat-
tering variation by moving the probe tip away from the sample to the
far end. The simplest model is the point dipole model (PDM), which
approximates the probe tip as a dielectric sphere and treats near-field
responses in the sample half-space as an induced mirror image with an
equal radius.'””'®" A more realistic model of s-SNOM tip-sample
interactions is finite dipole model (FDM)'®’ and it has three major
improvements over PDM:

(1) regarding the probe tip as an elongated spheroid,

(2) considering the charge participation of the tip end close to the
sample surface into the near-field interactions, and

(3) distinguishing contributions between the initial polarization
from the incident field and secondary polarization due to the
tip-sample coupling.

These three improvements are represented by two different
monopoles located in the proximity of the tip apex.
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(a priori) or to retrieve unknown sample properties (a posteriori) from measured spectra; calibration of s-SNOM system response function: (b) A typical strategy is to character-
ize the tip by fitting the approach curve in s-SNOM measurements for further modeling purpose, and (c) a vector-nature calibration method to treat probe-sample interactions
as a black box, aiming to calibrate system responses including probe geometry from three known standards; (d) a typical method to retrieve sample properties, fitting the mea-
sured complex spectra with dipole-based models using searching/optimization algorithms; (e) a black-box method to encode probe-sample interaction inside a neural network,
training the network to learn such a complex mappir;g by assuming a known probe geometry. Reproduced with permission from Chen et al., ACS Photonics 8, 2987-2996

(2021). Copyright 2021 American Chemical Society.'

(f) A vector calibration method incorporating all system responses into error terms and avoiding presumed prior knowl-

edge of probe geometries. Panels (c) and (f) are reproduced with permission from Guo et al., Appl. Phys. Lett. 118, 041103 (2021). Copyright 2021 AIP Publishing LLC."*°

Finite dipole model essentially calibrates the probe geometry by
fitting the experimental approach curve using three parameters: a frac-
tion, g, of the total induced charge in the probe tip that is participating
in the near-field interaction, an effective tip radius, R, and an effective
tip shank length, L."*'

Ideally, solving the retrieval problem using FDM would be equiv-
alent to solving an optimization problem since the measured near-field
scattering spectra is a function of permittivity as well. By updating the
permittivity under a specific rule (search algorithm), minimizing the
deviation between the target and fit function would eventually provide
extracted permittivity as shown in Fig. 5(d)."*""" However, FDM was
designed for modeling s-SNOM response at mid-IR and has two major
issues when applied at THz frequencies:

1. For broadband investigation approaches like THz-TDS, the inci-
dent pulse contains all frequency components, which is referred
to as whitelight. Therefore, the crucial fitting parameter g
obtained via fitting the approach curve in the time domain only
captures an ensemble response averaged over the whole fre-
quency spectra. It neglects the frequency-dependent nature of
sample permittivity and ignores the spectrally varying tip-sample
coupling strength (antenna resonance effect).

Theoretically, one potential solution for this case could be com-
bining the approach curve measurement with THz point

spectroscopy—for each step size moving away from the sample, a
THz nanospectroscopy is performed. However, this approach is
unrealistic at the current stage without a high-power stable THz
emitter.

2. Another issue is that modeling the probe geometry cannot
remove contributions from parts of the system other than the
probe, compounded by the fact that the geometry of each indi-
vidual probe is subtly different (especially for the probes used in
THz regime) and that it changes during probe usage.

For further technical details and discussions, readers could refer
to the literature for materials regarded as a bulk'*>'®"*%* or multi-layer
structure'*”'””*"” employing the dipole-model formalism.

The core of other rigorous s-SNOM models'*”'”” aims to calcu-
late the charge distribution and induced polarizability on the
probe'***** involving the knowledge of the probe geometry””” using
the numerical methods. For example, the lightning rod model
(LRM),"*” aims to precisely model the realistic probe geometry while
considering the field retardation between the probe and sample under
the electrodynamic formalism.

Recently, Chen and his co-workers demonstrated the recovery of
complex permittivity in broadband mid-infrared regimes from
complex-valued near-field spectra using a neural network (NN).'** As
shown in Fig. 5(e), this end-to-end pipeline is a typical standard neural
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network with three hidden layers. Although the pre-trained neural net-
work allows the potential transfer learning and the model deployment
to other configurations, the authors also stated that it was based on a
standard Neaspec nano-FTIR probe with reproducible and nearly
identical probe geometry in each batch.'*’

While Chen’s study suggests the retrieved spectra were generated
using the neural network (NN), due to the small amount of available s-
SNOM training samples (less than several thousands or more in a typi-
cal deep learning scenario), such a few-shot learning problem hampers
to rely solely and blindingly on a NN black-box. If implicitly informed
by a known tip-interaction model,'*”'*” the training spectra need to be
generated with the assumed prior knowledge of both the probe geome-
try and the probe surface charge distribution induced by the near-field
interaction (for FDM, it originates from the calibrating parameter g
describing the effective charge response along the probe geometry).
Therefore, it appears that it would be challenging to apply such a neu-
ral network directly to the THz s-SNOM setup, considering the probe
tip geometry is generally not known nor reproducible.

Hence, considering the compromise between the extraction preci-
sion and the model complexity, there is room for an effective calibra-
tion approach that is feasible for a broad range of s-SNOM users.

A source-independent s-SNOM calibration methodology to
extract the complex permittivity (complex refractive indices) and its
derivatives, including free-carrier concentration and conductivity, is
worth developing.* A typical THz s-SNOM, as illustrated in Fig. 5(c),
is composed of an AFM and a THz-TDS system for THz nano-
spectroscopy.

The problem is essentially a retrieval problem—by knowing
details of complex-valued scattered (reflected) electric field, how
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should the material properties of the sample under test be extracted?
As the complex permittivity determines the reflectivity of the interro-
gated sample, it is essentially a procedure to describe this scattering
process, as shown in Fig. 5(f), using a physics-informed white box, in
the form of an error adapter. From the flow diagram in Fig. 5(f), one
can derive the expression that relates the incident and the scattered
fields:

EscaAM/EinQM ‘= Osca — €R " + ep, (1)

b
l—es-f
where f is the unknown quasi-static reflection coefficient (f = ¢ — 1/
€ + 1) describing the sample material properties (ep, er, es) are error
terms for the adaptor, and Egx a1/ Eincm defines the measured scatter-
ing information from experiments. To perform the calibration, one
requires the prior knowledge of material properties—complex permit-
tivity—of three calibration standards with known dielectric constants,
in order to obtain error terms (ep, ez, es).

By doing so, complicated modeling for the probe-sample interac-
tion is avoided and the errors introduced by the uncertainty of theoret-
ical model parameters (especially tip geometry) in solving an inverse
problem are eased.

The essential steps to perform s-SNOM vector calibration are fig-
uratively illustrated in a flow chart in Fig. 6. The first step is to measure
s-SNOM spectra on the sample under test in tandem with measuring
suitable materials with known complex permittivities in the probing
frequency regimes. Different from the conventional baseline-removal
approach, which directly normalizes the complex-valued spectra of a
tested sample to that of a reference (usually a perfect reflector or a
spectral-flat sample in the probing bandwidth), the vector-nature

(b) s-SNOM Retrieval Problems

Measure Three
Calibration Standards

Measure Sample
under the Test

Select s-SNOM
Harmonic Order

CR( ) s-SNOM
€ — Error Adaptor
b+ 1= e0) p
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]

Obtain Calibrated
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!
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FIG. 6. s-SNOM quantitative analysis flow chart on extracting unknown material properties from tip-scattered spectral measurements: (a) the bridging role of s-SNOM vector-
nature calibration between un-calibrated complex-valued s-SNOM spectra (red: amplitude, blue: phase) to extracted sample permittivity (red: real part, blue: imaginary part). (b)
The procedure to decipher material properties (i.e., complex permittivity) from s-SNOM scattering spectra by using an s-SNOM error adaptor to solve an inverse problem.
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calibration method demands reference spectra from three known
standards. Then, tip-scattered spectra (S,,) of three standards at a spe-
cific harmonic order (1) are employed on the s-SNOM error adaptor
to retrieve three error terms (ep, er, es). These three error terms (fol-
lowing microwave nomenclature, namely, directivity, reflection track-
ing, and source match) effectively describe three s-SNOM effects from
measurements of the three calibration standards: (1) the sole probe tip
contribution without a sample underneath (eg) under the incident
waves, (2) the responsivity (er) of the probe tip (a nano-antenna) with
a sample, (3) the multiplicative reflection process (es) between the
polarized tip and the mirror image of sample half-space. Subsequently,
with the knowledge of three error terms obtained from experiments,
the scattering spectra of an arbitrary unknown sample could be cali-
brated and thus allows for calibrated complex-valued reflection coeffi-
cients f and permittivity €. Note that this s-SNOM calibration
procedure enables the retrieval of complex-valued permittivity of the
sample under test to be ignorant of a prior assumed permittivity
model. Additionally, the knowledge of material properties of calibra-
tion standards can either come from the literature’’**"” or from far-
field measurements like ellipsometry.””* "

Measurement-specific calibration steps are always necessary for
separating background signals, inherent instrumentation, or measure-
ment errors (which are hardly well-modeled) from the tip-sample
interactions.”” This vector calibration methodology to solve s-SNOM
retrieval problems has been applied to extract complex reflectivity and
permittivity of multiple organic and inorganic materials at broadband
THz frequencies,"””'” which origins from the so-called S;; calibration
in the nomenclature of microwave vector network analyzer (VNA)
calibration."”

