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Electromagnetic spectrum

-
Radiowaves

Transistor world

300MHz 3 GHz 30GHz 300GHz 3THz 30 THz 300 THz
m 10 cm 1cm 1T mm 100 pm 10 ym 1 um

hv < kT hv > kT

Ranges: 3000 < Wavelength < 3 ym

(3 decades) 3.3 > Wavenumber > 3333 cm-’
0.1 > Frequency > 100 THz
0.4 > Photon energy > 412 meV
10 < Period < 0.01 ps
4.8 > Temperature > 4800 K




Matter ...
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H. Rubens: exploring the long wavelengths

I EH e
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MIR experiments: // & 2, Q., é}
&
L

« Reststrahlen » / /" ,
(residual rays) \’, ! i
R 47y

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

» He fabricated IR spectrometers
* He discovered that crystals have
high reflectivity bands in the mid-IR




THz-MIR - matter interaction
20+ 9'%3 \OH N HO/ Molecular

Phonons in

symmetric stretch asymmetric stretch bend Vi bratiOnS
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=0 o But is it possible to have

Molecular rotations nanoscopic resolution in  Cyclotron resonnances
MIR/THz ? Plasmons ...




The Fourier Transform Spectrometer

|deal for infrared !
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Radiation of dipoles

Oscillated
charges:
electric dipole

E = I,Lcos @ eja{tij(
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Far-field vs near-field

B THz-MIR images of Nano-objects ?
s The ratio A/resolution should be large:
'” Near-field microscopy

;5 Aperture Apertureless

Microscopy \;vith objectives ‘L \ /1

Diffraction limited resolution: ‘\ /y
<>

1 2 Scattering SNOM
d= SNA = T sing d<<i s-SNOM
Scanning Near-Field  Tip limited
In the THz-MIR range: Optical Microscopy
resolution limited to few ym or (SNOM)
N mm !! Aperture limited

lemn .

W Cal S 500




..diffraction prevents optical spectroscopy on the nanoscale

Rayleigh resolution criterion

‘4 My A

V16 3

Cause: Image of a point source is not a point, but a diffraction-limited intensity distribution.

Classical microscopy images (simulated)

original pattern visible mid-infrared

A="0" A =0.5um A=10um




Scanning near-field optical microscope
(SNOM)

. Various approaches:
Short history:

* Proposed by Singe in 1928 o ]%ﬂ -G S
* Ash & Nichols (1972): /60 microwaves ... " nga & & G

« 1980’s: several groups on visible SNOM ="
« 2000’s: First IR images

[llumination from above
lllumination from the backside
Use of optical fibers

Use of microscope objective
Use total internal reflection (TIR) @

Detector

SNOM Probe
| (optical fiber)

(1R evanescent light
EBmpma_:"&’J ~—

%
het TR




The Atomic Force Microscope (AFM)

Extarmal
dispiacement
SEnEor

ar e st
f'r 10 & piezoelectric
i

Irarhiaced

Fixed and of
1he cantilevss -\\H

— [Fhing: el 0l

i the cantilewer

-~ Tip af the
= pral

Dhrection of fip

Prohs gEscEacEment
gt

Probe
width

set valus ‘D—< Pi controller  f—— £paaza

sctuel value
dernodulator |— SEMEOr G * ContaCt mOde
+ ; * dlistrbmnos [} Tapplng mode

| ] °
stablized
oscHiator

Two main modes :




The contact mode

Force
.
Cantilever \ Set point deflection
Deflection 3
(wolts) 1 Canlilevar spring force (applied lead)
Total v
conlact 5
force 2
Tip-sample adhesive farce
v
4

Piezo scanner Z-pasition (nm} Distance

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

2
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The tapping mode

Faoree } {a}

- Repulsive forces -
// short range Coulomb interaction

Force response curve

= Distance
\/, 1Bl

— Attractive forces -
van der Waals interaction

.f.cl J'I'l

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

Irstitut d'Electronique, de Microélectronique et de Nanctechnologie




AFM probes

Generally Si, SiN, glass Side View
Can be coated (metal, diamond...)

