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Mie scattering by a small sphere
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Plasmon resonances

e Same material, similar sizes, but different colors ?
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* This is just a geometrical optical resonance effect...

~ * ... for particles that are << !
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Plasmon resonances
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* This is just a geometrical optical resonance effect...

* ... for particles that are << !
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Plasmonics simplexes

* More complex spectra as the particle symmetry decreases

|I II' -~
200 | R O -
-0,
~— | III E
= ho| \ .E.
E, A - =
(73] / W 1|
O ! Jll‘I"‘\r \ :! II'-. U
¢ 100 | } H\‘{\ S . —-—— 1 9
I /” ‘ A
i) f\ W
ﬁl'/-j / \\\\|\ \"\
¥ i B A \ \\_ 1
lr ) \\E:;\ ~ oy,
o S e
300 400 500 600

Wavelength [nm]

www.nanophotonics.ch

2

10

800

700

500 600
Wavelength [nm]

400

J. Kottmann, Applied Physics B vol. 73, p. 299 (2001)



Plasmon resonances - Elliptical particle
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Plasmon resonances —Triangular particle

Scattering cross section [nm]
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 Dramatic near-field enhancement
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Field distribution at different wavelengths
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Field distribution at different wavelengths

A =458 [nm] Ag, 10 x 20 [nm?]
Amplitude Polarization charge: V - K
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Field distribution at different wavelengths
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Elliptical particle
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SCS [nm]

Size effects

* The maximum enhancement decreases for particles > 50 [nm]
L=10 nm

Right-angled triangle L B

10 10 nm

300 400 500 600
Wavelength [nm]

www.nanophotonics.ch

* Resonance broadening

¢ Red shift
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Plasmonic metals

* Only a few plasmonic metals are available
* Coinage metals: Au, Ag, Al, Cu, W
* Very high electron density (> 10?2/ cm3)

» Each metal works in a specific wavelength range determined by the real
part of its permittivity
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Plasmon resonances

* Nanostructures have a completely different optical response than bulk
materials

* Silver bar:
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What have we learned so far...

* Plasmon resonances depend on the material and shape of the particle

» Each plasmon resonance is associated with a specific polarization charges
distribution

* The field enhancement can be extremely significant

* The lower the symmetry of a particle, the more plasmon resonances and the
strongest field enhancement

* Constrains for nanofabrication:
— Sub-100 nm structures
— Control dimensions down to 120 nm
— Use appropriate materials

www.nanophotonics.ch
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Nanofabrication of plasmonic structures

* Lift-off (positive resist) vs. ion etching (negative resist)

Glass substrate
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Cr/Au layer
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Nanofabrication of plasmonic structures

* Lift-off (positive resist) vs. ion etching (negative resist)

BN Glass substrate
- MmA
PMMA
o
E-beam exposure, BES - cr/Au layer
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Lift-off vs. ion etchinwold nanostructures)

* lon etching provides smaller features and better control
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Dose test

 Both positive and negative resists require to perform a series of tests
with different doses (for each sample geometry)

1'500 uC/cm? 1'700 uC/cm?

www.nanophotonics.ch



What have we learned so far...

* Positive (lift-off) and negative (etching) electron beam resists
* Lift-off:
— Double layer resist to facilitate lift-off
— Metal diffusion within the mask creates "fuzzy" outlines
— No residual resist (Oxygen plasma required, though)
* Etching:
— Good outline definition
— Very small features, including gaps
— Residual resist on top of the structure (can be dealt with)

* Some tricky issues related to electron beam exposure
(dose, proximity effects, stitching, fracturing,...)

www.nanophotonics.ch
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Optical measurements

* Transparent substrate (glass, fused silica) samplo
* High NA objectives require thin substrates
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Careful when measuring samples that alter the polarization

* Some components (e.g. beam-splitters) in a microscope do not
transmit/reflect both polarizations in a similar way

Plate beam-splitter:

(a) 10 !
s —pol
o 08+ —— p — pol |
e unpol ||
(1]
£ 06 \/\/\/ i
B e e o |
=
0.2} i
0.0 : : ‘
400 500 600 700
Wavelength (nm)
Cube beam-splitter:
(d) 10 : ‘ ‘
s — pol
o 0.8 ¢ —— p —pol |
e unpol
E 0.6t
£
€ 04
=
0.2
0.0 : : :
400 500 600 700

Wavelength (nm)
www.nanophotonics.ch

(a)

Sample
Objective

BEP  oefefrevess eeee

50/50 BS
z
Ly
A 4 v
(b) P———
Sample
Objective
BFP I J
q
50/50 BS
X——@-
i >
¥
v v

(a)

1.0

Reflectance
¢ ° o
(=)} [e:]
| % l
I 4
R \

0.4 > Ag o
L HS
02 Y WI|P z Ag O'Ag
1 Si
X
0.0 X
400 500 600 700
Wavelength (nm)
C
(c) 1.0

“mom oD

04 [T Rux @
xy
02t ® Rw!
& yx
0.0

400 500 600 700
Wavelength (nm)

(b)

1.0
0.8
[«
2 06
£
< 04 | Rss
3 Rsp
0.2 Rm’ H
Ry
0.0
400 500 600 700
Wavelength (nm)
(d) 2:5 T
RSS
2.0 Rsp
g
e L5 T
©
©
3]
% 10 |
o«
o W\\/
0.0 1 1 L
400 500 600 700

Wavelength (nm)

H.-S. Wang, Applied Optics vol. 61, p. 8100 (2022)



Optical measurements

* Spectroscopy of individual nanostructures
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Metal adhesion on SiO, is poor

 Usually, one resorts to an extremely thin inorganic adhesion layer: Cr, Ti
* Unfortunately, these layers can disturb the plasmon resonances

Continuous adhesion film: Etched adhesion film:
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Metal adhesion on SiO, is poor

* Fabrication with Cr adhesion of very high aspect ratlo Au electrodes to
combine dlelectrophore5|s with optlcal forces

Immediately after

After (J ”
deposition

00
a few hours w

www.nanophotonics.ch M. Riccardi, Microelectronic Engineering, vol. 263, p. 111856 (2022)



At the nanoscale, materials behave very differently

* When a gold particle shrinks, it becomes liquid!

A Tm [°K)
Size effect on the melting temperature of gold particles® 13000
Ph. Buffat and J-P. Borel —
Laboratoire de Physique Experi iale, Ecole Polytechnique Fédérale-L L Switzerland
(Received 2 December 1975) -
Recently, small particles have been shown to exhibit a melting temperature which depends on the particle size. 1000
The various possibl 1 thods have been wmparcd and measurements of the melting points of ~
small gold pn.rtlcls have been made using a i ffraction technique. This method was applied

to particles having diameters down to 20 A. Conmderatlon of the size distribution over an entire sample
makes it necessary to carry out a careful analysis of the experimental results in order to deduce the melting
temperature of particles having a well-defined diameter. The experimental results are quantitatively in good
agreement with two phenomenological models. The first model describes the equilibrium condition for a
system formed by a solid particle, a liquid particle having the same mass, and their saturating vapor phase.
The second model assumes the preexistence of a liquid layer surrounding the solid particle and describes the
equilibrium of such a system in the presence of the vapor phase. In order to permit a better comparison
between both models, a new expression for the thermod ic equilibrium ition has been derived in the SOOL
present work. In the case of the first model, the agreement was obtained using only the physical constants of
massive gold. In applying the second model, however, one is compelled to assume the existence of a liquid
layer having a thickness of about 6 A.