The importance of calibration for near-field measurements has
also been demonstrated in scanning microwave microscopy (reflec-
tion-type),”' " *'* where a VNA sends an incident microwave signal
through a conductive tip (usually part of a scanning tunneling micro-
scope or atomic force microscope) to the interrogated sample and fur-
ther measures reflections coming from the tip-sample interface, which
passes through the probe tip (calibration plane, before RF cables and
connectors) interfaced with an impedance matching network (usually
a half-wavelength wave transformer with a 50Q shunt resistor; for
overcoming the impedance mismatch between the microwave source
and the evanescent microwave probe) and finally back to the VNA
(measurement plane)."*"”"> One notable effort in SMM calibration
technique development is in situ calibration, i.e., without referring to
extra calibration standards but only with the sample under the test
itself.”'**'* Note that the calibration technique for AFM-based SMM
requires a highly conductive or lossless dielectric substrate’*' at the
probing microwave frequencies for approach curve calibration pur-
pose.”'* Instead of measuring three calibration samples, SMM in situ
calibration features the ability to extract three error terms (ep, eg, es)
by measuring the input impedance at the probe tip with different
probe-sample distances through multiple approach curve measure-
ments, by requiring pure capacitive responses in the probe-sample pair
[ie, Zip-sample = 1/(G + joC) ~ 1/(jwC), limited to non-lossy sub-
strates (G ~ 0), so that the real part of the admittance response can be
ignored in approach curve measurements, Y(w,z)= G(w,z)
+jwC(z) ~ joC(w,z)]. This is achieved by simultaneously measur-
ing both SMM microwave responses [Si;,(®,z)] and tip-to-sample
capacitance responses by electrostatic force microscopy”'®

REVIEW pubs.aip.org/aip/are

[C(w,z) = [, Fesdh as well as capacitance gradient with respect to the
tip-sample distance are derived from electrostatic force measurements,
F,; < dC/dh] for the tip-sample pair in approach curve measure-
ments.'*"*"* To finish the SMM workflow for extracting dielectric
constants (permittivity) for calibrated sample capacitance, a de-
embedding process of characterizing the dielectric probe is neces-
sary.”'””'® Proper consideration of tip geometry modeling for
de-embedding is therefore essential,”” for example, approximating as
a capacitive sphere’"” or resorting to full-wave electromagnetic simula-
tion.'”* The need for an in situ calibration of SMM arises due to the
presence of stray capacitance, which can lead to inaccurate calibration
results when relying solely on the S, calibration method for SMM
measurements. This is because the calibration plane becomes ill-
defined in the context of SMM’s capacitance-based response mecha-
nism. When exchanging between a calibration sample and the test
sample, the stray capacitance introduced by the probe tip cantilever
results in varying signals, rendering the calibration plane unde-
fined.”'**'* For STM-based SMM, due to the mechanism for measur-
ing tunnel currents between the tip and the interrogated sample, the
sample substrate needs to be conductive, e.g., highly oriented pyrolytic
graphite (HOPG)”"” or conductive indium tin oxide (ITO) glass as a
ground electrode,'”* whereas s-SNOM can in principle investigate
arbitrary AFM-quality solid-phase sample surface without further
requirements.

Note that for validly approximating the probe as a capacitive
sphere or short monopole, the electromagnetic wavelength needs to be
way longer than the probe’s physical dimension,””’ whereas this is
valid for microwave cases in scanning microwave microscopy using
typical STM or AFM tips. However, when the electromagnetic wave-
length is close to the dimension of the probe length, which is the case
for THz s-SNOM (due to the antenna resonance effect), a point sphere
approximation may not be ideal for retrieving quantitative material
properties (like complex permittivity) in s-SNOM inverse problems.

We envisage an online de-embedding process taking into consid-
eration three-dimensional probe geometry shape reconstructed by
real-time scanning electron microscopy measurements. This could be
a similar probe de-embedding strategy (with full-wave electromagnetic
simulations) for THz s-SNOM inverse problems. Such a computation-
ally expensive strategy may be realized by the synergistic development
of artificial intelligence (AI) and quantum computing on could com-
puting platforms (e.g., Microsoft Azure and Amazon Web Services) in
the future.

We also note that recent publications aim to deal with the model-
ing complexity of tip-sample near-field interactions due to the probe
geometry and sample’s surrounding environment.””"*** Chen et al.
developed for a rapid simulation approach to recover near-field optical
contrasts at a qualitative level.””' Instead of performing a time-
consuming full-wave simulation from scratch, the probe tip response
parameter is obtained by computing the difference of simulated scat-
tered fields between the consideration and ignorance of the sample
under the test. To deal with nontrivial topography in the nanosystems,
Mester et al. demonstrated an elegant approach using multiple differ-
ent higher harmonics of near-field mid-infrared scattering signals to
remove anomalous observations due to far-field incidence, without
adopting complicated electrodynamic simulations.”*

We empbhasize here that, each approach holds its own benefit to
analyze near-field scattering signals from s-SNOM. Depending on the
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goal and electromagnetic frequencies used in s-SNOM projects,
researchers need to adopt a suitable approach to decipher material
properties and interpret near-field observations at either the quantita-
tive or qualitative level.

In Sec. IV, significant advances using THz SNOM are reviewed,
including bulk materials, thin films, and biological samples.

IV. TERAHERTZ NEAR-FIELD APPLICATIONS
A. Why THz SNOM?

THz radiation refers to electromagnetic waves with the wave-
length conventionally ranging from 30 to 3000 um, corresponding to
the spectrum spanning from 0.1 —10THz in the frequency
domain.””>*** The temporal scale of THz radiation is thus on the
order of picosecond, matching the energy of various collective
motions'”** and fundamental excitations in inorganic and organic
Sampleslj(),ZZ(v,ZZT

Three representative response mechanisms for THz waves are
illustrated in Fig. 7. For example, since electron—electron scattering is
around the picosecond scale, THz radiation is suitable for probing
intraband transitions including free-electron transport.”'*” Therefore,
THz waves have been used to characterize semiconductors and study
electrical properties of organic and inorganic nanowires”* and
films.””* " Another frequently encountered collective motion is
inter-molecular vibrations, referring to non-covalent bonds across
molecules, like van der Waals (vdW) interactions and hydrogen
bonds.”® One of the most intriguing applications of this long-range
collective motion in the THz regimes is to determine free and bounded
water content in samples.”””” By quantifying the absorption of THz
radiation, identifiable features of biological tissues (like human skin,
brain, etc.) can be determined to distinguish benign and malignant
areas.’’ *? Meanwhile, THz radiation has been reported to be sensitive
to vibrational modes and stretching modes within a single molecule,
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e.g, low-frequency collective vibrations within large molecular
chains.”>*"!

Apart from the above three collective motions with spectral reso-
nances as shown in Fig. 7, various organic and inorganic samples hold
distinguishable complex-valued refractive indices in THz spectra.'”**”
This allows material identification and sensing applications in a wide
range of areas including biomedical imaging,”""***> pharmaceutical
analysis,””* ** pollutant monitoring,””” food quality assurance,”** and
art conservation.””” ***

In the past, due to the diffraction limit, the above-mentioned phe-
nomena were typically investigated at the macroscale. To progress the
understanding and unveil the microscopic origin of the THz responses,
it is crucial to resolve the constituents of these ensembles at the nano-
scale. Thanks to the advent of SNOM, we are able to unravel sub-
wavelength THz features within tens of nanometers.' ™' ***

B. Material characterization

Sections IV B 1-1V B 3 review THz near-field studies beyond the
instrumentation development. One of the major applications for
SNOM is surface characterization. Depending on the sample proper-
ties, we classify the studies into three different types:

(1) solid-state bulk materials,
(2) thin films and van der Waals (vdW) materials,
(3) and weakly scattering biological samples.

Since THz radiation is sensitive to free-electron transport and lat-
tices, THz s-SNOM serves as a desirable tool to probe local plasmons

and thus free-carrier profiling in semiconductor nanodevi-
75,91,130,158,195,243-245

ces, visualize plasma waves, invoke the field distri-
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bution,”**** investigate the light coupling with electrons,”>'****
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FIG. 7. Typical response mechanisms of light-matter interactions in the THz spectral range: (1) intraband transitions: the excitation of electrons into a higher energy level within
the same energy band. This leads to the intraband absorption of free electrons and free-electron movements, as shown in the left panel, which is able to be probed by THz
waves. (2) Intra-molecular vibration modes, including stretching and rotation within a single molecule. (3) Inter-molecular vibrations including weak non-covalent interactions,

hydrogen bonds, and van der Waals forces.
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1. Solid-state bulk materials

One of the most interesting THz s-SNOM application studies is
nondestructive and ultrasensitive characterization of semiconductor
devices at the nanoscale, which was for the first time demonstrated by
Knoll and Keilmann with contrasting mobile carriers in semiconduc-
tors.”’ Huber and his co-workers demonstrated the first spatial con-
trasts of different doping concentrations by scanning a cut-through of
a multiple-transistor device at 2.54 THz as shown in Fig. 8(a).”” This
study reveals the spatial THz responses originating from the near-field
excitation of THz plasmons. Although it is limiting to use a bolometer
to collect the spatial scattering intensity of a gas laser, this pioneering
work established the experimental possibility of quantitative studies to
rigorously extract local free-carrier concentration and conductivity of
semiconductor nanodevices using THz s-SNOM.

Ten years later, Liewald et al. reported a study of a silicon chip
with various doping concentrations using interferometric s-SNOM
equipped with a microwave mixer.'”” With the tunability to obtain
monochromatic radiation up to 0.75 THz, this study displayed both
the spatially varying amplitude, in Fig. 8(b), and the phase mappings
for different doping concentrations of a semiconductor nanodevices.

The same commercial device was further investigated by
Aghamiri et al., who utilized a THz-TDS system in a purge box to
demonstrate the s-SNOM capability of relating the THz spectral con-
trast with distinctive doping carrier concentrations.'

Since the sample electrical properties like carrier concentrations
and conductivity are fundamentally determined by the complex per-
mittivity, the premise is to measure complex permittivity of the inter-
rogated sample using s-SNOM.

To enable THz s-SNOM as a useful nanoscopy to quantitatively
characterizing arbitrary unknown samples, it is vital to solve the s-
SNOM retrieval problem (an inverse problem), as defined in Fig. 5(a),
without the prior knowledge of unknown samples’ dielectric properties
(i.e., complex permittivity) nor presuming permittivity values follow-
ing the mathematical form of a phenomenological model (e.g., Drude,
Lorentz-Drude, or Brendel-Bormann model). To address above
issues, recently, Guo et al. demonstrated a quantitative nanoprobe
method'*”"** for s-SNOM to measure sample complex permittivity
and thus other sample characteristics (free-carrier concentration and
conductivity)'”” in a broadband THz spectral range (0.5 — 1.6 THz)
under an ambient environment.

Additionally, Wiecha et al. demonstrated the capability to deter-
mine carrier density from both photo-excited and impurity-doped Si
utilizing the prior knowledge of the interrogated silicon sample’s
momentum scattering time and doping species from single-frequency
THz measurements at 0.25 THz in a home-built s-SNOM system.”*”

Owing to the nm-scale sensitivity of detecting free electrons, THz
s-SNOM is anticipated to probe minute heterogeneity results from the
external modulation of electronic structures as well. Facilitated by THz
broadband spectroscopy (0.5 — 1.6 THz) and white-light contrast
(~0.5THz), Kim et al. reported strain-induced THz near-field
responses across the strip conjunction of a ZeTes single crystal by
probing THz nano-scale conductivity heterogeneity using an s-SNOM,
which demonstrates the capability of tracking the nanoscale transition
of Dirac fermion density using THz waves””’ [Figs. 8(e) and 8(f)] as
well as visualizing the conductivity heterogeneity understood as charge
fillings in grain boundary traps for MAPbIs, a perovskite material.””’

REVIEW pubs.aip.org/aip/are

Pushkarev et al. combined THz s-SNOM with a visible pump
laser to achieve time-resolved THz measurements and gain insights
into the electron motion at nanoscale with a single-crystalline GaAs
nanobars.””” They observed faster transient decay of s-SNOM signal in
GaAs nanobars at higher demodulation orders [see Figs. 8(j) and 8(k)]
and attributed it to different relaxation dynamics at surface vs bulk,
emphasizing a crucial role of interfaces in the electron response of
nanostructures. To further quantitatively correlate the nanobar geome-
try and permittivity with the fast relaxation dynamics, future studies
on THz s-SNOM probing volumes (both spatial resolution and prob-
ing depth) are required.

