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Why can’t we use common nanofabrication
techniques for metals?

MOCVD - substrate is exposed to one or more volatile metalloorganic precursors,
which react and/or decompose on the substrate surface to produce thin film

MOCVD (Metal-Organic

Chemical Vapour Deposition)

Photolithography
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INTEL Ivy Bridge Central Processing Unit
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TEM image of GaN/InGaN blue laser diode (chip fabricated b.y .photollthog_raphy -22nm
technology; 1,4 billion of transistors)

fabricated by MOCVD http://www.infocast.pl/nowe-procesory-serii-ivy-bridge-3586




Why can’t we use common nanofabrication
techniques for metals?

v Gold and silver are mostly used materials in plasmonics/metamaterial
nanofabrication

Problems with metals in
MOCVD/evaporation/sputtering

-MOCVD films - degraded optical properties due to inherent
contaminants from the precursor materials

-evaporated or sputtered metal films - polycrystalline

— surface roughness and grain-boundary SPP scattering
-silver films under 30 nm - discontinuous

N C Lindquist et al. Rep. Prog.
Phys. 75, 036501 (2012)




Why can’t we use common nanofabrication
techniques for metals?

v Gold and silver are mostly used materials in plasmonics/metamaterial
nanofabrication

SSS expensive photomask (good only for mass-scale fabrication)
very expensive state-of-the-art lithography equipment

In case of classic photolithography

, -

Option 1
Dry etch — ‘ :> T L

| Photoresist ' | | | Etching Remove resist

Substrate : I L E Patterned metal
| | R E_ K _ E W

Option 2
Lift off

Exposure - Develop

Metal evaporation

gold and silver cannot be easily plasma etched
because their etch by-products are non-volatile thus

ion beam milling is required , ,
N C Lindquist et al. Rep. Prog.

+ strongly limited spatial resolution => UV light Phys. 75, 036501 (2012)




1.

.

To avoid etching: lift off

|. Preparation of the substrate

Il. Deposition of the resist

lll. Resist patterning

IV. Deposition of the target material

V. Washing out the resist together with
the target material on its surface

VI. Final pattern



Lithography - negative and positive resist
I hotores)st
Silicon wafer |

l Exposure

‘ Development

nagative positive
4 .

T
Deposition

v v
LN W
| ‘ |

http://pluggedin.kodak.com/pluggedin/post/?id=655003




Metal film deposition

Electron beam evaporation
(electron beam physical vapor deposition)

v'uses electron beam to evaporate target material onto
the substrate

v'layers produced from 1 nm/minute to few
micrometers/minute with precise thickness control

v'’commonly used in lithography techniques




Interferometric photolithography (IL)
for maskless and large area patterning

SSS expensive photomask (good only for mass-scale fabrication)

Two (or more) laser beams

Mirror

Expanded Collimated
Al standing Laser Beam

Wwave
~ pattern in
photoresist (a)

x-y-0 stage

A/[2n sin 6] = }\/2NA

Period of the interference pattern

Disadvantages:
[imited spatial resolution

Advantages: (e.g 34 nm for 193 nm ArF excimer laser)
e|arge-area of periodic nanostructures patterning

emaskless

S. R. J. Brueck PROCEEDINGS OF THE IEEE 93 (2005)




HOLOGRAPHIC LITHOGRAPHY-

by interference of four non-coplanar laser
beams in a film of photoresist

M. Campbell et al., Nature 404 (2000) 53.
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Interferometric photolithography (IL)

combined with other techniques
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S. R. J. Brueck PROCEEDINGS OF THE IEEE 93 (2005)

Self-
assembled
arrays of SiO,
nanoparticles
spin-coated
on IL
patterned
SiO, surface




Interferometric photolithography (IL)

s "ﬁhﬁc')torﬁehé,is N
»  bylLand dry etching

(a) o (b) IL patterned

J. W. Menezes et al. Adv. Funct. Mater. 2010, 20, 3918—-3924




Interferometric photolithography (IL) meets
negative permeability ...

< UV light

PR=photoresist ARC=anti-reflective

coating
<«—ARC

<« /nS
<« Substrate

— EEELET
CHTH 2Ky “E8Db,800

RIE
etching

Au
depositio

— FPELELED

CHTHM ZakKu X4 .088 14mm

S. Zhang ... S.R.J. Brueck et al. PRL 94, 037402 (2005)




and negative refractive index...