Parameters:
* Resonance frequency (kHz) Front View
* Force constant (N/m) /I |

Radius of curvature
Q factor




Apertureless Scanning Near-field Optical Microscopy
employs a nanofocus for imaging

Simultaneous measurement of mechanical topography and optical near-fields

»¢ A focused laser-beam o illuminates a
commercial AFM tip o

> The tip generates a nano-focus N about the size
of the tip-radius of 10 nm (Lightning Rod Effect)

:* The near-field interaction between the tip and the
sample modifies the back-scattered light o

: By scanning the sample surface with the tip, an
optical image with 10nm spatial resolution is created

Wavelenght independant spatial resolution of 10nm -
In the visible, infrared and THz spectral regime

\ .
iemn F. Keilmann
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Principle of s-SNOM

Pt-coated Si tip

Reference
Mirror

Detector
- | Sample
- Cantilever
4

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

Parabolic
Mirror

The sample is scanned ! (keeps optical alignment)

- Y. De Wilde, F. Formanek, L. Aigouy, Rev. Sci. Instrum. 74, 3889 (2003).

- 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.
N\
LEININY e




NeaSNOM features standard AFM technology

NeaSNOM top cover  Objective of o o

integrated »¢ 3D positioning of parabolic mirror

microscope

/ . N

. Operation mode: intermittent contact mode
\ Focusing
motors _ _ _
(X.Y,2) ;* Optical read-out of cantilever deflection
AFM '—_- | ]t | Parabolic
head —— »* Oscillation amplitude based tip-sample distance
= regulations
45° \
+ | deflection . : , :
L | mirror . Integrated optical (conventional) Microscope
s (resolution of ca. 0.8um)
o Sample
< / motors
- - ;. Sample scanner (coarse and fine positioning)
AFM base plate s
N\

iemn
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AFM-IR

Deflaction laser photodiade Cantilever ringdown

Deflection

<.

« Photothermal expansion Time
* No IR detector ! Cantilever -V  Sample =
(Anasys Instruments, Bruker, "'Pﬁsm"ﬁﬁ' —
Molecular Vista) y 4
Sy Frequency
tunableflﬂ
1402 e SoUrce spectrum
PE
Absorption M
"oran |
Wavenumber

1492 cm ! cComhbined PI




Analytical model of s-SNOM

Simple model: apex dipole interacts with mirror dipole in the sample

measured far-field:
eff
E ca o aJ_ Ein

S

‘ Qr mirror dipole
sample

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

polarizability o a2 =1
of tip dipole: (2, +2)
effective polarizability . _a(1+B)
of tip and sample: %+ ~ __ ap
167(z + a)3
. 3 (e— 1)

with B= (+1)
s, |
nonlinear

\“g_ characteristic
Zla

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




Signal vs sample permittivity

— ——  Complex ¢determines scattered amplitude & phase

))

— 1(
| o =L Im(s) = 1
5 . S T o = 1000cm!
2 OIR: A =10 pum -
E 4 - ® vis: A =633 nm | =
. gaf
Ry /- 5 = '
2] _ol%, Ime)=10 T :
= R S - 1
= Al Cu - I
E" c 2 1
= l Il O 1
= ®
N Al Au | ) )
0 —— et E c | ps_Sig2 @ o
, T T T T T u | H
15 10 -5 20 -15 10 -5 0PS5 10 15 20 £ . B §'i§$e“c‘iﬁ§§d’
N_VTJ Re(e,) Z ok gy 1 )) L : 1
%10~ 11000 -500 ' -0 =2 0 10




Electromagnetic simulations

Simulations with CST (3D EM software)

W
o

. ~~
pyram |d . Champ proche en fonction du rayon de I'apex [Magnitude]

— radius=05 nm
— radius=15 nm||

)

(qV]

~ -

®)] o=} — radius=25 nm

— =1/ |— radius=50 nm

DO 20 , |
=

L] 15t MR S, M 0
i — [
N

— 5 .............................................................................................................. ............... —_ .....................................................
©

E

O 0 2 4 6 8 10 12 14 16 18 20

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

“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 25" Conference of the Condensed Matter Division of the European
\ Physical Society, and 14émes Journées de la Matiere Condensée, CMD25-JMC14, Paris, France, (August 24-29, 2014).
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Apertureless Near-field Optical Microscopy
requires efficient background suppression

1% near-field signal ...