In addition to probing the free-electron movements in nanodevi-
ces, THz s-SNOM has also been demonstrated to reveal photon-
plasmon couplings.”®" As predicted by the theory, a gated plasma wave
originates from the coupling of THz radiation into an antenna-
coupled field effect transistor. It involves the collective interaction
between the two-dimensional electron gas and gate electrode. One
approach allowing the discovery of such a light-matter coupling is tun-
ing the gated voltage to control the carrier density and plasma fre-
quency. By doing so, Soltani et al. reported the first visualization of
plasma wave field distribution in the channel of graphene FET detector
excited at 2 THz,”®" as shown in Figs. 8(c) and 8(d), with a propagation
distance of several hundred nanometers and a short sub-100-fs life-
time. Recently, Feres et al. reported the enhanced THz nanoimaging
contrast in graphene/hBN device with buried structures at 3.8 THz
using free-electron lasers by harnessing the polariton-assisted THz
field enhancement in graphene.””*

Apart from plasmons, THz radiation can also probe collective lat-
tice vibrations and thus highlight the spectral features of amorphous
or crystalline phases of a material. Chen and his co-workers observed
clear THz near-field spectral differences between the amorphous and
crystalline phase of a chalcogenide phase-change material, Ge; Sb, Tey
(GST) on a SiO, substrate, in Fig. 8(g), using s-SNOM equipped with
a gas laser spanning the spectra from 2 to 6 THz.”” By comparing
obtained experimental near-field data to the modeled near-field spec-
tra using dielectric function extracted from far-field transmission FTTR
measurements (0.9 — 350 THz), they confirmed that the spectral dif-
ferences are correlated with the distinctive optical phonon modes
between the amorphous and crystalline phase of the sample as shown
in Figs. 8(h) and 8(i). This study highlights the significance of knowing
the complex permittivity to perform further conclusive analysis in
near-field interrogations.

Benefiting from nanoscale probing sensitivity of THz s-SNOM,
Guo et al. harnessed quantitative results from THz nanospectroscopy
to aid high-precision advanced manufacturing protocols of quantum
devices for superconducting quantum computing.'”” By collecting the
elastic forward scattering on test devices [Fig. 9(al)], Guo et al. found
organic photoresist residue (tens of nanometers) which is invisible
under the conventional optical microscope, in Fig. 9(a2), and man-
aged to track the evolution of complex-valued permittivity of a
coplanar microwave resonator after multiple surface treatments as
shown in Fig. 9(a4) to further evaluate the effective removal of
fabrication-induced doping in Fig. 9(a5)."”” This work reported
unintentional doping originating from wet chemical etchants as an
undesired effect, which may serve as potential loss channels of
superconducting quantum computing devices. Moreover, this
study shows that THz s-SNOM are ready to be employed to
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FIG. 8. THz nano-scale investigation of solid-state integrated circuit devices, including: (a) a cut-through for multiple-transistor devices at 2.54 THz with spatially varying THz con-
trast originating from Drude responses due to the doping concentration heterogeneity. Reproduced with permission from Huber et al., Nano Lett. 8, 3766-3770 (2008). Copyright
2008 American Chemical Society.75 (b) Doped silicon random access memory at 0.6 THz with the Durde response spatial contrast. Reproduced with permission from Liewald et al.,
Optica 5, 159-163 (2018). Copyright 2018 Optica.'™ (c) and (d) Device configuration as well as THz responses of a graphene TeraFET bow-tie antenna among source, gate, and
drains at 2 THz. Reproduced with permission from Soltani et al., Light: Sci. Appl. 9, 97 (2020). Copyright 2020 Nature Publishing.”*" (e) and (f) THz white-light contrast (frequency-
averaged response, mainly dominated by the component ~ 0.5 THz) of Dirac semimetal ZrTes across the strip junctions. Reproduced with permission from Kim et al, ACS
Photonics 8, 1873-1880 (2021). Copyright 2021 American Chemical Society.”*” () and (k) Optical pumped THz far-field and near-field measurements to resolve ultrafast dynamics
in GaAs nanobars, aiming to understand nanoscale charge transport in a volume-confined system. Reproduced with permission from Pushkarev et al., Adv. Funct. Mater. 32,
2107403 (2022). Copyright 2022 American Chemical Society.”*” (g) THz nanoscopy investigation of chalcogenide phase-change materials, Ge;Sb,Tey (GST) compounds on a
SiO, substrate, with distinctive nano-scale dielectric response contrast between amorphous [(h): a-GST] and crystalline [(i): c-GST] states originating from THz optical phonon
modes within 2-6 THz. Reproduced with permission from Chen et al., ACS Photonics 7, 349903596 (2020). Copyright 2020 American Chemical Society.”””

characterize advanced materials and nanostructures with high Recently, Guo et al. extend s-SNOM calibration method'*’ to
charge carrier mobility, where the inference of nanoscale surface multilayers,” allowing direct quantitative analysis of both complex-
doping and interfacial bonding are essential to understand the valued permittivity and thickness of an unknown thin film from a
microscopic mechanisms.”***% complex nanostructure considered as being multilayer [Fig. 9(b1)].
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FIG. 9. Complex-valued permittivity extraction from THz s-SNOM broadband spectra: (a1) and (a2) Near-field investigation of coplanar microwave resonators used for super-
conducting quantum computing: (a3) THz nanoimaging (second-harmonic signals) to identify fabrication-induced doping in clean Si channels and surface treatments (a4) aiming
to remove induced doping. THz nanospectroscopy (a5) for quantitative evaluation of fabrication-induced excess carrier concentration. Reproduced with permission from Guo
et al., Appl. Phys. Lett. 119, 091101 (2021). Copyright 2021 AIP Publishing LLC.'** (b1) THz near-field investigation of an unknown surface doped layer on a high-resistivity sili-
con substrate: (b2) retrieved surface doped thin film feasible thickness and conductivity using (b3) complex-valued permittivity measured via multiple THz s-SNOM high-order
harmonic signals (S1—Ss). (b4) THz s-SNOM multilayer extraction validation on a known multilayer nanostructure (20 nm SiO, squares on Si). Reproduced with permission
from Guo et al., Nanophotonics 12, 18651875 (2023). Copyright 2023 De Gruyter."*” (c1) near-field identification of localized molecular resonance peaks in crystalline-lactose
stereoisomer with first-harmonic scattering contrast (c2) with the permittivity data (c3) to reproduce the measured near-field scattering. Reproduced with permission from Moon
et al., Sci. Rep. 9, 16915 (2019). Copyright 2019 Nature Publishing Group.'*”

Once the thin film complex-valued permittivity is obtained, a further extraction method on complex-valued permittivity and thickness
infer of conductivity, mobility, or dielectric loss is allowed [Figs. 9(b2) enhances the practical usage of THz s-SNOM for characterizing
and 9(b3)]. Guo et al. also validated the capability of this s-SNOM unknown materials at the nanoscale when the knowledge of the per-
extraction method on a well-characterized AFM standard calibration mittivity model of the interrogated sample is not available in reality.
sample (TGQI1, SiO, squares on Si). The development of s-SNOM This allows the expectation of utilizing THz s-SNOM for analyzing
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permittivity-related information of samples, as viable as far-field THz
probe methods."”'**

Another pioneering work on the extraction of THz permittivites
from s-SNOM scattering spectra demonstrated the capability of recov-
ering molecular resonance of crystalline-lactose stereoisomer as shown
in the bottom panels of Figs. 9(c1)-9(c3)."”” In this study, Moon et al.
demonstrated that the permittivity of homogeneous bulk materials,
which was inferred by comparing measured near-field data with far-
field THz-TDS measurements in Fig. 9(c3), would not change at the
nanoscale. This suggests that, once the s-SNOM reference materials
are homogeneous and bulky, the choices of calibration standards, for
s-SNOM permittivity retrieval problems, can be either spectral-flat
materials (high-resistivity silicon, gold, air) or well-documented doped
semiconductors in THz regimes."””'** By doing vector calibration on
known bulky materials, it allows to interpret non-trivial near-field
THz spatial contrasts due to the complex sample micro-structure
topography”®* *°* at a quantitative level. Such an independent extrac-
tion (without presuming a permittivity-model form) is essential in
THz s-SNOM, allowing to infer the information (e.g., mobility or elec-
tron scattering rates) robustly before moving across the niche point to
overfit a permittivity or conductivity model with quite a few parame-
ters. For example, an independent and nanoscale probe of THz and
lower-frequency conductivity allows to directly study locally confined
systems with proposed microscopic pictures, including the carrier dif-
fusion within a single THz pulse’™” or carrier backscattering,”**”" or
other models™ based on either classical”’” or quantum-mechanical
pictures.”””*’® In summary, direct complex-valued permittivity mea-
surements in THz s-SNOM is the premise to study potential sample
responses exhibiting non-Drude behavior,””” which provides indepen-
dent experimental evidence to answer at which spatial and temporal
scale shall we adopt a complicated model to describe complex nano-
scale dielectric behavior’” in a nanoscale confined system.”””

2. Thin films and two-dimensional (2D) materials

THz radiation oscillates at the picosecond timescale, matching
the energy scales of various fundamental excitations and quasipar-
ticles.”’ The investigation of these surface phenomena at the nanoscale
contributes to a better understanding of their fundamentals.”****" For
example, the phonon has a considerable impact on a wide range of
crystallographic properties, including electrical and thermal conductiv-
ity, ferroelectricity, and superconductivity. Therefore, controlling the
coupling strength between photons and electrons/phonons/excitons
on emerging materials may thus offer as an intriguing fundamental
platform for future applied research. Unlike bulk materials, instead of
covalent bonds, the interlayers of van der Waals materials are weakly
bonded by van der Waals forces. These materials also are referred to
interchangeably as two-dimensional materials in the literature.””* Such
unique structures possess fascinating optical properties at the
nanoscale.

As a pioneer work, Zhang et al. demonstrated that due to unique
Dirac band structure, graphene exhibits high carrier mobility in the
range of 0.2 — 1 THz, thus becoming a good THz reflector for near
fields with high in-plane momentum.”’ As shown in Fig. 10(a1), THz
nano-imaging was performed on a SiO, substrate with pre-patterned
30nm Au lead and single-layer graphene (SLG). The corresponding
second-order harmonic THz scattering amplitude is shown in
Fig. 10(a2). It shows that the near-field reflectivity for THz waves is
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comparable to that of a gold film. This study demonstrates the poten-
tial feasibility of graphene as the reference material in THz near-field
experiments. Specifically, highly oriented pyrolytic graphite (HOPG) is
accessible at an affordable price, and unlike thick noble metal, the
atomic-layer flatness could be easily achieved by just peeling off the
top few graphene layers. Moreover, graphene could be easily trans-
ferred onto other surfaces or structures without edge artifacts.
Considering that it acts as a metallic reflector in the THz regimes, gra-
phene would be an ideal candidate for both substrate and reference
materials in THz near-field investigations involving weakly scattering
biomedical samples.

