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Electromagnetic spectrum

Ranges: 3000 < Wavelength < 3 µm
(3 decades) 3.3 > Wavenumber > 3333 cm-1

0.1 > Frequency > 100 THz
0.4 > Photon energy > 412 meV
10 < Period < 0.01 ps
4.8 > Temperature > 4800 K

THz-MIR



Matter …



Heinrich Rubens (1865-1922)
(Physical Institute, Berlin Univ.)

H. Rubens: exploring the long wavelengths

• He fabricated IR spectrometers
• He discovered that crystals have 

high reflectivity bands in the mid-IR

MIR experiments:
« Reststrahlen » 
(residual rays)



THz-MIR - matter interaction

Phonons in 
crystals

Molecular
vibrations

Molecular rotations Cyclotron resonnances
Plasmons …

Since a long time MIR/THz
range helps to understand

molecular motions…

FTIR spectrometer is a 
common instrument in 
chemistry, biology …

But is it possible to have 
nanoscopic resolution in 

MIR/THz ?



The Fourier Transform Spectrometer

Ideal for infrared !

Used in physics but also in chemistry, biochemistry, agrochemistry …



Radiation of dipoles

Oscillated
charges: 
electric dipole 0
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Far-field



Far-field vs near-field

Microscopy with objectives
Diffraction limited resolution:

In the THz-MIR range: 
resolution limited to few µm or 

mm !!

THz-MIR images of Nano-objects ?
The ratio /resolution should be large:
Near-field microscopy

Apertureless

Scattering SNOM
s-SNOM

Tip limited

Aperture

d<<
Scanning Near-Field 
Optical Microscopy

(SNOM)
Aperture limited





Scanning near-field optical microscope
(SNOM)

Various approaches:

• Illumination from above
• Illumination from the backside
• Use of optical fibers
• Use of microscope objective
• Use total internal reflection (TIR)
• …

Short history:
• Proposed by Singe in 1928
• Ash & Nichols (1972): /60 microwaves
• 1980’s: several groups on visible SNOM
• 2000’s: First IR images



Two main modes :

• Contact mode
• Tapping mode
• …

The Atomic Force Microscope (AFM)



The contact mode

Force

Distance

• Hysteresis: adhesion informations
• Tip wear
• Sample damages if the force is too high



The tapping mode

• Lock-in detection
• Force is not directly measured
• Short « touch »  less tip wear



Generally Si, SiN, glass
Can be coated (metal, diamond…)

Parameters:
• Resonance frequency (kHz)
• Force constant (N/m)
• Radius of curvature
• Q factor
• …

AFM probes



F. Keilmann



Principle of s-SNOM

o Y. De Wilde, F. Formanek, L. Aigouy, Rev. Sci. Instrum. 74, 3889 (2003).
o F. Keilmann, R. Hillenbrand, “Near-field microscopy by elastic light scattering from a tip”,

Phil. Trans. Roy. Soc. London, vol. A362, pp. 787–805, April 2004.

A Michelson interferometer:
one arm is illuminating an AFM cantilever oscillating at Ω (tapping mode)

Pt-coated Si tip

Sample

The sample is scanned ! (keeps optical alignment)





AFM-IR

• Photothermal expansion
• No IR detector !
(Anasys Instruments, Bruker, 
Molecular Vista)

PI



Analytical model of s-SNOM
Simple model: apex dipole interacts with mirror dipole in the sample

Near-field interaction: nonlinear in z (harmonic components)

B. Knoll et al., Nature 399 p. 134 (1999)



Signal vs sample permittivity

Complex  determines scattered amplitude & phase

F. Keilmann, R. Hillenbrand, Phil. Trans. R. Soc. Lond. A 362,787-805 (2004)



Electromagnetic simulations
Simulations with CST (3D EM software)
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a = 5 nm

15 nm
25 nm
50 nm

Smaller apex radius: E-field more confined (better resolution)

 = 30 THz
30°

E

pyramid

“Near-field microscopy: from MIR to THz”, G. Moreno, A. Pagies, D. Ducatteau, N. Clément, T. Akalin, M. 
Vanwolleghem, J.-F. Lampin, Proceedings of the joint 25th Conference of the Condensed Matter Division of the European 
Physical Society, and 14èmes Journées de la Matière Condensée, CMD25-JMC14, Paris, France, (August 24-29, 2014).





Removing the background



Harmonic signal demodulation

2Ω and 3Ω signals are almost free from background !
F. Keilmann, R. Hillenbrand, Phil. Trans. R. Soc. Lond. A 362,787-805 (2004)



Harmonic signal demodulation



Faist et al., Science (1994)

• Monomodes CW and pulsed QCL: external cavity, DFB
• Commercially available with 100’s mW

A revolution in the IR world: QCLs !