' magnetic
2 ,_/ | response

electric
response

naff (Measurement)

naff(simulation)

1.5 2.0 2.5
Wavelength ( pm)

Fishnet-like structure

S. Zhang et al. PRL 95, 137404 (2005)
The overall sample size was 1cm?



right handed spirals

(V)]
Q
(&
(1)
[ Fihd
S
-
(V)]
|
-
(@)
)
c
(@
(@
S~
=
(V)]
c
Q
)
=

s|eJdids papuey 19|




overall

close up view structure with out of
phase interference

Y. K. Pang, J. Ch. W. Lee, W. Y. Tam, C. T. Chan, P. Sheng




PRINCIPLE

(p rotation _
OL rotation

PVD

I
i’ E % Source




GLAD - Glancing Angle Deposition
method

Substrate

S. Kennedy, M. Brett, O. Toader, S. John,
Nano Letters (2002)




Soft lithography - technology for fast and large-area MTMs fabrication

fabricate
master l

MASTER (stamp) ERRES

patterning /// ,,-"-' S

(e.g. by IL, EBL FIB etc.) _,, = resist

made from e.g. silicon cast, cure
elastomer

John A. Rogers and

Transparent elastomer ~ S Ralph G. Nuzz
(e.g. PDMS) = Materials Today

casting & curing (2005)

peel back l elastomer

PDMS after
PDMS

removin . ,
8 2 e (polydimethylsiloxane)
master (= T '_-f - transparent

elastomer

/| \7

stamp mold

PDMS photomask/stamp/mold fabrication scheme




Soft lithography

— technology for fast and large-area MTMs fabrication

SOFT LITHOGRAPHY

PRINTING/ PHOTOMASK MOLDING

STAMPING

N C Lindquist et al. Rep. Prog. Phys. 75, 036501 (2012)




PRINTING
Soft lithography
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Nano-transfer printing (nTP)

P i LT

perpendicular

annel
”‘E—er.,
<= parallel channel

Free-standing GaAs SESE R R J— Clell
nanorods AR A Nanochannels

(with gold cover) (woodpile-like

J. Zaumsei et al. structure)

Nano Lett. 3, 1224 (2003)




PHOTOMASK
Soft lithography

Soft interference lithography (SIL)

v" SIL uses nanoscale patterns generated by
interference lithography (IL) as high-quality

masters for soft lithography J. Henzie et al

v' PDMS photomask - by fabricated by casting Nat. Nanotech. 2, 549
onto IL fabricated master (2007)

v' Cheaper masks — larger areas can be covered
UV light

Maximum absorbance

5
AV

Varying absorbance absorbance

(grayscale)
Polymer Photoresist
photomask on substrate

L. Jiang et al. Proc. of SPIE Vol. 7274 72742L-1




PHOTOMASK
Soft lithography

Soft interference lithography (SIL)

SIL PDMS

. photomask
J. Henzie et al.,

Nat. Nanotech.
2, 549 (2007)

Photoresist

Si(100) wafer

Expose through PDMS mask o ke

L/ through Cr photomask
I Develop
l photoresist l

PER.
procedure for
free-standing films

et
I <y 5
1}
.




Nanoimprint lithography (NIL)

Thermoplastic NIL (t-NIL) Liquid resist

Transfer layer

Thermoplastic resist -
the resist is pressed with hot

mold the polimer gets softened
and the pattern is created

substrate

MOLD
~N

—

l.

Spin-coating transfer layer
and resist layer

Photocurable resist -

the mold is inserted into liquid
polymer and than the resist
IS cured with light

W. Wu et al. Appl. Phys. A 87,
143-150(2007)

I ——

2. Imprint

3. Residue and transfer
layers etching

4. Ag/S10,/Ag deposition
|_. | | | | | | |
5. Lift-off

MOLDING
Soft lithography



MOLDING
Soft lithography

Nanoimprint lithography (NIL) and NIM...

MOLD (PIVIMA) Ag/S|02/Ag flshnet NII\/I

PMMA -
Poly(methyl
methacrylate)

e
ir— —

sl L I

—

W. Wu et al.
Appl. Phys. A
87, 143-150

(2007)
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Samples of 0,5x0,5 mm area Negative index —1 .55 @1,7 pm




When we need arbitrary shapes...

DIRECT WRITING

Electron Beam Lithography (e-beam)

There's Plenty of Room at the Bottom
An Invitation to Enter a New Field of Physics

By Richard P. Feynmann

I imagine exparimental mus! often ook with envy at men like
Kamerlingh Onnes, who a heid ke low lemperature, whach seems to
be bottomiess and in which one can go down and down. Such a man is then a
ieader and has some

field and was able o nito it and to lead us all along. The development of
Wlﬂ:mmmul“”dh““

1 would like to describe a fsid. in which litle has been done. but n which an
onormous amount can be done in principle. Thes hield i not quite the same as the
others in that it will not tell us much of fundamental physics (in the sense of.
“"What are the strange particies 77} =1 * i» more Ike sold-stale physics in the
sense that it might tell us much  great in.arest about the strange phenomena
that occur in complex siluations Furtherm we. a point that s most important is
that it would have an enormous u..le/ « technical applications.