In Figs. 10(d1) and 10(d2), de Oliveira et al. demonstrated that
by exploiting phonon polaritonic excitations, THz radiation could be
confined at the nanoscale on a vdW semiconductor film like «-MoQO3,
suggesting the importance of next-generation vdW hererostructure
engineering to enable ultralow-loss THz polaritons for directional in-
plane propagation at the nanoscale.””” Meanwhile, surface plasmon-
polariton fringes with thickness-dependent spacing are observed in
thin films of topological insulators, including Bi,Se; at 2.55 THz, as
shown in Fig. 10(b), highlighting the importance of near-field phase
from s-SNOM spectra to analyze THz polaritons.”*’ Similar oscillation
fringes around the flake edge for Bi,Ses [Figs. 10(c1) and 10(c2)] and
BiyTe; ,Sep s [Figs. 10(c3) and 10(c4)] are reported at 1.99 THz with
multiple different film thicknesses, revealing the contribution of two-
dimensional electron gas to hyperbolic THz polaritons hybrid with
plasmons and phonons.'*’

Thin film thickness, as another freedom of parameters, tunes the
effective plasma frequency and thereby THz near-field response for
the whole interrogated system in tandem with sample dielectric con-
stants. Therefore, it is crucial to decouple the contribution of a thin
film from the whole interrogated system to interpret THz near-field
responses. However, it is not straightforward to extract both thin film
thickness and dielectric constants simultaneously from tip-scattered
THz s-SNOM signals. To achieve this, Guo et al. recently proposed an
s-SNOM inversion extraction procedure for multilayer structures and
characterized THz surface plasmon polaritons in silicon quantum
devices due to a highly doped surface layer.'** With the information of
thin film thickness, Schiffer et al. reported the quantitative nanoscale
conductivity mapping of cesium lead bromide (CsPbBr;) thin film at
grain boundaries, which indeed probed the spatially varying permittiv-
ity at the nanoscale.””" Recently, by precisely controlling the number
of layers (sample thickness), Jing et al. reported tunable THz metallic
responses on layered transition metal dichalcogenide WTe, at 44K
using a cryogenic s-SNOM in Fig. 10(el), demonstrating layer-
dependent Fig. 10(e2) transition of WTe, energy bandgap.”' This
study performed by Jing et al. highlights the significance of introducing
another measurement freedom—temperature dependence for THz
s-SNOM measurements, which allows for finer understanding of
material low-energy behaviors and will be discussed in more details in
Sec. V about the road ahead.

Another experimental observable freedom is the anisotropic elec-
tronic and vibronic properties of the material platform. Recently,
phase-resolved nano-THz measurements allows the real-space charac-
terization of surface phonon polaritons”®” and acoustic plasmon polar-
itons” in semiconductor materials where the real part of the
directional permittivities holds an opposite sign to the imaginary part.
Norenberg et al. reported the low-loss THz phonon polaritons in
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FIG. 10. THz near-field studies on low-dimensional materials: AFM topography (a1) and THz near-field response (a2) between single-layer graphene (SLG), gold, and SiO, by
white-light THz nano-imagining (0.2-2 THz, the spectral peak is around 0.9 THz). Reproduced with permission from Zhang et al., ACS Photonics 5, 2645-2651 (2018).
Copyright 2018 Americal Chemical Society.”** Observation of THz surface polaritons in thin flakes of topological insulators like Bi,Ses at 2.52 THz (b) [Reproduced with permis-
sion from Chen et al., Nat. Commun. 13, 1374 (2022). Copyright 2022 Nature Publishing Group.”*“] and 1.99 THz (c1 and ¢2), BiyTe;2Seqs at 1.99 THz (c3 and c4).
Reproduced with permission from Pogna et al., Nat. Commun. 12, 6672 (2021). Copyright 2021 Nature Publishing Group.*” An «-MoOs film at 9.22 THz (d1 and d2) with uni-
form topography [Reproduced with permission from Oliveira et al., Adv. Mater. 33, 2005777 (2021). Copyright 2021 Wiley Online Library.“*] and layered transition metal dichal-
cogenide WTe, (e1) at 44K with thickness-dependent THz near-field responses (e2) revealed by white-light THz nano-imagining (0.2-2.5 THz, the spectral peak is around
0.6 THz). Reproduced with permission from Jing et al., Nat. Commun. 12, 5594 (2021). Copyright 2021 Nature Publishing Group.”" (f) THz real-space nanoimaging of in-plane
anisotropic THz image polaritons supported in monoclinic Ag,Te crystals on Au substrate with an insulator spacer. Reproduced with permission from Chen et al., Nat. Mater.

22, 860 (2023). Copyright 2023 Nature Publishing Group.”*”

germanium sulfide (GeS, a type of van der Waals semiconductor mate-
rials) from 6 to 9 THz.**" Another interesting observation is reported
by Chen et al., where the hybrid of THz plasmon polaritons to its mir-
ror image [Fig. 10(f1)] below an insulating spacer (SiO,) is observed in
low-symmetric hessite (Ag,Te) crystal at 425THz with in-plane

anisotropic THz responses [Fig. 10(f2)].”* This so-called THz acoustic
plasmon polariton (or image polaritons) was demonstrated to facilitate
the further confinement of THz radiation (4,/Ay ~ 1/65) and
decrease the polariton damping (lifetime > 0.4 ps). In a more delicate
device structure, facilitated by a similar insulating spacer (2 nm hBN)
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in high-mobility graphene devices, Ruiz et al. observed acoustic plas-
mon phase velocity shift at room temperature in THz regimes and
understood as the transition from the hydrodynamic regime to the col-
lisionless regime in electronic Fermi liquids.”** Essentially, this transi-
tion is realized by tuning the relationship between probing THz
wavelength and electron-electron scattering rate as well as inter-
particle collision rate, which is experimentally realized by controlling
the thickness of the insulating spacer and the resulting Coulomb inter-
action screen degree. This work demonstrates that THz photocurrent
nanoscopy based on s-SNOM is particularly useful for studying phe-
nomena in low-dimensional electronic systems.'””*” Recently, Guo
et al. reported the near-field localization of the boson peak,””” due to
the low-frequency vibrational density of states,”™* *”’ in rare-earth
metal (tantalum) films, providing a microscopic insight into two-level-
system fluctuation as one of leading loss channels inhibiting supercon-
ducting qubits coherence lifetime. Moving from coplanar microwave
resonators, another typical meta-structure in superconducting devices
for quantum computing is Josephson junctions (metal/few
nanometer-thick insulator/metal sandwich structure). Kim et al. dem-
onstrated again THz s-SNOM advantage in quantum device, visualiz-
ing asymmetric nano-THz scattering responses across a Al/AlO,/Al
junction surface in room temperature.””’ THz s-SNOM also plays a
significant role when material heterogeneity is non-negligible at meso-
scopic length scales. Examples include characterizing quasi-particles
such as exciton-polaritons””**”* in semiconductor materials or layered
transition-metal dichalcogenides with THz excitation which could be
promising for many novel THz applications in photonics, information,
and quantum technologies.

Since being low-loss and low-damping is technologically
essential to achieve the practical realization of polariton-based on-
chip circuitry or other nanophotonic devices, the direct characteri-
zation of THz polaritons at the nanoscale is significantly important
to explore further candidate materials with ultraconfined and
long-lifetime polariton responses. As recently demonstrated by
Obst et al*”” on a typical anisotropic layered semiconductor
(a-molybdenum trioxide), tunable in-plane hyperbolic polaritonic
dispersion has been tuned by adjusting the twisted angle between
two mechanically exfoliated layers (80-120nm per layer) to
achieve the canalized propagation. Note that Duan et al. recently
demonstrated the existence of multiple photonic magic angles in
trilayer o-molybdenum trioxide devices visually by near-field
nano-imaging on stacks with different inter-layer angles.””* The
same strategy should be translatable to other vdW materials hold-
ing non-trivial permittivity tensors in THz regimes.

From the point of structural and optical response symmetry
breaking, lowering the material system’s structural and therefore opti-
cal response symmetry is the key to realize extreme polaritonic
responses.””” Finding non-trivial twist angles of THz polaritons is an
effective approach to tailor broken symmetry and thus tuning the
degeneracy of phonon resonators. The field is witnessing the presence
of in-depth studies on the quantitative investigation of nanoscale THz
anisotropic responses in materials characterized by non-trivial permit-
tivity tensors and intentionally modified optical response symmetry at
the moment. In platforms using native materials, one should anticipate
optical response symmetry breaking characterized by non-trivial THz
permittivity tensors without identical diagonal components nor rota-
tion invariance (anisotropy), particularly in low-symmetry materials
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such as orthorhombic, monoclinic, and triclinic crystals, while its inter-
play with non-Hermiticity (dictating absorption or loss in materials)
on THz nanoscale responses is also an under-explored area. For
achieving exotic THz material platforms by van der Waals engineering
in the future,””**”" quantitative s-SNOM approach to elegantly and
robustly recover anisotropic complex permittivity tenors is necessary.
By engineering the axial complex-valued permittivity in meta-struc-
tures””” or van der Waals heterostructures,””” tunable lattice vectors in
the reciprocal space matching with THz polariton dispersions™’ for
nano-waveguiding and energy transfer functionality is possible in the
future.

In this part, aforementioned pioneering THz near-field studies
suggest that two-dimensional materials can serve as a potential plat-
form for tunable control of long-wavelength radiation like THz waves
and pave the way for surface-enhanced spectroscopy in THz regimes.
The capability of THz s-SNOM for nondestructive quantitative charac-
terization devices performance sensitive to nanoscale electronic hetero-
geneity (e.g., surface doping, mobility, charge-carrier effective masses)
and thin-film thickness opens the door to facilitate next-generation
applications, including thin-film transistors,””" perovskite-based nano-
devices,”"” " and flexible electronics based on piezoelectric30 039 and
triboelectric effects’'” where microscopic conductivity and material
heterogeneity in multilayer nanostructures matter for nanodevice
performances.

3. Biological samples

Recently, studies have been showing the capability of SNOM to
interrogate biological samples. In THz regimes, apart from inter-
molecular vibrations like hydrogen bonds and van der Waals forces,
long-chain intra-molecular vibration and rotation also hold finger-
prints. These molecular responses have been exploited to aid the iden-
tification of biomacromolecules including DNA, lipid, melanin, and
saturated fatty acid”®"”*** as well as multiple skin constituents (e.g.,
melanin, keratin, collagen).‘; 1

THz SNOM has been employed to investigate mouse brain tissue,
bacteria, proteins, fruit cells, and peptides of different secondary struc-
tures.'”>! 1371210 THz s-SNOM researchers first demonstrated the
observable contrast between the interrogated biological samples and
the underlying substrate’'>*'**'° and then started to retrieve quantita-
tive metrics relating to material properties (e.g., conductivity) from the
near-field contrast.”*’'" A typical pipeline to study biological nano-
wires using a THz s-SNOM is shown in Figs. 11(a) and 11(b), where
the observable THz contrast across the sample and substrate is the pre-
mise before the discussion of further scientific analysis. The first exper-
imental near-field THz investigation of biological samples was the
nano-THz response in immobilized Pseudomonas fluorescens bacte-
ria.”'® The authors tried various substrate choices and found that
GaAs and Au were preferred candidates in detriment to early and
widely adopted mica to highlight THz near-field responses at the
nanoscale. In this study, Schaffer et al. showed a preliminary attempt
to extract the bacteria’s permittivity. Due to small dielectric constants
of the interrogated bacteria in THz regimes and thus the low signal-to-
noise ratio, the authors only managed to recover similar scattering
amplitude of the result by mimicking the interrogated bacteria as
PMMA.