300 1 1 | I -
(4] 50 100 150 200 D(A)

FIG. 6. Experimental and theoretical values of the
melting-point temperature of gold particles, assuming
validity of the first model in order to calculate the dif-
fracted intensities and obtain the Debye-Waller factors:
circles, present work; squares, Sambles (Ref. 28); the
solid line results from a least-squares fit to Eq. (13)
using all of the experimental points,

www.nanophotonics.ch Ph. Buffat, Physical Review A vol. 13, p. 2287 (1976)



Metal adhesion on SiO, is poor

* An organic adhesion layer can work better, without disturbing the optical
resonances

Robust structures even after several weeks
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Cooking... disasters

www.nanophotonics.ch The Great Web



Cooking... disasters with silver

Poor lift-off Large grains

www.nanophotonics.ch K. Thyagarajan, Advanced Optical Materials vol. 4, p. 871 (2016)



Fabrication difficulties associated with silver

* Poor surface wetting of silver, leading to early nucleation and large grains
* Formation of silver oxyde (reversible process at low O, pressure)
* Dissociation of Ag,O takes place to establish equilibrium

* Activated layer energetically favourable forincoming Ag atoms to
produce metallic Ag

* A very thin Ag,O layer provides such an activated substrate

www.nanophotonics.ch K. Thyagarajan, Advanced Optical Materials vol. 4, p. 871 (2016)



Our first attempts at Ag nanostructures...

Poor lift-off Large grains

www.nanophotonics.ch K. Thyagarajan, Advanced Optical Materials vol. 4, p. 871 (2016)



... and then we got better at it!

* Deposition of a very thin Ag,O layer on the substrate enables the
fabrication of Ag nanostructures with well-controlled dimensions,
including for the gaps down to 10 nm
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Aluminum is not easy either...

Poor lift-off

www.nanophotonics.ch K. Thyagarajan, Advanced Optical Materials vol. 4, p. 871 (2016)



Aluminum is not easy either...

* Poor surface wetting of alumminum — early nucleation and large grains
* Formation of aluminum oxide (non-reversible process)
* The same trick cannot be used with a thin Al O, layer...

* However, Al and Ag have a very similar crystalline structure (cubic close-
packed)

* We can use again silver oxide as activation layer

Silver 4.08 A Aluminum .04 A
K. Thyagarajan, Advanced Optical Materials vol. 4, p. 871 (2016)
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Improved recipe for aluminum

* Fabrication of double resonant Al antennas, including small gaps and
vertical sidewalls

Optical measurements

SCS (arb. units)
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Double-resonant optical antenna in Al for SHG

* The second harmonic generation (SHG) strongly depends on the material
and on the geometry
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K.Y.Yang, ACS Photonics vol. 4, p. 1522 (2017)
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Keeping your silver shiny!
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Rapid deterioration of Ag nanostructures

* After just a few days in ambient conditions, silver nanostructures are

deteriorated with irreversible changes in their morphology and optical
response

Fresh After 4 days
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Myth #1: Oxygen is responsible for the deterioration of Ag

...well, after two weeks exposure to dry oxygen, silver nanostructures do
not exhibit any damage (similar to exposure to dry argon):

After two weeks in dry Ar

%00 600' 700 800 900 c%)00 600 700 800 900
Wavelength /nm Wavelength /nm
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Myth #2: Sulfidation is playing a key role for deterioration

...well, XPS analysis of a 40 nm thick silver film stored in ambient
conditions does not reveal significant sulfur:
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(o]
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* Even in rural areas, the total concentration of atmospheric sulfur
compounds is as low as a few ppb

J.H. Seinfeld and S.N. Pandis, Atmospheric Chemistry and Physics from Air Pollution to Climate Change: Problem
Solution Manual (Wiley, New York, 1989)
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... 50, what is responsible for Ag deterioration?

* Water!

* Silver nanostructures kept two weeks in 0 % relative humidity do not
deteriorate, while those kept in 100 % relative humidity are destroyed:

0 % Rel. humidity 100 % Rel. humidity

 Oxidation of silver by O, dissolved in water enables the
migration of silver:

1
2A¢" + 505 +2H(q) > 2Ag, + H20

www.nanophotonics.ch X.Wang, Small vol. 13, p. 1700044 (2017)



Ag nanostructures can be stabilized with a dehydration process

* Fabricated nanostructures are transferred to a desiccator cabinet at 20 °C
and purged continuously with a 5 nl/min Ar gas flow under a 1.013 Pa

pressure for three weeks
After 4 days

After 4 weeks
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The dehydration process modifies the Ag surface

* Dramatic reduction of the surface roughness and thermally stable:

Fresh Non-dehy but baked Dehy Dehy and baked
' e sy Y {I
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What have we learned so far...

