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Far-field optical microscopy

* Resolution limit :

Numerical Aperture and Airy Disc Size

Numerical aperture : NA=n sin@ Examle :
A~0.5 um (visible)
n=1

sin @=0.95
Ar =320 nm




Far-field optical microscopy

* Resolution limit :

distance
Ducourteux, these - ESPCI

Object
plane

Numerical aperture : NA=n sin@ Examle :
A~0.5 um (visible)
n=1

Rayleigh criterion : — sin 8= 0.95
Ar =320 nm




Near-field :definition
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Plane waves : k’+k*<k® Low spatial frequencies

Evanescent waves : Lo e k.’ +k*>k> High spatial frequencies

Distance is a low-pass filter !




Near-field scanning optical microscopy
NSOM : principle

Optical detector

[lumination beam

ZJ

High spatial frequencies

(small details)
HX




Near-field scanning optical microscopy
NSOM : principle

Optical detector

[llumination beam

>

_\ / Conversion
subwavelem}h / near-field«>far-field

X

Piezoelectric scanning unit F—




A. Aperture NSOM

Synge’s idea (1928) “to illuminate the sample through a subwavelength hole”

[llumination

Metallic screen with
(e e sybwavelenth aperture

X

» Collection lens

Detector

Synge, Phylos. Mag. 6, 356 (1928)




A. Aperture NSOM

Practical realization :  D. W. Pohl (1984) - Appl. Phys. Lett. 44, 651 (1984)

Subwavelength hole on an AFM scanning unit

Feed-back @ Cladding Core

Vertical motion
piezo

Al-coating

Fiber optic

Dither piezo

Tuning fork

i
Near-field illumination |/ Probe tip

J. A. Veerman, et al.
Appl. Phys. Lett. 72, 3115 (1998).




A. Aperture NSOM
Different operating modes

LN

a) Transmission b) Reflection c) Collection d) "All guided "




A. Aperture NSOM
Applications : luminescence

» Single fluorescent molecules :

J.A. Veerman, et al., J. Microsc. 194, 477 (1999)

fbv )

(b)  ® (o
Image : 1.2 x1.2 um

Analyzer < Organic molecule : DilC18

Detector == Molecule dipole // z

2|

Field distribution around

. IE el )
fiber tip aperture | |
(incident polarization // X) — . " .
Possibility to know dipole
orientation from image 5
X X

symmetry.

“Les nouvelles microscopies” Belin (2006)- images L. Aigou



A. Aperture NSOM
Applications : luminescence

* Luminescence in guantum heterostructures :
(a)

Global luminescence spectrum

PL Intensity

a L
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{b) Detection Energy (V)
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Local spectra . i il
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Energy {2V}
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Energy resolved imaging

V. Emiliani, et al., Phys. Rev. B 64, 155316 (2001).



B. Scattering type NSOM
s-NSOM : Principle

 Light scattering by subwavelength objects :

Classical (far field) microscopy image
Each nano particle = dipole
Dipole moment p = £ K,

Scattering
Cross section

K f

CSCCU (a)) 6”

Scattered

. 2
Image size: intensity ] X E
35 um x 35 um CSC&I

Gold beads (¢~ 50 nm)
Visible illumination (A ~ 500 nm )




B. Scattering type NSOM
s-NSOM : Principle

» Controlled displacement of a single subwavelength scatterer
Idea : In practice :

Detector Detector
Collection Iens\ Collection Iens\

Recording of scattered signal :> Near-field optical image
vs. AFM tip position with resolution ~ ¢




B. Scattering type NSOM
s-NSOM : Principle

» Vertical tip modulation

Detector

M| Lock-in
amplifier

Eincident

// '/

Ediff. bkg.

Edetector = Etip(ﬂ)) = Espec+ Eaife bkg. Piezoelectric ( XY)

- -

- To extract E;, () from the background

- Surface topography ( AFM, « tapping » mode )




B. Scattering type NSOM
Example of s-NSOM design

laser diode

(A=655nm)
Two modes :
photodiode / HgCdTe detector

* Visible : A=655 nm
I r_[l— lock-in amplifier

* Infrared : A=10.6 um (Wref

classical / cassegrain

objective \
>

CO3 laser Wref [oscillator
(I=10,6pm)

tip [ 3——vibration PZT

z-feedback

sample quartz tuning fork

scanning pZT—"
Y. De Wilde, F. Formanek, L. Aigouy, Rev. Sci. Instrum. 74, 3889 (2003)




s-NSOM with visible or infrared
laser illumination : experimental results

_~MHcroscopie électronigue
(C. Bairiier et D. €ourjon)_

Formanek, De Wilde, Aigouy, .
" J. Appl. Phys. 93, 9548 (2003) §.