Recently, researchers employed SNOM to reveal the relationship
between the secondary structures of peptides and their electrical
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FIG. 11. THz nearfield contrast for biological samples using SNOM: THz s-SNOM contrast nanoimaging (a) on native bacteria nanowires, electrically conductive
Geobacter protein nanowires, with simultaneously measured topography and (b) near-field THz responses on an individual bacteria nanowire without requiring a direct elec-
trical contact at the nanoscale. (c) Synthetic bacteria peptide nanowires with different secondary structures with THz nanoscale responses achieved by s-SNOM.
Reproduced with permission from Solemanifar et al., Nanotechnology 33, 065503 (2021). Copyright 2021 Institute of Physics.'*® THz near-field imaging to track the biologi-
cal process (d1) for monomer and oligomer before deforming to be as peptides with THz spectral-averaged contrast (d2) at the millimeter-scale achieved by an a-SNOM.
Reproduced with permission from Heo et al., ACS Nano 14, 6548-6558 (2020). Copyright 2020 American Chemical Society.”'" (e1) Individual Y-like shape antibody (IgG,
as a majority of serum antibodies in humans) molecule on graphene with (€2) THz spatlallg varying near-field response around 150 nm using an s-SNOM. Reproduced with
permission from Li et al., Small 17, 2005814 (2021). Copyright 2021 Wiley Online Library.”'* (f1) The topography and THz near-field responses of watermelon pulp cells in
a 5 h dehydration process (f2)- (f6) with noticeable spatial features around tens of micrometers using an a-SNOM. Reproduced with permission from Li et al., Cell
Proliferation 53, €12788 (2020). Copyright 2020 Wiley Online Library.*"*
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properties, like conductivity. Figures 11(c) and 11(d) show the spatially
varying THz responses of peptides at nanoscale [panel (c)], achieved
by THz s-SNOM, and at millimeter-scale [panel (d)], achieved by THz
a-SNOM, reported in recent ground-breaking THz SNOM biological
studies with quantitative analysis on near-field data to retrieve peptide
electrical properties.''" Heo et al. distinguished oligomerization and

fibrillization state of amyloid beta protein in the buffer solution from
near-field THz conductance measurements using an aperture
SNOM.""" With the cost of spatial resolution and loss of topography,
aperture-type SNOM demonstrated its potential to investigate biologi-
cal samples in vivo with resolvable features at tens of micrometers in
THz regimes. Meanwhile, by employing s-SNOM, Solemanifar et al.
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demonstrated to resolve smallest 10 nm high topological features of
synthetic peptides [Fig. 11(c)] along with THz spatial varying contrasts
within 100 nm."” This work also managed to recover the THz con-
ductivity of different synthetic peptides with different secondary struc-
tures. While it shows the potential of developing novel bioelectronic
devices, implantable sensors, and green electronics, it also draws the
attention of biology research community on the power of THz s-
SNOM as a novel and nondestructive technique to characterize bacte-
rial nanowires.

Similar progress utilizing THz near-field contrasts to study bio-
logical processes is shown in Figs. 11(e) and 11(f). Yang et al. reported
resolution of individual immunoglobulin G (IgG) and ferritin mole-
cules on graphene substrates [Fig. 11(e)] at around 150 nm spatial res-
olution using THz s-SNOM with white-light contrasts from a TDS
system.”'” Although no quantitative metric, such as complex permit-
tivity, was extracted, this study highlights graphene (atomic-flat rough-
ness and metallic reflectivity) potentially desired as a substrate for THz
biological contrast imaging using s-SNOM. The same group also
attempted to apply THz aperture-type SNOM on biological samples
and Li et al. managed to monitor temporal drying evolution of a single
watermelon pulp cell at 1.66 THz over 5h, in Figs. 11(£2)-11(f6), with
a spatial resolution of ~20 um using an a-SNOM.”"” However, due to
the low spatial-resolution capability of THz a-SNOM, a negligible THz
near-field spatial contrast was reported within a single cell due to dehy-
dration. Although this study failed to distinguish cellular organelles in
the cytoplasm of a single cell, it represented a good starting point for
THz near-field biological studies.

We also note that SMM researchers have undertaken endeavors
to achieve quantitative microwave measurements in liquids for biologi-
cal applications.'”*"***'7?*" To address the challenges of strong
absorption encountered when directly immersing the probe tip in
liquids’"® and the complex interactions (beyond pure-capacitive
responses) with live cells in physiological buffers,'”* Tselev and col-
leagues demonstrated an elegant approach. They separated the probe
tip and the samples using an ultrathin membrane (made of
nanometer-thick silicon nitride or silicon dioxide) mounted on silicon
frames (liquid cells), which were initially developed for supporting
samples in TEM (transmission electron microscopy) studies.”’” This
innovative approach enabled the imaging of single yeast cells in glyc-
erol solutions, capturing their responses to 5GHz microwaves.
Recently, the inverted-SMM technique was showcased for interrogat-
ing mitochondria in an isotonic glucose solution,'** alongside ongoing
advancements in calibration methods that account for the lossy nature
of the medium.””’ Another recent interesting SMM study involving
liquids shows how a nanometer-thick water meniscus acts as a nano-
scale microwave iris formed between the probe tip and a twist-layer
graphene (TBG) system for concentrating microwave electromagnetic
fields within small areas, which is used for explaining imaging results
of Morié patterns at different twisted angles with 1 nm spatial resolu-
tion.”"” Note that this strong coupling enhancement effect is attributed
to the high dielectric value of water (~ 81) at 3 GHz. This diminishes
the impact of the sample’s geometric capacitance, in turn enhancing
the contribution of quantum capacitance—which is closely associated
with the electronic properties of the sample—to measured near-field
microwave signals. As a result, the contribution of the sample’s free
carrier concentration to the microwave signal is increased due to the
increased contribution from quantum capacitance.””’ For THz
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s-SNOM, such a near-field coupling enhancement realized by intro-
ducing an additional adventitious liquid layer with impedance-
matched permittivity values at THz frequencies is a potential new
strategy to be explored and verified. For achieving nanoscale imped-
ance matching and enhanced THz near-field couplings, we envision
recently demonstrated virtual gain approaches for amplifying
evanescent fields’** *** as well as next-generation nanoscale metalens
techniques’*’ may serve as viable options in the future.

To further unveil the origin of both THz temporal and spatial
response change, it would be interesting and necessary to observe THz
near-field spatial contrasts among nucleus, vacuole, and Golgi appara-
tus in the future, harnessing high spatial-resolution capability of an s-
SNOM. THz-specific protocols (e.g., liquid permittivity, membrane
permittivity, membrane thickness) are therefore essential to be
explored iteratively in practical experimental investigations for optimal
near-field imaging and spectroscopic measurements.

While the near-field response contrast between the sample and
substrate could be enhanced by tuning the permittivity difference
between these two, a quantitative interpretation of the convoluted
near-field responses in the tip-sample-substrate triplet is non-trivial
and usually relies on a well-documented vibration mode database’** to
infer the information of molecular vibration modes in the interrogated
sample system.””” Such auxiliary knowledge of THz molecular
responses is not as well-documented as that for mid-infrared cases,
which requires continuing efforts of THz spectroscopic studies in the
community for creating a database with reproducible molecular vibra-
tional mode information,””"*****?

Apart from investigating dried biological samples using s-SNOM,
probing living cells or organic samples in liquid environment has been
demonstrated so far in mid-infrared regime using s-SNOM.
Meanwhile, it would be exciting to expect in vitro THz near-field stud-
ies employing s-SNOM to unveil nanoscale features of biological sam-
ples in the future.

V. THE STATE-OF-THE-ART AND THE ROAD AHEAD

The pairing of s-SNOM and THz radiation sources with a coher-
ent detection scheme has distinct advantages, particularly for THz
nanoscale quantitative analysis on interrogated samples. Applications
reported to date range from probing collective modes in materials such
as conductivity, phonon resonances, and surface polaritons in solids,
quantifying localized THz permittivities at the nanoscale for material
analysis, undertaking THz nano-imaging on inorganic samples, and
performing nano-spectroscopy on biomarco-molecules. Within these
applications, the majority are performed with a solid-state sample at
room temperature.

Now, we are able to experimentally measure THz sample
responses, in contrast to the substrate or other reference materials, at
the nanoscale as well as able to interpret such tip-scattered responses
at a quantitative level, the next question we need to answer is—what
kind of research questions can THz s-SNOM solve with appealing
advantages over other methods? Are we finishing the instrumentation
or the methodology developments? What else do we need to achieve
before employing THz s-SNOM to address urging scientific questions
and potentially push the domain knowledge boundary in other disci-
plines? We would like to point out open challenges other than pushing
spatial resolutions. In this section, we envision the road ahead for THz
s-SNOM in the future and sort them in order of fundamental signifi-
cance along with readiness in light of previous s-SNOM studies.
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A. Soft materials: Live cells in liquid

Since the demonstration of near-field infrared spectroscopic
investigation on a single tobacco mosaic virus,”’ s-SNOM has been
employed in various solid-state soft biological samples,””’ *** includ-
ing insulin aggregates, purple and lipid-like peptoid membranes,””" ***
and ferritin protein complexes.”’””"* These studies demonstrate that s-
SNOM is capable of revealing a secondary structures such as a-helical
and/or f-sheet structures from near-field optical responses.””' ™"
However, to truly enable nanoscale s-SNOM investigation of living
cells or tissues, the premise is to collect measurable near-field s-SNOM
signals in liquid environments. However, s-SNOM cannot directly
probe wet samples, including biological objects like living cancer cells
or bacteria. This is because wet samples contaminate the tip and the
samples can change upon evaporation during scanning,”**°

Recently, several researchers aimed to circumvent these problems
and report the successful observation of near-field contrast in mid-
infrared regimes using s-SNOM.”””**’ One of the remarkable advan-
ces is reported by Kaltenecker et al.,””® who demonstrated the interfer-
ometric s-SNOM measurements of living Escherichia coli cells. Unlike
encapsulating the sample with two graphene sheets as proposed by
Khatib et al.,””” Kaltenecker et al. proposed to cover the sample with a
10 nm SiN membrane, and utilize sub-surface imaging capability of s-
SNOM to probe living E. coli cells in the liquid solution below a thin
membrane. This method avoids the previously reported issues encoun-
tered using the encapsulation approach, including the deviation from
samples’ native topography due to the compression by encapsulation
materials.””