* The characterization techniques put constraints on the nanotechnology
* Metal adhesion on glass is an issue
* Look sideways: other fields can bring original solutions

» At the nanoscale, solids can behave very differently from what we are
used to at our macroscopic scale

* Don't be discouraged by disasters

* Always question well-established Myths!

* It is possible to fabricate nice and robust nanostructures in Ag and Al
* Read the "ancient" scientific literature

www.nanophotonics.ch
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Plasmonic metals

* Only a few plasmonic metals are available
* Coinage metals: Au, Ag, Al, Cu, W
* Very high electron density (> 10?2/ cm3)

» Each metal works in a specific wavelength range determined by the real
part of its permittivity

Higher Frequency Lower Frequency

600

Wavelength (nm)
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Plasmonic alloys

* Can we extend the range of available plasmonic metals?

Higher Frequency Lower Frequency

600
Wavelength (nm)

Ag,Au,, Ag,Au, Ag,Au, Au

www.nanophotonics.ch D. Ray, Advanced Materials vol. 2022, p. 2108225 (2022)



Plasmonic alloys

* Can we extend the range of available plasmonic metals?

* Alloys are certainly an interesting approach to engineer the dielectric
function:
Real part of ¢ . Imaginary part of ¢

— Au
= = Au Rioux
[ — AUy sAg
- = Au, (Ag, s Rioux
- Auo.zAgo.s
[ - = Auj ,Ag, ¢ Rioux
T—AgRjoux ., oL =s=-r==c=-"
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
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Alloyed plasmonic nanostructures

* Normally, Au,Ag_, alloying is performed at high temperature

» Can we maintain the shape of nanostructures during the alloying
process...?

Before annealing After annealing

* ... no! the shape is lost during the high temperature annealing

www.nanophotonics.ch D. Ray, Advanced Materials vol. 2022, p. 2108225 (2022)



Alloyed plasmonic nanostructures

* Challenge:
— Find a low temperature alloying procedure...
— ... that enables any alloy composition
* Solution:
— Define the composition by the Au and Ag thicknesses
— Alloy at 300°C for 8 hours and 450°C for 30 mins

Auo.BAgo.z AUo.zAgo.s
—> —>

www.nanophotonics.ch D. Ray, Advanced Materials vol. 2022, p. 2108225 (2022)



Alloyed plasmonic nanostructures

* A low temperature annealing process can maintain the particle shape,
whilst producing well alloyed materials
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Alloyed plasmonic nanostructures
» Well alloyed materials (EDX and XPS)

Before
annealing
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Plasmonic metasurfaces

* Optical resonances can control the phase of the scattered light
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All optical components manipulate the phase of light

* Grating: * Lens: * Hologram:

Y
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Plasmonic metasurfaces

« Can we mimic the response of an optical component using plasmonic
nanostructures on a surface?

* Yes, if we use nanostructures that produce different phases! (different
shapes, geometries, metals, or alloys)

A A A
(p:2ﬂ: 4 ('p:O (p=2ﬂ: (P=
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Plasmonic metasurfaces

« Can we mimic the response of an optical component using plasmonic
nanostructures on a surface?

* Yes, if we use nanostructures that produce different phases! (different
shapes, geometries, metals, or alloys)

Higher Frequency Lower Frequency

600

Wavelength (nm)

www.nanophotonics.ch D. Ray, Advanced Materials vol. 2022, p. 2108225 (2022)



Alloyed plasmonic metasurfaces

» Combinations of different alloy compositions on the same sample to
produce more complex optical effects

Photoresist coating E-beam, development 1" metal evaporation  Photoresist coating
Alignement, E-beam ) _ _ o Low temperature
development 2" metal evaporation  Resist stripping annealing

- I - H A 6 a8 6

. AU AUo.BAgo.z . AUo.zAgo.B Ag

www.nanophotonics.ch D. Ray, Advanced Materials vol. 2022, p. 2108225 (2022)
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Complex metasurfaces

* Hologram: e | ens:
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www.nanophotonics.ch D. Ray, Advanced Materials vol. 2022, p. 2108225 (2022)






What have we learned so far...