:{Is generated by near-field interaction between
probe and sample

2¢Is highly localized

>{1s predictable by analytic or numeric calculations

99% background signal

{ By scattering and reflections by tip & sample

AL

{ Is poorly confined

Y

“
v

Is unpredictable due to diffraction and
topography




Removing the background

t hit) Tip oscillation
\ Y 7 |
—RVAVAVESN
h(t) t

O 0 20 30 4G

|E(h)l i Mear field IE el
ANAT AW ‘ 0w
h t g 0O 20 30 40
E, (Al § IE, (01} E,. |
Y AN N A —
Background FA
h t g 0 20 30 40
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Harmonic signal demodulation

140 ' . ' L 0.06 - : ! .
120 1€ - 0.05- 30 X
~ 1001 i ~ 0.04- L
> 80- i >
£ E 0.03- I
(oh 60" = (Dcv)
40_ B 002" -
o~ " 0'01'WWW'
0 T L] I ] T 0 T T Ll T L]
0 200 400 600 800 1000 0 200 400 600 800 1000
Z (nm) Z (nm)
0.254 - 1 L 1 0.06 ! f !
0.2 0 i 0.05- 3Q L
E 0.154 i < 0.044 -
= E 0.03- !
0.1" - ™
® “0.021 .
Sy i 0.01- .
O ] ] T T 0 1 1 L
0 200 400 600 800 1000 0 20 40 60 80
z (nm) z (nm)

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

N\ 2Q and 3Q signals are almost free from background !
€M e

de Nanotechnologie
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Harmonic signal demodulation

(a)

Figure 7. Experimental s-SNOM images of 20 nm high Au islands on Si. (a) Topography, (b) opti-
cal amplitude s; showing residual background scattering, and (¢) optical amplitude s3 showing
pure near-field response.




A revolution in the IR world: QCLs !

Frequency (THz)

1
Towmesn © 0 ppres 4 3 3 lo0
450 ~
—
CX
B Coninuous-wave
M 40 e =
) 54 ® < Rknens
’5‘ 350 ® B ¥ Nagrotic-feld assisted
© 300 s o
3 E i
< o o lf R
D 200 5] @ v
= o
50 [} &
= R n °0g * ®
-‘CE 100 [o)] ° (]
~ Rl - L y—_ m_* Qoy--
O m " o m %
m® 0 ,

Wavelength (pum)

 Monomodes CW and pulsed QCL.: external cavity, DFB
« Commercially available with 100°’s mW
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L TEM
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HgCdTe
Detector
LN, cooled
3-12 um

Experimental set-up

| | 10-10.5 um Quantum
|  Cascade Laser (100 mW)

___--.-. i ke —

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

Typical

- Probe
() =280

kHz




Dual source configuration
. A ﬂ\m;ﬁ:::.?

Cantileverad g

Sarngle

R. Hillenbrand et al.

N Nature Rev. Mat.
irlelm rnc de Microglectronique et de Nanctechnelogie 2025




Interferometric SNOM

laser (a) lock-in laser (b) lock-in
A+nQ2 ng2

S
> —>5,C0S @,
n
detector detector

frequenc \ a)
shifter )
0+A
Al8 J
— i,
Heterodyne scheme Homodyne scheme
A=80 MHz (acousto-optics shifter) (based on Michelson
interferometer)

Phase alternated between
0° and 90°




Pseudo-heterodyne detection

p-laznﬂlu-r:ml:: 'r.
acluator A ‘ |asar
objective haampiﬁar
AEM tip detactor Pseudoheterodyne detection

i Y « Based on Michelson
Q, / % interferometer
| E+E, {FC) « Background suppression

» Near-field amplitude and phase
measurements

2001 G+
200 E n+2|'.'|
20- 3 En M

.|m|‘|1 |||I|

10
fraquanw

N. Ocelic et al., APL 89, 101124 (2006)

.
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THz probes for s-SNOM et oanrere