Regarding the use of THz nanoscopy, to our knowledge there are
no s-SNOM studies to report the measurable amplitude and phase
from the biological samples in liquid yet. It would be intriguing to use
THz s-SNOM to characterize biomolecular processes in liquid, either
in an enclosed cell or a fluid channel with flowing buffer solutions.
Considering that THz waves are sensitive to free-electrons and have
the potential to reveal various unique features in biological samples,
THz s-SNOM may be employed to unveil the micro-mechanism and
track the progression of the electron transport property of bacteria
induced by free nitrous acid,”*'”"” extra-cellular electron transport
within microbial bacteria in bacterial biofilms and sludges,"'l‘g”ﬂ’"s or
further study microbial nanowires with long-range electron trans-
port™* >’ combing with a direct conductivity measurement™* and
chemical composition localization””” at the nanoscale in a nondestruc-
tive way. Additionally, liquid-based THz radiation emission’**">" and
detection,” " the so-called THz aqueous photonics, has been dem-
onstrated as an emerging area recently. One question is left to be
answered—is it possible to utilize such THz-liquid interaction as a
nanoprobe for biological samples in liquid using an s-SNOM?

Apart from future demonstrations of THz in-liquid studies
using s-SNOM, an interpretation of such scattering signals from
the liquid using either encapsulation or sub-surface approaches
requires the adequate knowledge of the probing depth and volume
of THz s-SNOM, which is essential to recover complex permittivity
of such a multi-layer structure (encapsulation layer/sample/solu-
tion), including the biological samples in the liquid environment.
Considering the complex nature of the s-SNOM scattering
signal,”’ a versatile approach dealing with both the phase and
amplitude of s-SNOM scattering signals from the liquid with
encapsulation layers is in demand in the future.

REVIEW pubs.aip.org/aip/are

B. Probing depth and effects of multilayer structures

One of the open challenges for THz nanoscopy is local quantita-
tive characterization as well as capturing fast events at ordinary condi-
tions (also in liquid, in the case of biology), which requires the
capability to quantify near-field responses in multilayer and buried
nanostructures. High-resolution subsurface imaging remains a nano-
metrology challenge to electromagnetic and acoustic dispersion and
diffraction, although single-molecule-scale probing of material surface
properties has been achieved.”*"”** Measuring the subsurface domain
poses an inverse problem, which is usually a nonlinear challenge.’*’ As
a result, in order to nondestructively acquire insights into the interior
of a material, it requires quantitative knowledge of how deeply the
detected signals are responsible for the material’s inner structure. On
the other hand, spectral features of solvated molecules from typical
far-field THz spectroscopy measurements with micro-fluidic platforms
are mostly in the absence of resonant absorption peaks.’”* This
feature-less THz spectral continuum may be due to an increasing den-
sity of hydrogen bonds™** with an averaged dielectric response between
the host medium and the scatterers (solvated molecules) over hun-
dreds of micrometers. To explore THz opportunities for potential
molecular fingerprints in the native environment and other important
transient and dynamical processes in liquids, prior studies on THz
near-field probing depth and multilayer (also buried) nanostructure
effects are important.

Recent s-SNOM calculations and experimental studies carried
out in visible’” **” and mid-infrared"**'*******" *"" regimes correlate
the probing depth with various factors including the tip tapping ampli-
tude, tip radius and demodulated harmonics.'” The estimated s-
SNOM sensing depth varies from tens of nanometers to more than a
hundred nanometer on different samples. Recently, Guo et al. demon-
strated an s-SNOM multilayer extraction procedure to recover both
thickness and complex-valued permittivity of fabrication-induced sur-
face layer in silicon-based nanodevices.'”” Nevertheless, further THz s-
SNOM experimental efforts are needed to answer quantitatively what
is the sensing limit in surface normal direction, especially for subsur-
face layers in multilayer nanostructures. Remarkably, a detailed study
of probing depth at THz frequencies and recovery of THz permittivity
of multilayer structures is a relatively unexplored terrain. Moon et al.
reported sub-surface contrast of 30nm Au grating buried in a thick
Si;Ny layer.”” However, there is no quantitative mapping between the
probing depth with the s-SNOM operational parameters and the sam-
ples’ complex permittivity. This might relate to the difficulty of collect-
ing sufficient scattering power of THz near-field radiation from the
Authors” home-built s-SNOM.

To enable the quantitative interpretation and THz nano-scale
local mapping of biological samples in liquid, it is essential to
advance a detailed understanding of THz probing depth with mul-
tilayer nanostructures to encapsulate under-study samples in
buffer solutions. We envisage an experimental design and plan for
THz s-SNOM investigating (Fig. 12) materials in liquid environ-
ments in light of pioneer demonstrations in mid-infrared
regimes.””>"*’ Monolayer membrane and nanosheets’”' " with
tunable low-dimensional THz dielectric properties, i.e., tunable
nanochannels for THz photon penetration, are envisioned as the
capping layer candidates. To avoid being broken by tip tapping
motions, the mechanical properties of the capping layer need to be
compatible with the spring constants of s-SNOM probe tips.
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FIG. 12. An envisioned experimental design for THz near-field investigations on biological samples in water or other liquids: (a) Intrinsic SNOM probing of a molecule without
destructive or invasive touch. (b) A THz s-SNOM measurement strategy for probing near-field light-matter interactions in the solvent (liquid) environment. (c1) THz near-field
dielectric characterization of multilayer structures using prepared substrate (bulk) and capping layer materials. (c2) and (c3) Find the optimal liquid cell etching depth allowing
substrate-enhanced near-field interactions with air or liquids encapsulated by both the capping thin-film layer (at the top) and the substrate with etched nanochannels (at the bot-
tom). (c4) Non-contact near-field investigation of samples in their native environments (with liquid or buffered solutions). Reproduced with permission from Guo et al.,

Nanophotonics 12, 18651875 (2023). Copyright 2023 De Gruyter."*

A desired s-SNOM liquid cell is expected to be optimized with
an iterative strategy (Fig. 12): (1) find the optimal capping layer
thickness and substrate, subject to observable thickness-dependent
near-field responses from the covered substrate; (2) quantify the
probing depth of the dipole-dipole interaction in the designed liq-
uid cell in air. Find the critical shallow trenching depth where
the air gap screens the doped substrate near-field interactions
[Figs. 12(a) and 12(b)]; (3) fill the buffer solution in the liquid cell
(multilayer nanostructure) and refine the etching depth to achieve
substrate-enhanced near-field interactions due to the strong water
absorption for THz waves; (4) with optimized geometrical struc-
tures iterating through (1-3), measure THz near-field responses in
the refined liquid cell at the nanoscale [Fig. 12(d)]. To spatially
quantify complex-valued dielectric constants or absorption coeftfi-
cient of the sample in liquid, the liquid cell may be fabricated
with two-dimensional materials and semiconductors of several
known doping concentrations for the calibration purpose. Due to
well-documented dielectric properties in THz regimes, doped Si
and GaAs are envisioned as possible candidates to stay at a niche
point, where subsurface near-field interactions enhanced by their
high-value permittivity (larger than high-resistivity Si)*"* %
as well as the semiconductor shallow etching performance is pre-
dictable.”*"**” Another motivation for multilayer nanostructures
engineering™*” is to realize THz polariton-based nanoscale interferome-
try. Considering the ultra-compressed capability of free-space THz
wavelength'*>**>*** and remote probing sensitivity on molecules™" by
surface polaritons, THz polariton-based interferometry is envisioned as
a non-contact solution for remote probing the existence of adjacent mol-
ecules at the nanoscale. The future development of an analysis frame-
work for ultra-confined and highly damped THz evanescent waves is

necessary to allow the quantitative characterization of deposited mole-
cules using THz polariton interferometry.

C. Probe geometry and coating design

Over the past two decades, the s-SNOM community has man-
aged to demonstrate THz spatial features down to tens of nanometers
using sharp tips, with a notable progress that Maissen et al. showing
spatial resolutions down < 15 nm at THz frequencies.”'*>'**'** In the
past, it was considered that the spatial resolution of an s-SNOM is
determined by the tip radius. However, as reported by Maissen
et al,'"*" a blunt tip (radius: 750 nm) can resolve THz features down to
100nm in an s-SNOM. This suggests that the spatial resolution of
THz s-SNOM could be affected by a combination of multiple factors,
including the probe tip radius, tapping amplitude, signal demodulation
harmonic orders, permittivities of probe and interrogated samples at
THz wavelengths, as well as the probe tip geometry.

To advance THz s-SNOM capacity, exploring the exact probe tip
shape (arrow, elephant-nose, Akiyama, etc.) is essential to increase the
signal-to-noise ratio for THz scattering signals.”*>** Usually, the
probe tip used in THz s-SNOM is platinum/iridium metalized.
Recently, researchers reported the capability to tune the spectral
enhancement by designing a customized metal coating on the tip.'®
The influence of coating patterns on the confined field enhancement
near the tip end, in combination with the tip shank length and incident
wavelengths, needs continuing exploration in the future.

D. Cryogenic probing for low-temperature physics

Over the last two decades, imaging using s-SNOM under ambient
conditions has resulted in a slew of scientifically significant findings.
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On the other hand, intriguing phenomena of fundamental physics
often happen solely at cryogenic temperatures”” *”' and require nano-
scale optical techniques for their interrogation. Therefore, it is impor-
tant to enable s-SNOM operation at cryogenic conditions. The
progress in this direction began with pioneering home-built sys-
tems,””>%? including remarkable demonstrated operation at as low as
5K for non-interferometric operation.””*””” Recently, a commercial
cryogenic s-SNOM system was developed by attocube systems AG
(Haar, Germany). It demonstrated the capability of interferometric s-
SNOM imaging and spectroscopy at temperatures between 6 and
10K, significantly improving operating temperature range, data
quality, and, most importantly the accessibility of cryogenic optical
nanoanalysis. The cryogenic operation outside MIR regimes, including
THz or even visible ranges, is currently under development with pru-
dent tests. The ability to perform temperature-dependent THz s-
SNOM measurements allows to in situ probe temperature-dependent
permittivity (absorption coefficient) quantitatively. The information of
absorption coefficient in low-frequency regimes, for example, from 0
to 2THz regimes, allows to probe the information of density of
states””” experimentally at the nanoscale using s-SNOM.””” The access
to such experimental observable’ *" is significant to further study
low-frequency vibrational dynamics and mode excitations in complex
systems (e.g., glass),”’" including ordered and disordered systems'’”
with insights obtained from molecular simulations and theoretical
modelings.” "

Currently, no SNOM measurements have been performed at
millikelvin temperatures. The cryogenic probing using THz s-SNOM
in tandem with strong magnetic field is the also terrain with limited
studies. Recently, an experimental breakthrough down to sub-2-Kelvin
nano-THz contrasts has been reported by Kim et al. with the capability
of externally applied magnetic field (up to 5 T) using an s-SNOM.""”
Continuing efforts addressing the signal-to-noise ratio of THz s-
SNOM are the premise for the community to draw conclusions further
from THz near-field responses observed in cryogenic temperatures. In
addition to the tunability of magnetic field,"”* THz cryo-SNOM is able
to visualize the profound effect of orbital motion of the charge carriers
at their native nanometer length scales, allowing to offer direct experi-
mental observations for physics phenomena where quantization is
non-negligible, for example, Landau quantization./m"w % While the
manner to cool temperatures below liquid helium from the room tem-
perature is expensive and time-consuming, another technical compli-
cation to performing s-SNOM measurements at such low
temperatures is due to the limited cooling powers of dilution fridges
and the corresponding required optical access for THz radiations. For
nanoscale material heterogeneity characterization, it would be expected
to allow THz s-SNOM to operate at close to the device operating tem-
perature, which would aid both fundamental and applied science proj-
ects, for example spintronic devices made by spin gapless
semiconductor,”” qubit devices optimization for superconducting
quantum computing’'**'" or other polariton-based nanophotonic
devices fabricating by III-V semiconductors, topological insulators or
other quantum materials, and providing direct experimental evidence
to understand THz intra-nanowire dynamics for nanowire-based THz
devices.""”