* If you don't get the property you wish from pure materials, why not mix
several together?

* You don't need to follow well-established recipes, you can try completely
novel approaches (if you have time and money...)

* Alloying does not necessarily require high temperature
* Scattering from a nanostructure also manipulates the phase of light

* This can be used to produce all sorts of flat optical elements
(metasurfaces)

* Multiple Ebeam lithography opens new possibilities

www.nanophotonics.ch



Outline

* Plasmonics

* Basic fabrication principles with electron-beam lithography
* Adhesion issues

* Other metals than Au

* Au-Ag alloys

* Hybrid nanostructures

* Chemical synthesis

* Medieval stained-glass windows

www.nanophotonics.ch



Optical modes determine the response of the system

* Simple plasmonic nanostructures essentially support electric dipolar
modes

* Dielectric resonators can support magnetic and higher order modes

'"EERE

» Can we combine both to access interesting effects?

www.nanophotonics.ch



Hybrid metasurface for sensing

Y

- A o T T o (T (™ 7 (1 g

5 um

00000f2aRaaanaA

* Combining a dielectric resonator (Si) with a plasmonic disk (Al)

(@)

D. Ray, Nano Letters vol. 20, p. 8752 (2020)

www.nanophotonics.ch



Hybrid metasurface for sensing

* The Al disk serves both as plasmonic structure and mask for etching

W substrate A JPAC; ST iSO, MPMMA495kDa [ PMMA9s0kDa [ Cr

(d)
» i :-‘ :‘

Fused Silica Coated with Coated with Coated with
substrate with ALO, by ALD Si (220 nm) PMMA 495 kDa (120 nm),
Al (100 nm) and SiO, (75 nm) PMMA 950 kDa (100 nm) |EBL followed
coated at the by thermal by spin coating by Cr etching
back side evaporation and Cr (20 nm) and

by thermal development

evaporation of PMMA

<

Removal of Al v Etching (RIE) of v Deposition of Al by v

from the back Si and SiO, thermal evaporation
side and lift-off

www.nanophotonics.ch D. Ray, Nano Letters vol. 20, p. 8752 (2020)



lon etching vs. Reactive ion etching (RIE)

* lon etching, physical sputtering * Reactive ion etching
+ R
N\ /
,‘“-‘ l ‘J.r
“—‘; 500008
— High anisotropy — Medium anisotropy (can be
controlled)

— Poor selectivity
— Good selectivity

— Cl or F chemistry
— Not well-suited for Au (but
possible)

www.nanophotonics.ch Materean.com/dry-etching



Fencing and redeposition

* During dry etching, some of the etched material can redeposit

* The mask can also be etched, producing slanted sidewalls

é(_wo_)é’

| Mask t=0

t=2At

t=3At¢

t=4A1

Final result for
infinitesimal
time increments

www.nanophotonics.ch

Tilting and rotating the substrate during etching helps avoid redeposition

K.R. Milkove, Journal of Vacuum Science & Technology A 15, 596 (1997



Hybrid metasurface for sensing

Y

- A o T T o (T (™ 7 (1 g

5 um

00000f2aRaaanaA

* Combining a dielectric resonator (Si) with a plasmonic disk (Al)

(@)