SOl process

70um tip length

120 pm tip developed for hyperspectral
imaging in IR and THz SNOM

Low mass design preserves tapping mode
AFM operation

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

B. Walter et al., 44t IRMMW-THz, Paris (2019)
B. Walter et al., MARSS’19, Helsinki (2019)
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Origin of contrast : oscillators

Oscillators Charge carriers Phonons Molecular vibrations  Excitons
Materials Organic and Palar Polar organic Organic and
‘inorganic crystals, and inorganic inorganic
[semilrmetals, axides, moleculas semiconductons
semiconductors minerals
Spectralrange  THz-Vis THz-mid-IR THz~mid-1R THz-Vis-
Crude term Lorentz oscillator Lorentz oscillator
strong weak
m! A! z
£=E, {1 - ) ¢ % + _é_["_m_
&ihm}yp i, ~ = iy, e =i - ey
h e x|
. \ P el ) Il )
204 ]

- : : o
[ W e Prees
L T T T
[
- I | = BrepiEice 5, =
é (1 — P iy i E
z , £
i i
; z
R . : . lasg
B W 1k 2300
Wasnnumacr (o)
o LG &
[= Ttz .
5 s <y R. Hillenbrand et al.
i i Nature Rev. Mat.

; 2025

' 2 =,
WRA RO A

N

i e m n . Wavenumizer lom )
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Origin of contrast: various oscillators

f Phononic strong oscillator

‘ﬂ“mﬂhﬂr

1
104 —
09 3
S 084 !
1]
= 07—
064
05+ '{g
04 T | . : P
1875 1700 1725 1750 1775 1800
Wavenumber (em™)
1000 2.000 3000 4000 5000
Wavenumber {cm™)
R. Hillenbrand et al.
. Nature Rev. Mat.
50 000 1500
\ Wuu'en]un'lbe:r {cm™) 2025
emn
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Various near-fields




Surface plasmons-polaritons

7, Light-lirue
Surfaca plasmonic

resonance freguency
% ] H, e e LT

Metal (£ ) Surface plasmonic wave

y Dielectric (£ )

e
Fraquancy

200 plAasmMonis wave

Wevenumber




NeaSNOM enables chemical identification on the nanoscale

/

Of Crystals

i Of Polymers

I Of Biological Material L

leubis 4N ‘wJou

Topography

Au and SiC

'14 1
1
929 cm-! 978 cm-! 0

Near-field amplitude images

IR-active materials

14 08003 '

08+

A
 § - Ll .' .

An ’ -~ £ ¥y »

N e At B Y

identification of crystals

900 #50 1000 1050 1100 1150 1200

Wavenumber (cm-1)

Spectroscopic

it

N\

R. Hillenbrand et al.,
Nature 418, 159 (2002)

-
rabtut d'Electronique, de Microélectronique et de Nanctechnologie
UHA CMAS 520

PMMA / PS polymer blend

Near-field at Near-field at
1750 cm-1 1732 cm-1

Topography

1650 1675 1700 1725 1750 1775 1800

PS

PMMA

Near-field vibrational fingerprints

.

T. Taubner et al., APL 85, 5064 (2004)

o

see the nanoworld

nea/spec

Tobacco mosaic virus (TMV)

Jeubis 4N ‘wuou

Protein infrared kpectrum (Amide band)

.....................

1600 1650 1700 1750 1800
frequency [cm-1] /

M. Brehm et al., Nano
Lett. 6, 1307 (2006)

N,
NANO.....

29




Images of organic molecules

Collab. with N. Clément et al. (IEMN)

200 nm Au nanoparticule with grafted organic molecules

AFM (topography) s-SNOM
2 structures are visible A =10 ym, 2"4 harmonic
Interesting contrast: Au is brighter,
molecules are darker
than Si substrate




s-SNOM on graphene

Excitation of plasmons in tapered Plasmons at grain boundaries
Graphene nanostructures (CVD graphene)

J. Chen et al., e
Nature 487, WSR2 A08
p. 77 (2012) v

IR 1730cm-!