To harness THz s-SNOM uniqueness of resolving complex-
valued permittivity at the nanoscale, cryogenic nano-THz probing on
exotic phenomena happening at the nanoscale, like the Casimir
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effect,” >*"* summon the development of THz cryo-SNOM with high
signal-to-noise ratio to derive reliable physics interpretations. One
option to obtain a quantitative interpretation of near-field responses in
THz cryo-SNOM is effectively removing non-idealities of the measure-
ment system with vector calibration, which has recently been reported
in low-temperature microwave reflection measurements by near-field
SMM.""® We note that, recently, Wit et al. reported an SMM calibra-
tion method to calibrate system response for recovering complex
impedance without referring to three documented standards. Instead,
Wit et al. concurrently measured retraction curves (in s-SNOM litera-
ture, it is usually referred to as approach curves) of both microwave
reflection signals and conductance (real part of complex conductance)
signals of the interrogated sample while assuming the unmeasured
capacitance as a constant.’'” However, this method is hard to directly
translate for calibrating s-SNOM responses for general cases, since
practically it is difficult to derive the real part of the complex permittiv-
ity of the interrogated sample (which is also frequency-dependent)
before calibrating the system response. Therefore, we still suggest the
essence of three well-documented standards for s-SNOM vector
calibration.

Finally, we anticipate the vector calibration for THz s-SNOM,
demonstrated at room temperature,m‘m to be extended to low-
temperature  nanoimaging and  nanospectroscopy — measure-
ments."”>*'**'” This will allow us to study microscopic physics phe-
nomena happening at low temperatures more quantitatively, for
example, terahertz magneto-optical activity at the nanoscale in the
ﬁlture.4 18,419

E. AFM-THz: An analogy to AFM-IR

Unlike s-SNOM that collects scattering optical signals from the
sample, AFM-infrared spectroscopy (AFM-IR) probes the local ther-
mal expansion of a sample resulting from absorption of infrared radia-
tion upon external illumination. The detection is performed by
monitoring the probe tip tapping response under pulsed illumination
via AFM."”" In the same way, with the illumination of THz radiation,
a similar detection scheme could be implemented. During the scan-
ning, the absorption of incident THz radiation on the sample leads to
the modulation of probe cantilever oscillation. A high-power THz
stimulus, for example, from pulsed QCL can be an ideal THz radiation
source to implement AFM-THz. The probed thermal expansion of the
sample due to absorption of THz radiation allows to further study on
low-frequency vibration modes of the interrogated sample.
Amorphous materials like glasses or other material systems with
potential low-frequency modes may be suitable candidates for AFM-
THz.""* We envision that AFM-THz would need to be operated in a
cryogenic environment.

F. Tissues characterization at the cellular level

Skin cancer which includes melanoma, squamous cell carcinoma
(SCC), basal cell carcinoma (BCC), is a common malignancy that has
shown a continuing drastic increase in Europe, Canada, and the
United States, along with the highest incidence rates reported in
Australia.””' Melanoma is considered as the most dangerous of the
skin cancers,””” and the early stage recognition of atypia in dysplastic
nevi'” helps provide a better diagnosis of patient survival.
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The ability to observe preliminary structural features during the
benign-malignant transition, therefore, is essential for assisting in the
early stage diagnostic recognition and further medical intervention.
Typically, the conventional characterization technique on skin tissue is
histology staining, which only offers evidence only on formed malig-
nant/cancerous regions. However, there is no reliable and mature tech-
niques yet to highlight the early stage formation of skin lesions in the
benign-malignant transition.

THz radiation, as a non-ionized electromagnetic wave, has been
reported to respond with various types of tumors,””"”**** including
skin (SCC, BCQ), gastric,425 oral,””***” brain,*”® breast,””’ and liver*”’
cancers. Its non-ionized nature promises a biologically safe investiga-
tion and the unique light-matter response enables a label-free tissue
characterization technique for lesions.

Notwithstanding the fact that THz contrasts existed in various
malignant tissues, the underlying contrast mechanism and origin are
not well understood in cellular level. The initial belief blamed to the
accelerated metabolism of tumorous/cancerous tissues than the benign
ones, and therefore resulted in an excessive amount of water.””" This
explanation was adapted by pioneering medical physicists from
Cambridge to explain the first observed THz tumorous contrast in
early 2000s.”**** This water-induced THz contrast mechanism was
continuously attributed to by most THz tumor/tissue studies till 2010.
Sy et al. at the first time experimentally verified non-water-related THz
response on liver cirrhotic tissues fixed in formalin,”" and it guided
the community to study THz non-water-related contribution like the
increase in cell density, lipids and proteins,””*** and other biomacro-
molecules,”*”’ including fatty acids,” DNA, etc.

Specifically, for melanoma skin cancer, both its precursor—
nevus—and original pigment—melanin—have been reported with
THz responses.”””* "

In spite of these progresses, there are still several fundamental
and key questions to be studied and answered for bridging THz and
medical researchers as well as realizing the anticipated label-free early
stage diagnosis of melanoma skin cancer:

1. How does microscopic spatial structural change of a potential
melanoma tissue affect THz response and relate to signatures for
early stage recognition?

2. Within a single nevus cell, does THz radiation respond to any
specific kind of organelle, like nucleus, cell membrane, nucleolus,
mitochondria, lysosomes, vacuoles, etc.?

3. How does a cellular-level (nanoscale) THz response from differ-
ent spatial locations of tissue form the averaged electromagnetic-
tissue response in hundreds of um scale, for the sake of real-time
THz scanning in the future?

Currently, a majority of mechanism studies attempting to unveil the
origin of THz tissue contrast are drawing conclusions from far-field mea-
surements, with spatial responses averaged over a couple of hundred ym
and ignorant of the ramification of samples’ cellular-level inhomogene-
ity.”” Thus, attempts to explain THz contrast origins, which are drawn
from far-field THz measurements, screen out the cellular-level features,
average the responses within a beam spot, and thus hamper direct evi-
dence of proposed THz contrast origins. Although water is still considered
as the major THz-tissue response contributor,”” tissue inhomogeneity and
water-free THz responses from microscopic structural variations in tis-
sues™ at the nanoscale require study for the delineation of cancer margins
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and the direct evidence of THz non-water-induced skin cancer contrast.
Recently, Kucheryavenko et al. revisited the applicability of the effective
medium theory for describing THz wave interacting with soft turbid tis-
sues by using THz immersion microscopy to extract optical constants of
tissue-mimicking phantom (subwavelength and mesoscale SiO, particles
embedded in a hydrated gelatin slab) by considering the relative volume
fraction of a constituent in a composite material in spatial-averaged mea-
surements.””” We anticipate that THz s-SNOM can provide microscopic
observations for further revisiting theoretical predictions based on
Lorenz-Mie scattering and effective medium theory. More importantly, a
direct sub-molecular-level mapping of complex permittivity via THz s-
SNOM allows studying an interplay between THz-wave absorption and
scattering mechanisms in multilayer turbid tissues with an anisotropic
geometry with direct microscopic evidence in the future.

The sub-cellular understanding of the THz response on lesions/
tumors is essential to interpret the experimentally observed THz con-
trast in various tumorous tissues either in vivo or ex vivo. It is signifi-
cant to further bridge THz studies with medical communities realizing
this label-free in vivo recognition of lesions/tumors for pragmatic early
stage diagnosis and medical intervention.

Owing to the deep-subwavelength resolving capability of s-
SNOM, direct access to the cellular-level features of tissues is possible.
In a pioneer work, Kanevche et al. has demonstrated measurable sub-
cellular contrasts at mid-infrared wavelengths from the intracellular
structures of eukaryotic (Chlamydomonas reinhardtii) and prokaryotic
(E. coli) species.""” To further pinpoint and decipher microscopic
responses from macroscopic spatially averaged THz signals, the pre-
liminary requirement is to confirm THz waves are responsible for tis-
sue constituents (e.g., collagen, melanin and typical proteins).”"*

Hence, it is rational to harness the capacity of THz s-SNOM to
resolve the sub-cellular THz features on un-stained skin tissues showing
a nevus or nevi. With the advancement of THz radiation sources toward
operating in high-power, high-temperature, and broadband regimes
based on semiconductor hetero-structures,”*"*** inorganic and organic
crystals,”>*** electron bunch trains,""” graphene hyperbolic grating,""®
or topological semimetals nanowires'” we envisage great attention to be
attracted on nano-THz biological studies, including direct characterizing
cellular structures at the nanoscale. To realize unprecedented THz-tissue
response at the cellular or molecular level in liquids,**** considering s-
SNOM probing volume is typically restricted by the tip tapping ampli-
tude around several hundred nanometers, a deeper (um) volumetric
characterization,””” i.e., THz near-field tomography, would be necessary
and insightful when approaching to decipher superficial contribution
from volume-averaged THz responses. This is a premise to empower
direct microscopic characterization of THz-tissue interactions by visual-
izing cell responses in liquid at the nanoscale. If the near-field observa-
tions of nanoscale THz response variations within a single cellular
structure regardless of topological variations could be realized, there
might be an opportunity to answer the cellular-level origin of THz far-
field contrasts on tissues, which might provide vital shreds of evidence
and incentives for prudent decisions on employing THz waves as a stan-
dard medical diagnostic tool for early stage lesions in the future.