Tunable QCLs



Experimental set-up

10-10.5 µm Quantum 
Cascade Laser (100 mW)

HgCdTe
Detector
LN2 cooled
3-12 µm

s-SNOM based on an AFM 
with parabolic mirror
(NeaSPEC)

Typical
Probe
Ω = 280 
kHz



Dual source configuration

R. Hillenbrand et al.
Nature Rev. Mat.
2025



Interferometric SNOM

Heterodyne scheme
=80 MHz (acousto-optics shifter)

Homodyne scheme
(based on Michelson 

interferometer)
Phase alternated between

0° and 90°



• Pseudoheterodyne detection
• Based on Michelson 

interferometer
• Background suppression
• Near-field amplitude and phase 

measurements

Pseudo-heterodyne detection

N. Ocelic et al., APL 89, 101124 (2006)
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B. Walter et al., 44th IRMMW-THz, Paris (2019)
B. Walter et al., MARSS’19, Helsinki (2019)

SOI process

Pt-metallized tip for THz s-SNOM
220 kHz – 20 N/m

Etched graphene
sample on SiO2 (lines: 
100 nm)

Topo

10µm

118µm

THz probes for s-SNOM

x12!



Images



Origin of contrast : oscillators

R. Hillenbrand et al.
Nature Rev. Mat.
2025



Origin of contrast: various oscillators
classification

R. Hillenbrand et al.
Nature Rev. Mat.
2025



Various near-fields

6452 cm-1

943 cm-1

884 cm-1

893 cm-1

1020 cm-1

10616 cm-1



Surface plasmons-polaritons





Images of organic molecules

AFM (topography)
2 structures are visible

s-SNOM
 = 10 µm, 2nd harmonic

Interesting contrast: Au is brighter, 
molecules are darker

than Si substrate

200 nm Au nanoparticule with grafted organic molecules

Collab. with N. Clément et al. (IEMN)

TEM
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Excitation of plasmons in tapered
Graphene nanostructures

J. Chen et al., 
Nature 487, 
p. 77 (2012) 

s-SNOM on graphene
Plasmons at grain boundaries
(CVD graphene)

Z. Fei et al., Nature 
Nanotechnology 8, p. 821 (2013)G. Andreev, Brüker Nano

2.5 THz



Images of CNT

Multiwall CNT dispersed in a 
polymer matrix
 Aggregates of CNT

TEM

Topography s-SNOM
 = 10 µm, 2nd harm.

Aggregate

200nm

1 µm

Collab. with I. Huynen and A. Emplit (UCL)

“Mid-infrared near-field nanoscopy of organic and inorganic 
samples: a valuable tool for the nanoscale”, A. Pagies, G. 
Moreno, D. Ducatteau, N. Clément, T. Akalin, and J.-F. 
Lampin, A. Emplit, I. Huynen, Proceedings of the 4th

International conference on Manipulation, Manufacturing and 
Measurement on the Nanoscale, 3M-Nano 2014, Taipei, 
Taiwan (October 27-31, 2014).

Cryo-µtome



43

MIR images of graphene
Collab. with Dominique Vignaud (IEMN)
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Periodic variation due to the local change of the density of the
mobile carriers and their scattering rate at MIR frequencies
that are both involved in the reflection coefficient of the IR light

Graphene suspend on SiO2 nanopillars:Comparative studies about :
Transport mechanisms in a puckered graphene-on-lattice

Collab. With Tao Xu (Shangaï University) et al.

AFM UHV-STM S-SNOM



SNOM on phonons-polaritons



s-SNOM @ SMIS (SOLEIL)
Study on BN (J.-F Lampin, D. Vignaud)

Phonon hors plan Phonon dans le plan



Near-field THz imaging
Why THz ?

n-doped InP nanowires @ 11.2 µm

J. M. Stiegler et al., Nanoletters 10, 1387 (2010)

Low doping, high resolution: few carriers !



THz SNOM
THz source: CO2 pumped THz gas laser

InSb bolometer
3.5 K

(He closed cycle)

THz SNOM:
• Beam path OK
• Signal transmission through microscope OK
• images soon (probes/samples)

Beam @ 2.5 THz
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THz s-SNOM: 1st images on graphene

1st images of a graphene monolayer @ 2.5 THz ( = 118 µm) !

20x20 µm2 3x3 µm2

THz 2 Ω signals:
Graphene (800 Ω/squ.)

SiO2

Pagies et al., IRMMW-THz 2015
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s-SNOM on doped Si layers

400 
nm

Su
bs

tr
at

e

Boron doped Si 
layers

400 
nm

Sample Maya: CVD grown p-doped Si layers

 pi ranges from ~ 4.9x 
1017 - 4.2x1019 cm-3

 Each pi layer has a 
width of 400 nm

28 THz

5

 = 10.7 m 

S
3

S3 profile (along the white arrows)

 = 119 
m 

2.52 
THz

28 THz

2.52 
THz

C. N. Santos, IRMMW-THz 2023

2.5 THz
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s-SNOM on a THz SRR
Normal electric field
EM simulation
FDTD Lumerical

2nd harmonic
s-SNOM signal
Tuned @ 2.5 THz

Topography
Scale bar: 5 µm

L. Thomas et al., ACS AMI, 2022

2nd harmonic
s-SNOM signal
Detuned @ 2.5 THz



THz phonon-polariton

2.5 THz



Conclusion & outlook

• AFM + s-SNOM : fantastic tool for material
identification using MIR-THz properties

• Relatively simple set-up & sample
preparation

• 30-40 nm resolution with standard probes

Future:
• New dedicated probes (EM simulations)
• Dedicated sources (MIR & THz)
 Nanoscope with chemical identification, 
free carrier sensitivity etc…