Near field
spectrum D 4T '
|
7 v —Real{, } 150 4
6t —Imag{s,} s
5 E 8
=
Far field i E 100
Spectrum & _ ' \ -
al Plasmonics ‘ Universal > = O FW crack
Conductivit 2 o FWGB
2 \/ V 50+ A Dyperack
| A Dy GB
1 e ————|
H Why lower?? J — Theory /2,
;71,- _ l 5 %1 500 1000 1500 2000 0 . . . . .
..1519; H Rty 90 95 100 105 N0 N5 120
E App (pm)
- N 2.5 THz |
. Z. Fei et al., Nature
= G. Andreev, Bruker Nano

i e mn Nanotechnology 8, p. 821 (2013) 41




Images of CNT

Collab W|thI Huynen and A. Emplit (UCL) Aggregate
"; Ei W “3%

. . . Topography s-SNOM
Multiwall CNT dispersed in a A =10 ym, 2" harm.

polymer matrix
— Aggregates of CNT

“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, . Huynen, Proceedings of the 4t
International conference on Manipulation, Manufacturing and
Measurement on the Nanoscale, 3M-Nano 2014, Taipei,
Taiwan (October 27-31, 2014).

N\ Cryo-pytome
€M
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MIR images of graphene

Collab. with Dominique Vignaud (IEMN)

MIR-SNOM Signal

AFM Signal

43



Graphene suspend on SiO2 nanopillars:Comparative studies about :

Transport mechanisms in a puckered graphene-on-lattice
Collab. With Tao Xu (Shangai University) et al.

UHV-STM

0 300 600 900 0 40 80 1200 0 100 200 300
X (hm) X (nm) X (nm)

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

44



Reflectance
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SNOM on phonons-polaritons

8.33

Wavelength (um)
2.56

16.67

25.00

| T T T | T T T T T T T | |

Lo | |

10.00 1

3C (B8-) SiC, E perp
moissanite, E perp ¢ = = = =

-----

! 6H (a—) SiC (gray), E perp ¢ —---—---
f 6H (a=) SiC (green), E perp ¢
3 6H (a-) SiC (yellow), E perp ¢

~
. / S

| A 1 i | 1 1 i | I —

il i

A i 1 I i

1200

1000 800
Wavenumber (cm~1)

600

10

L] Illlllll_ll L] III!IIII

| -

A

e

950 1,000
Frequency (cm™)

1,050

1,100



s-SNOM @ SMIS (SOLEIL)
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Near-field THz imaging

C

Why THz ?

L

/1.0 : E
o 3 ; §
2 L : |
W |
| 108
|_. 0.5} 1017 -
E [ o 5
c
0.0 | e b 3 s sl ) P
1 254 & 10 28 50
frequency (THz)

b)

S,/S,(Au)

n-doped InP nanowires @ 11.2 um

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

Low doping, high resolution: few carriers !

2+

R |

1017

1018 1010 1020

Free-carrier concentration n [cm-?]




THz SNOM

THz source: CO, pumped THz gas laser

39.3°¢ LG FLIR
S

35K L
(He closed cycle) |+

THz SNOM:

« Beam path OK
« Signal transmission through microscope OK
* images soon (probes/samples)

Beam @ 2.5 THz




THz s-SNOM: 1st images on graphene

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

Sio,

3x3 ym?

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

N\ Pagies et al., IRMMW-THz 2015
L0 1o ———— 49




\

s-SNOM on doped Si layers s lemn

# Area 9 8
Doping 4.96 ATt
(em3) x 1017 x 1018

Daping ( cm® ):
= Psubstrate = 10"
pi=488x10"

= p; ranges from ~ 4.9x
1077 - 4.2x10"° cm™3

= Each p; layer has a
width of 400 nm

e
@
T

— p2=155x10" 7
— ps=4.38x10"®
— ps=1.109x 10"
— ps=4.16x10" |

vity of doped Si
o
@

041

Reflecti

2.5 THz
it M
o . S;profile (along the white arrows)
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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 & THZz)

— Nanoscope with chemical identification,
free carrier sensitivity etc...
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