D. Ray, Nano Letters vol. 20, p. 8752 (2020)

www.nanophotonics.ch



Hybrid metasurface for sensing

* Interplay between the modes supported by the different parts

Individual parts: Hybrid structure:
(a) | ' ' ' " [ED | | S IS W a— ] —ED
(] --MD i —MD |
1 - EQ 2.5 ~EQ
.5‘ - MQ 7 —_ -MQ
& ---SCS € 2 r —SCS| 1472 1
e H
2 1} w‘:’L 5f ]
8 ............................................. 8 :
U) 0.5_": ..........................................
O L L 1. L L 1. 1 L 0l : L
2 (b) T T T T T _EID T 4 (d) T é T él T ..‘EID dlskl E T
—MD 350 .MQ disk | i
1.5 _“EA% 1 i —ED cylinder| i
—_ ~3Cs 37 : —MD cylinder]
NE NE o5k —EQ cylinder| ;
3 4t i = 2 I —=MQ cylinder]
(9} ) ¢
2 O 15¢
0.5[ ] » 1L
0.5
0 T L} e e — il 1 _ -
800 900 1000 1100 1200 1300 1400 1500 1600 0 - - =
800 900 1000 1100 1200 1300 1400 1500 1600

Wavelength(nm) Wavelength(nm)

www.nanophotonics.ch D. Ray, Nano Letters vol. 20, p. 8752 (2020)



Hybrid metasurface for sensing

* Multiple features can be used for bulk refractive index sensing
(experimental data)

Sensitivity:
Feature no. | S=A\/An (nm/RIU) | Range (nm)
0.8 1 144 10791095

2 208 1106 1129
3 120 1229-1283
4 111 12591309

g 0.6

S o 1 Reference sensitivities:

= o 2 * Dielectric: 300 nm/RIU

E04 3 )

n o * Plasmonic: 600 nm/RIU

c o 4

©

0.2

O 1 1 1 1 1 L s
800 1000 1200 1400 1600

Wavelength (nm)

www.nanophotonics.ch D. Ray, Nano Letters vol. 20, p. 8752 (2020)



Hybrid metasurface for sensing

* Can we improve the overlap between near-field and analyte?

-200 0 200 -200 0 200
y (nm) y (nm)

» Additional wet etch step to produce an undercut

www.nanophotonics.ch D. Ray, Nano Letters vol. 20, p. 8752 (2020)



Hybrid metasurface for sensing

* Can we improve the overlap between near-field and analyte?

s

Sensitivity improvement
of 40 nm/RIU
(S=245 nm/RIU)

" -
i&- . i\g.:'-\. gy

2| WD HV |det| mag | HFW | tilt
5.0 mm |10.00 kV| TLD |65 000 x| 1.87 um| 52 °

"\

www.nanophotonics.ch D. Ray, Nano Letters vol. 20, p. 8752 (2020)



What have we learned so far...

* lon etching (reactive or not) is an interesting, but subtle, approach
* A variety of materials can be processed this way
* Do not hesitate to combine several processes to produce your samples

* Close the loop: numerical simulations — fabrication — experiments —
numerical simulations — fabrication again — ...

* Don't be disappointed if at the end all your efforts provide only limited
improvements

www.nanophotonics.ch



Outline

* Plasmonics

* Basic fabrication principles with electron-beam lithography
* Adhesion issues

* Other metals than Au

* Au-Ag alloys

* Hybrid nanostructures

* Chemical synthesis

* Medieval stained-glass windows

www.nanophotonics.ch



Different types of plasmonic nanostructures

* Two approaches exist for fabricating plasmonic nanostructures:
— Top-down nanofabrication (conventional clean-room fabrication)
— Bottom-up (chemical, self-assembled fabrication):

www.nanophotonics.ch M. Rycenga, Chemical Reviews vol. 111, p. 3669 (2011)



Conventional gold nanoparticle synthesis

* Reduction of Au'' compounds to form metallic Au (e.g. with
borohydride)

* Ostwald ripening process: over time small particles dissolve
redeposit onto larger particles, which are more favorable er
one single large particle:

HAuCl, o °

ipenin
N e ripening,
NaBH, )

* A capping agent (thiol-based for Au) stabilizes the process,
monodispersed nanoparticles:

HAuCI, _ >, O O
+ G, j@ > 0 Faraday’s colloidal
NaBH, - A O O suspension of gold
+ O or « gold fluid »
SHeo

www.nanophotonics.ch



Different types of plasmonic nanostructures

* Core-shell nanoparticles are highly tunable:

20nm 10 KM
7nm

Eutincti on (Arb. Units)

500 B0 00 500 AT S 1S I 11\ R i)

WWavelength (nim)

\
B0 nm Core Radius 60 nm Core Radius
20 nm Shell 5 nm Shell

www.nanophotonics.ch N.J. Halas, Rice University, U.S.A.