4 it i ¥ . GDR Optique de champ proche
pemon B Rs  Be gk Appl. Optics 42, 691 (2003)

Optical resolution ~ 30 - 50 nm SNOM (3umx3um)
~ AM200 Infrared illumination A=10,6 um




s-NSOM:Relation to materials dielectric functions

P

The optical signal is due to scattering of
the coupled probe dipole —image dipole system

Scattering cross section  Effective polarizability

E=E,+E

image

Sphere dipole Image dipole
— gs —1
E +1

B. Knoll and F. Keilmann, Opt. Comm. 182, 321 (2000).



Relation to materials properties ( IR, 4~ 10um )

R. Hillenbrand et al. , Nature 418, 159 (2002) A. Lahrech e |_

A. Huber, et al., Appl. Phys. Lett. 71, 575 (1997).

Phonon-polariton—>resonance in o, kel iiad Guuk : v

Amorphous vs. crystalline SiC

N. Ocelic and R. Hillenbrand
Nature Mater. 3, 606 (2004).

R. Hillenbrand, et al.
Crvstal struct Collaboration with Infineon (J. Wittborn)
rystal structure (Presented at NFO9 - to be published)




Incident
radiation

Vo

s-NSOM : Nano Raman spectroscopy

Scattered
radiation

Vv

Typical molecule :

~ '30 2
Ceoa~103% cm

« Solution : local field enhancement

Lightning rod
effect

Ducourtieux et al., Anderson et al.,

Phys. Rev. B 64, 165403 (2001). Materials Today (2005).



s-NSOM : Nano Raman spectroscopy

TERS on Carbon nanotubes

Nano Raman Imaging

: N. Anderson J. Opt. A: Pure
0 | 500 1000 1500 2000 2500 : o ¥ Appl. Opt. 8 , S227 (2006).
Raman shift [cm™']

TERS on strained silicon

Si-Si in Si,_Ge,

metallized cantilever tip

illumination
enhanced

w+  5i-5i in strained silicon
Raman

without silver tip (Raman)
diffraction limited focused spot strained silicon (#30nm) it e it U LR

f illumirat
o THIEIOR S Ge (x-0.25, 1ym)

Si, Ge_(x=0~0.25, 2um)

Intensity [A. U]

T ] | | I
460 480 500 520 540
Raman shift [em™')

H. Qian, et al.,
Phys. Stat. Sol. (b) 243, 3146 (2006).

N. Hayazawa, et al.. SPIE Newsroom 10.1117/2.1200611.0426



s-NSOM-Imaging working

semiconducting devices

Quantum cascade lasers
InGaAs/AllInAs, GaAs/AlGaAs, InAs/AISDb...
A: mid-IR (A= 3-24 um) & THz (A= 60-200 um)

TEM image

N

Active are

R. Colombelli (Institut Electronique Fondamentale, Orsay,FR)

V. Moreau - M. Bahriz (PhD students)

L. Wilson, A. Krysa (University of Sheffield,UK)
Y. De Wilde (ESPCI, Paris,FR)

P.-A. Lemoine (PhD student)

WDA0 . 7mm 25. 0KV x600 B0um




s-NSOM-Imaging working
semiconducting devices

Quantum cascade lasers
Air confinement structure

Wavelength (um)
78 7.75 7.7 7.65_ 7.6 7.55

— 2() LM

A="7.78 um

N, =3.4

| aser cavity modes

(a)
A

1280 1300 1320 & =-—"—=1.14um
1
Wave number (cm 21




s-NSOM-Imaging working
semiconducting devices

Quantum cascade lasers
Air confinement structure Laser cavity modes

/

—n— far field —« — prear fielde —>

, oy =1.2um

Power (a.u.)