G. Metal oxides and defects

For solid-state materials, we find s-SNOM researchers usually
start with well-documented and standard materials. The pioneer THz
s-SNOM studies work with probing spatially varying surface doping in
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metallic nanostructures,””**! doped semiconductor-based nanostruc-
tures, like silicon’"'7?*>?%” or gallium arsenide,’'””°? vanadium diox-
ide™ and graphene'”****** with well-documented dielectric
properties, then progressing at the stage to study materials whose
nanoscale properties with less-documented information at THz fre-
quencies, including phase change materials,””**" perovskites,”*****
rare-earth metal oxides (Fig. 13),”” carbon black in rubber,”” and
antiferromagnetic thin films with anisotropic conductivity."**

Considering these applications originally rely on the high sensi-
tivity of THz waves to conduction electrons or surface mobility, THz
s-SNOM s considered as a promising candidate to quantify local
changes in the electrical conductivity of metal oxides caused by oxygen
vacancies, which are typically invisible to conventional methods.*™*
With the spatial resolution of tens of nanometers, THz s-SNOM could
be used to probe electrical properties of oxides, potential insulator-to-
metal transition of oxygen vacancies, and resulting conductivity
changes due to the increase in vacancy concentrations at the nano-
scale,"”>"*® allowing to potentially unveil the microscopic origin of
near-surface vacancy structure’”’ and to clarify the role of oxygen
vacancies as well as dopants in high-temperature superconduc-
tors””***” and in metal-based biodegradable memory alloy*®” to
sharpen the microscopic understanding of metal aging, corrosion rates,
and Schottky barrier distribution with in situ THz nanoprobing. The
nondestructive and nanoscale resolving ability of THz s-SNOM allows
for developing the fundamental understanding and optimizing the fab-
rication process of future metal and oxides-based electronics and
implantable biomedical devices.

H. Topological insulators

Topological insulators are a group of exotic materials where
metallic states appear on the surface of what is notionally an

incident
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insulator.”*" They serve as exotic material platforms to experimentally
study novel transport phenomena, including the anomalous quantum
Hall effect and spin Hall effect observed in topological insulator sys-
tems.**” THz s-SNOM allows for tracking changes of the induced local
electrical properties at the nanoscale during the fabrication of topologi-
cal insulators and reveals the underlying physics of these materials
nondestructively.'*’ This ability of THz s-SNOM paves the promise to
assist a wide range of application studies including the development of
high-efficiency for thermometric-film wearable electronic devi-
ces, """ spintronics,’”> quantum computing,*** *** flexible piezoelec-
trics**” and thermoelectrics based on topological insulators.*”**”"

While THz a-SNOM has been demonstrated as a suitable probe
to study evanescent electromagnetic responses in meta-structures’’”
based on topological insulator,"”” near-field plasmon responses from
topological insulators were found to be more pronounced by using
THz s-SNOM.'***** This may motivate THz a-SNOM developers to
consider the incorporation of QCL or gas laser; however, switching the
a-SNOM radiation source may also urge the advance of aperture-
based near-field detection technique, where the photoconductive
nano-antenna in a-SNOM probe was originally inspired and designed
for the broadband detection using THz-TDS systems.

We also note that frequencies below 4 THz (including microwave
regimes realized by scanning microwave microscopy) are crucial for
studying quantum materials,”* **" including edge and bulk states as
well as other emergent phenomena in topological insulators at the
microscopic level, including imaging quantum Hall edge channels**
and quantifying surface electronic transport (the imaginary part of
SMM signals is a good measure of local resistivity) in gated graphene
devices”” by microwave microscopy. A recent example demonstrated
by Wang et al. showcased the SMM advantage to visualize Chern insula-
tors’ one-dimensional chiral (quantum anomalous Hall) edge mode
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features manifested experimentally as a sharp microwave response
enhancement at the crystal sample boundaries’® (400 x 20 um?
Cr — doped (Bi, Sb),Tes, a typical ternary compound alloy composed
of bismuth, antimony, and tellurium with electrical and magnetic prop-
erties tuned by chromium doping) and edge state conductivity. In the
meantime, the capacity of microwave microscopy with continuous fre-
quency tunability in SMM experiments is expected to shed light on the
non-trivial interpretation of microwave edge responses, considered as
collective edge magnetoplasmon excitations, measured on arbitrary
quantum materials within the SMM theoretical framework proposed by
Wang et al."”® in the future, while similar cases also apply for THz nano-
scopy considering the experimental freedoms coming from multi-
physics coupling, including temperature, magnetic field, etc.

In terms of probing topological insulators, we envision the con-
tinuing co-development of THz cryogenic SNOM with tunability on
temperature, as well as strong magnetic field, provides a bright future
allowing direct experimental observations of transport properties in
both antiferromagnetic and ferromagnetic phases at the nano-
scale."*”**” Similar to the situations encountered in SMM quantum
material studies, future advancements in cryostat setups, ** along with
integration into broadband nanospectroscopy, will advance our under-
standing of topological insulators’ properties’””**” and further expand
our ability to modulate topological electronic phases through intense
THz field excitations.**"**”

I. Physics-informed Al for s-SNOM quantitative analysis

Considering the complicated physics nature of the s-SNOM tip-
sample interactions, it might be unrealistic to put all the s-SNOM
experimental details into a model. The questions for quantitative s-
SNOM analysis will be—(1) Will artificial intelligence (Al), e.g.,
machine learning or deep learning algorithms, be helpful for s-SNOM
analysis more than publishing a paper to claim the first attempt? (2)
How much can it involve and contribute to s-SNOM, especially in the
quantitative analysis? Recently, neural networks (NN) as a supervised
learning algorithm have been demonstrated by the quantitative analy-
sis of s-SNOM scattering spectra.'****>**” However since NN is a
data-driven and data-hungry AI framework, a simple translation on s-
SNOM scattering spectra hampers the practical utility for quantitative
analysis. As a data-driven AI framework, NN suffers from many
intrinsic problems as a data-hungry supervised learning algorithm.
This is due to the fact that good-quality s-SNOM data with a high
signal-to-noise ratio is time-consuming, especially with THz radiation.

No matter how powerful a data-hungry NN is to encode a latent
space, the difficulty will be greater for such supervised learning algo-
rithms, compounded by the fact that the s-SNOM probe tip wears after
long-term usage, which will change the initial “correct label.” Other
approaches to data augmentation, such as generative adversarial net-
works (GAN)***** and other physics-informed generative models, e.g,,
inspired by the diffusion process'”’ or Poisson equation,””" a recent pro-
gressive topic in deep learning, may provide additional insights.

Note that, recently, deep reasoning networks have been demon-
strated in materials science for automated crystal-structure phase
mapping based on prior scientific knowledge.”” Since the multiplica-
tive process describing the s-SNOM probe-sample interactions
shares a highly similar framework to that of a closed loop feedback
control,"” other hybrid frameworks combining detailed reasoning in
tandem with intuitive pattern recognition at more than a qualitative
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level " **° are expected to aid s-SNOM quantitative analysis. To avoid

overfitting data, constructing interpretable neural network architectures
(i.e., white-box methods) with knowledge from the first principle™”” "
to capture the complex mapping in s-SNOM scattering process is essen-
tial. With more prior interpretable scientific knowledge on the s-SNOM
probe-sample interactions, a high-efficiency physics-informed frame-
work targeting s-SNOM complex dielectric extraction’*”"" could be
implemented to remove system responses and go beyond the quasi-
static limit when only p-polarized components are considered.

On the other hand, it should be noted that even the simplest neu-
ral network architecture, a multilayer perceptron, has been demon-
strated with excellent performances in natural language processing
tasks;”" thus, it is not a bad idea to focus on how to collect promising
raw data while obsessing over developing complicated multipronged
NN architectures for s-SNOM tasks. In 2023, the astonishing perfor-
mance of advanced natural language processing by ChatGPT, a large
language model (LLM), draws a great attention across a broad range of
disciplines to think about AI for science. We envision LLM-assisted
prompt engineering as an end-to-end assistant to facilitate the inter-
pretation and analysis for the observed s-SNOM nanoscale responses
in the future,”” for example, providing data analysis pipelines to
start with or offering physics pictures with basic solid state physics
models to interpret spectral responses for educated laymen.

Researchers with interest in the microscopic understanding and
nanoscale responses about material properties would benefit from Al-
assisted analysis, with the domain knowledge input, to expand the
boundary of science. Recently, AI has surprisingly demonstrated
human-level automated reasoning on Olympiad-level Euclidean plane
geometry mathematical theorems, ie., AlphaGeometry, approaching
the average performance of an International Mathematical Olympiad
(IMO) gold medalist.””” If we were able to translate physics domain
knowledge (for example, theorems in complex analysis and electrody-
namics) into machine-verifiable formats for Al in the future, how will
SNOM practitioners or more broadly, spectroscopists, be re-defined?
What is the irreplaceable task for researchers facing the increasingly
remarkable capabilities of Al, except to act as prompt engineers with
potentially insightful questions?

Finally, an important open question to answer is—how to utilize
the power of Al with s-SNOM quantitative analysis after the peak of
inflated expectations in the Gartner hype cycle?

VI. CONCLUSIONS

Over the past 40years, the upper limit of resolving sub-
diffraction THz responses has been significantly improved to about
tens of nanometers (~20 nm), which is remarkably shorter (< ﬁ)
than typical THz wavelengths with the establishment of nowadays
THz s-SNOM, surpassing THz a-SNOM. As a THz nanoscopy, THz
s-SNOM simultaneously offers both the topography and spatially vary-
ing THz light-matter interactions of the interrogated sample at the
nanoscale, whereas far-field THz scanners only probe high-spatial-
frequency component light-matter interactions and thus lose fine spa-
tial details. More uniquely, THz s-SNOM offers nanoscale spectro-
scopic features, overcoming far-field THz systems whose THz
responses are averaged over several hundred of micrometers.

Additionally, THz s-SNOM stands out in comparison to other
material characterization tools including scanning electron microscope
(SEM), transmission electron microscopy (TEM), nanoscale secondary
ion mass spectrometry (nano-SIMS), and confocal laser scanning
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microscopy by harnessing the nondestructive and label-free capabili-
ties at the nanoscale. These characteristics enable THz s-SNOM offer-
ing distinctive insights in various application studies, including
semiconductors, 2D materials, quantum materials, artificial nanostruc-
tures, cells, proteins, peptides, bacteria, and other bio-macromolecules.

To date, THz s-SNOM has been contributing to a breadth of
multidisciplinary applications, including characterizing nanoscale con-
ductivity and doping heterogeneity, developing next-generation
advanced manufacturing protocols, characterizing electrical properties
of peptides, and unveiling exotic nature of collective elementary excita-
tion, e.g, surface polaritons, on 2D materials at THz frequencies.

This review aims to highlight THz s-SNOM as a cutting-edge
label-free and nondestructive characterization method for multidisci-
plinary studies (spanning physics, chemistry, materials science and
biology), especially facilitating as a quantitative analysis method to
unveil the microscopic origin of light-matter interaction due to sample
permittivity change at the nanoscale. In the final section of this review,
a few unexplored terrains of THz s-SNOM demanding emergent clari-
fication are summarized, with the road ahead presented in the end.

In summary, THz s-SNOM stands as a luminary amid the fast-
rising stars in the realm of the deep sub-wavelength quantitative imag-
ing and spectroscopy well beyond the diffraction limit. We expect THz
s-SNOM serving as a standard and robust in-line nanoscale characteri-
zation method, like TEM or SEM, but with its nondestructive and
label-free uniqueness on material properties in research laboratories
and even in high-tech manufacturing industries in the future.
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