A broad variety of plasmonic "atoms" can be fabricated

REVIEW ARTICLE NATURE NANOTECHNOLOGY Dol:101038/NNAN0.2011.49
1 - Nanosphere
. 2 - Hollow nanosphere
Spherical
2
| 3 - Nanobar 7 - Nanobelt
| . 4 - Nanorod 8 — Nanowires
Rod-like 5 - Nanobone 9 - Hollow nanorod
/ 6 — Nanobeam
10 - Triangle 14 -Truncated triangle
2D pol I 11 - Square 15 -Disc
polygonal 12 - Pentagon 16 — Nanoring
13 - Hexagon

17 - Tetrahedron 21 —lcosahedron
q. c f. = 3D polyhedral 18 - Cube 22 - Rhombicuboctahedron
\ g po ral 19 - Decahedron 23 — Hollow nanocage
} J 20 - Octahedron
22 23
24 — Monopod 27 -Tetrapod
: Branched 25 - Bipod 28 - Star-shaped
26 - Tripod 29 - Octapod
26 29
wq 30 - Nanopyramid 34 —Nanotree
31 - Nanoclover 35 - Dendrite
1 - Complex 32 — Nanosnowflake 36 — Nanocrescent
33 - Nanothorn
37 - Nanoshell (ring) 41 - Nanocage
Holl 38 - Porous triangles 42 - Nanoskeleton
ow structures 39 — Nanoshell {cubic) 43 — Nanobox

40 - Truncated octahedron

37 38 39 41 42

www.nanophotonics.ch S.J.Tan, Nature Nanotechnology vol. 6, p. 268 (2011)




Larger structures can be ralized from these "atoms"

* DNA origami

L TE

.
?)-.. L
> ¢ é . [ 3
Molecules ;gD crystals n . :_ =
7 N ¢
A O L]
® .
# - Qe .
3D crystals 1 ’-' j )
Polymj’uw\ 3 " .' :-
3 W | - v o
N r Lt E
P *
’ : Q
L

Js8|nozjow, 3 pisedouey

www.nanophotonics.ch S.J.Tan, Nature Nanotechnology vol. 6, p. 268 (2011)
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Medieval stained- glass windows

VITROCENTRE

www.nanophotonics.ch C. Santschi, in preparation (2022)



Medieval stained-glass windows
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Stained-glass window

ca 1480

www.nanophotonics.ch

Ulm minster

built from 1377

wikipedia

C. Santschi, in preparation (2022)



Medieval stained-glass windows

‘ Colored layer, approx. 150 pm

Interfacial layer, approx. 65 pm

Glue
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Energy dispersive X-ray spectroscopy (EDX)
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Correlation between color and density of Cu particles
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Cu particles: —size: 63 nm £ 15 nm
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Color perception

* Two families of receptors enable human vision:
— Rods (high sensitivity, black & white
— Cones (3 types with max. senspAity @ A= 0 or 560 nm)

CIE color gamut
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Color perception

* Two families of receptors enable human vision:
— Rods (high sensitivity, black & white)
— Cones (3 types with max. sensitivity @ A=420, 530 or 560 nm)

CIE color gamut
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Comparison with Mie calculations

60 nm Cu particle
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Comparison with Mie calculations

6o nm Cu particle
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Comparison with Mie calculations

* Good agreement with the observed color

www.nanophotonics.ch Mie Plot: www.philiplaven.com



What have we learned so far...

* Chemical synthesis provides an alternative route to cleanroom
nanotechnology

* This approach can be used independently or together with top-down
approaches

* Quite deterministic nanostructures can be produced this way
* Interesting LEGO approach to build complex structures
* Remain fascinated by Nature and the world around us !
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