AFM top view

1.0 1.5 25
Current (A)

V. Moreau, P.-A. Lemoine, et al. , Appl. Phys. Lett. (2007)




s-NSOM-Imaging working
semiconducting devices

Quantum cascade lasers
Air confinement structure (b)

Mode intensity
Evanescent
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V. Moreau, P.-A. Lemoine, et al. , Appl. Phys. Lett. (2007)




C. Thermal radiation scanning
tunnelling microscope

TRSTM




Infrared night vision camera Far-field thermal infrared
microscope

www.infraredi.com

http://cis.jhu.edu :
Resolution ~ 5 um

(1) B(A,T)

Gray body : Spectrum G (/1, T) =X

m

Detection of thermal radiation emitted by the object itself




Far-field thermal infrared microscope

Image of a point : 550 nm (green) 4 um (Infrared)

A

Two points 600 nm apart :

>

Resolution limit ~ A/2




Near-field detection of thermal radiation :
TRSTM (Thermal Radiation STM)

PRINCIPLE

I Vertical oscillation

Thermal
_~radiation

cassegrain

objective \

HgCdTe detector

lock-in amplifier

Q

Q

oscillator

—34——vibration PZT

z-feedback

quartz tuning fork

heating resistor

scanning PZT

» Apertureless SNOM without any external source.
 Scattering of near-field thermal radiation at the surface at T#0.




Energy selection :

TRSTM |maes W|th filterat A = 10.9 um

SiC AU

TRSTM

Topography
AFM

T=170 °C

]

-

Intensity [pV]

Intensity [pV]
=

Intensity [uV]

(T ]

=] (5.
R |

0 5 10
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S ' Erm u-n 'Im] 13 0 Diii 0 13 FringeS
[T Stance . .

- e e coherence in near-field
De Wilde, Formanek, Carminati, Gralak, Lemoine,

Mulet, Joulain, Chen, Greffet, Nature 444, 740 (2008). thermal radiation




Energy selection :
TRSTM images with filter at A = 10.9 um

Prospect for metroloqy :

* The spectrum of TRSTM
signal is specific
to each material.

TRSTM

* To use the TRSTM as
a local temperature sensor

Topography
AFM

]

R
=

Intensity [pV]

Intensity [pV]
=

Intensity [uV]

=]
=] LA
L

T 10 15 O s w15 m
Distance [pm] Distance [um]
De Wilde, Formanek, Carminati, Gralak, Lemoine,

Mulet, Joulain, Chen, Greffet, Nature 444, 740 (2006).

T — D
Diztance [um)




D. Active fluorescent probes

PMT #1
(520 nm}) »

Lens<
Filters

(550 nmy)
»
Fluorescent
particle #
Lock-in #2
1

Lens (f=620Hz)

Modulated laser

diode (f=620Hz)

A= 980NnMm _ N "

Objective 520 560 B00
Wavelength (nm}

h
[=]

-
L]

Fluorescence intensity
{arb. units)
» o

ol L @ ' « Experimental data
Tapping mode f=6kHz ! — Exponential fit 1

Microelectronic —pf—us7

. 1010
circuit ,41_3; (X.¥.Z) stage I / - ﬂ{-T] ]

L. Aigouy, et al.
Appl. Phys. Lett. 87, 184105 (2005).
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D. Active fluorescent probes

h
[=]

Resistive strlpe AFM  (nm) AFM  (nm)

Eﬂm Eﬂm

lszp / lssp (A '-'}

{arb. units)
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) [T
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o

| — 526 560 600
. Wavehngm (nm}
| : - = Expenmental dal:a
- 7t — Exponential fit
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{-—-F—] i

(a) = ) /“"“

L. Aigouy, et al.

Appl. Phys. Lett. 87, 184105 (2005). 3 o00ze 00028
AT (KT)

Principle : to use a fluorescent nano object at the
extremity of an AFM tip as a local temperature sensor




Conclusions :
NSOM microscopy is an active field of research to achieve
optical material characterization

Most far-field methods are nowadays accessible in the near-field:
luminescence, Raman scattering, Infrared imaging, thermal
emission...

A large variety of NSOM types have been developed :
Aperture-probe, scattering type-NSOM, TRSTM,active probes.

Current trend :
To use new concepts such as optlcal nano antenna to improve
the NSOM efficiency. I | :

J. N. Farahani, et al.,
Phys. Rev. Lett. 95,
017402 (2005)
T.H. Taminiau, et al.,
Nanolett. 7,.28 (2007).




