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Propagation of the light in imaging system

Object Image

Optical transfer function

From Helmholtz eq. 

: Cutoff freq.

Plane wave

Evanescent 
wave

Spatial resolution in imaging system

 +  = 






Transfer function

Frequency domain

2NA
λ = 

Point spread function (PSF)

Fourier 
Transform

Spatial resolution

Space domain

 = λ

Spatial resolution limit in far-field imaging
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light

Resonance oscillation:

Localized surface plasmon resonance (LSPR)
1. Au wire

2. Etching

3. Dipole antenna

4. Approach

SHG

PL

Raman

tip

5. Tip-enhanced
spectroscopy

6. Nano-imaging

Tip-enhanced nano-spectroscopy and -imaging

 = 4  − 1 + 2
Nano-optical antenna:  ∝   

sph

i) Highly enhanced optical signal
ii) Spatial resolution < 10 nm = 2  ~       ≫ 
Tip-enhanced Raman
Tip-enhanced PL

⁞

Tip-enhanced SHG
Tip-enhanced FWM ()

⁞

  =     +   ()   
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Far-field
(Confocal)

< 500 nm

Excitation

PL
Raman

Excitation

PL
Raman

Excitation

PL
Raman

Excitation

TEPL
TERS

Plasmon effect

Near-field
(tip-enhanced)

< 10 nm

van der zande et al, 
Nat. Mater. 12, 554 (2013)

~25 nm width PL decrease without spectral shift: 
exciton diffusion into non-radiative recombination center

TEPL imaging of nanoscale defects of a WSe2 ML

K.-D. Park et al., Nano Lett. 16, 2621 (2016) 6Near-field PL of 2D TMDs: Schuck, Kim, …
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Park et al., Adv. Mater. (2017)
Park et al., Nano Lett. (2018)
Damodaran et al., Nature Mater. (2017)

TEPL of WSe2 Xdark TERS imaging of graphene

Park et al., Nano Lett. (2016)

Nonlinear optical nano-crystallography

Tip-enhanced nano-spectroscopy and -imaging
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Real-time motion of a single-molecule

Park et al., Nano Lett. (2016) Kang et al., Nat. Commun. (2022)

Room-T single-molecule TERS with freeze-frame

Park et al., Nat. Nano. (2019)
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Chikkaraddy et al.,
Nature 535, 127 (2016)

Benz et al., Science 354, 726 (2016)

Epstein et al.,
Science 368, 1219 (2020)

Ag nano
-cubes

Plasmonic nano-cavityTip-enhanced nano-spectroscopy

Lee et al., Nature 568, 78 (2019)

Kumar et al., Nat. Protocols 14, 1169 (2019)

But, each approach has several own limitations for light-matter interaction studies

n Dynamical control of L-M interactions is difficult

n Control experiment for different matters is difficult

n Diffraction-limited optical characterizations

n Field localization is smaller than nano-cavity

n Single tip geometry à hard to define mode volume

n Inducing strong light-matter interactions is difficult
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Shin et al., Nano Lett. 18, 262 (2018)

Limitations of previous approaches for L-M interactions
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Tip-induced control of nanoscale light-matter interactions

Au substrate

image

imageimageimage

Graphene Single molecules/QDs vdW heterostructuresTMDs

eff,z = sph,z 1 − sph,z 
Precise control of the 
plasmon and optical field strength

Precise control of  
photo-chemical reactions, coupling strength, energy transfer, transition dipole 
moment, bandgap, radiative emission, dephasing time, … at the nanoscale

Active control in
time, space, and energy
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Tip-enhanced cavity-spectroscopy (TECS)

Tip-enhanced cavity-spectroscopyThin film

Bowtie cavity

Nano-gap cavity
Waveguide

cavity Localized exciton control: Adv. Funct. Mater. (2021)

Drift dominant region: 
~65 %

X0 funneling efficiency: 
~25 % with ~0.1% strain

Exciton dynamics control: Science Advances (2022)

X0

X-

Trion conversion control: Nano Letters (2023)

X0

X-

All-optical control of ultrathin trionic waveguide: Nat. Commun. (2023)
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Nano-spectroscopy with GPa scale tip-pressure control
GPa scale tip-pressure control

Exciton density & energy control: Adv. Mater. (2021)

Perov. single QD bandgap control: ACS Nano (2021) Interlayer exciton/trion control: Light: Sci. & Appl. (2023)

 = 

Large pressure ~GPa
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Nano-spectroscopy with adaptive near-field polarization control
Adaptive optics + Near-field optics

Adaptive Raman/IR modes control: Nat. Commun. (2021)

Adaptive two-bits optical computing & communications

Interlayer exciton emission control: ACS Nano (2023) Adaptive tunable GERS: Nano Letters (2024)

Resonance & sensitivity tunable gap-enhanced Raman 
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Tip-enhanced electric charge control

Nano-spectroscopy with quantum tunneling control

Electrical control of strong coupling: Phys Rev Lett (2024) 8 MHz nano-excitonic modulator: Nat Comm (2024)

Nano-spectroscopic E pulse modulator: Sci Adv (2024)
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Tip-induced control of nanoscale light-matter interactions

Conventional roles
of near-field microscopy:

- Seeing nanoscale structures with the 
nano-optical probe
- Observing optical properties of 
materials at the nanoscale⋮
Method for 
imaging & spectroscopy

Expanded roles of near-field microscopy:

Dynamic control of quantum light-
matter interactions at the nanoscale
See more: 
Koo et al., Light: Science & Applications 13, 30 (2024)
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1) Sensing of quantum sources

2) Quantum-enhanced sensing for physical quantities
Displacement, temperature, force, electric-field …
with spin, orbit, phonon …

Quantum emitters from atom/photonic/solid systems Superconducting qubits Spin qubits

Optical field, photon …
with Rabi, Rashba … 

Magnetic field …
with Zeeman …

Science 358, 170 (2017) Nat. Photon. 10, 631 (2016) Nature 584, 551 (2020) Nature 601, 343 (2022)

Science 373, 673 (2021) Nature 535, 127 (2016) Science 366, 1349 (2019)

What is quantum sensing?
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