Electron beam causes
local polimerization
of the resist

Furthern

100 nm

SEM image of EBL fabricated nanopattern

(Adopted from Bryan Cord at the University of Minnesota Nanofabrication Center)

»SCANNING”

H. Duan et al., ACS Nano 5, 7593 (2011)




Electron Beam Lithography (e-beam)

DIRECT WRITING

v in principle the same as photolithography (a) negative resist (b) positive resist
but with use of electrons and maskless HSQ | B

v electron wavelength (= patterning
resolution) depends on electrons energy | | exposure | |

v’ shape of the beam (cross section) can be electron beam electron beam
precisely controlled and rapidly change A | Wl W W

Advantages: e T

every good resolution (down to 10 nm) §  development 4
emaskless = direct writing

sarbitrary shapes possible s B AR TN

egood for proof-of-concept demonstrations l metal deposition l,

Disadvantages:

sexpensive equipment PRt TR

every slow patterning process ‘ ol v[

*small-area Ly

emulti-stage fabrication procedure EAR— expssdresist R mets

only 2D rnin
only 2D patterning H. Duan et al., ACS Nano 5, 7593 (2011




Electron Beam Lithography (e-beam)
DIRECT WRITING
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Close-packed gold nanostructures
obtained bv EBL and lift-off H. Duan et al., ACS Nano 5, 7593 (2011)




Electron Beam Lithography (e-beam)

DIRECT WRITING

The way to obtain negative index metamaterials (NIM) at optical wavelength...

IIIHIIIIIIlIT!llIII

!IIIIIII!IIIIIIIII
ELRTTR PRI BRI bLLl
0 O

Au 50 nm

Metamaterial made of gold
split-ring resonators with :; ::lm H““m
magnetic response at 100 THz

obtained by EBL and lift off e I

procedure

S. Linden ... C. SOUkOU/iS, et al. Thick Glass Substrate

Science 306, 1351 (2004) Metamaterial with negative refractive index

at A= 1um obtained by EBL and lift off
V. M. Shalaev et al. Optics Letters, 30, 3356-3358 (2005)
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DIRECT WRITING

G. Dolling ...M. Wegener... C. Soukoulis,
et al., Opt. Lett. 32, 53 (2007)
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Electron Beam Lithography (e-beam)
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FISHNET made from silver/MgF2 layers fabricated by EBL and lift-off with negative

G. Dolling...M. Wegener... C. Soukoulis, et al., Opt. Lett. 31, 1800 (2006)
refractive index at 1,5 um (left) and 780 nm wavelength (right)




Stacked (layer-by-layer) Electron Beam Lithography EBL

- from 2D to 3D...
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Metamaterial made from stacked silver/MgF2
multi-layers fabricated by EBL and lift-off with
negative refractive index at 1,41 um

DIRECT WRITING

For planar surfaces —
serial layer-by-layer
process

1
A\ L
=i

—

G. Dolling ... M. Wegener, et al., Opt.
Lett. 32, 551 (2007)




Stacked (layer-by-layer) Electron Beam Lithography - from 2D to 3D...

EBL

For non-planar surfaces — PLANARIZATION

Polimerized resist after EBL
gold alignment mark prepared by lift-off technique

evaporated gold layer lon beam etched surfac

e Y

(1) Alignment mark (2) Electron beam exposure (3) Anisotropic etch

preparation

/[41 Planarization (8) Alignment and

electron beam exposure

spin coated polymer layer etched by RIE
Stacked non-planar EBL fabrication steps : N. Liu ... H. Giessen, et al. Nat.

v'alignment mark preparation Mater. 7 (2008)
v'first layer of nanostructures prepared by EBL

(6) Anisotropic efch

v'planarization (spin coating of dielectric layer) + RIE thinning

v'alignment of second layer with alignment marks
v e




EBL

DIRECT WRITING

For non-planar surfaces — PLANARIZATION
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Na Liu ... H. Giessen, et al. Nat. Mater. 7 (2008)




Stacked Electron Beam Lithography - from 2D to 3D... :
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DIRECT WRITING

For non-planar

surfaces —
PLANARIZATION

Twisted gold crosses
metamaterial
exhibiting circular
dichroism @1,36um

M. Decker ...C. Soukoulis.... M. Wegener, et al. Optics Letters 35, 1593-1595 (2010)



Direct Laser Writing

—

|

Tightly focused
laser beam

SEI-8

_—
sample

sEchion AX

SU-8 is solid before and after optical exposure

Adv. Mater. 17 (2005) 541, K. K. Seet et al.

DLW

DIRECT WRITING

A permanent
photomodification,
seeded by
multiphoton
absorption, is induced
in the optically
transparent dielectric
material at the focal
region of a tightly
focused laser beam.
The photomodification
is localized within the
spatial domain defined
by the multiphoton
absorption point-
spread function. By
translating the sample,
arbitrarily shaped
patterns can be
drawn.




In DLW multiphoton polymerization,

a photoresist is illuminated by laser light at a frequency
below the single photon polymerization threshold of the
resist. When this laser light is tightly focused inside the
photoresist, the light intensity inside a small volume

(the focus) may exceed the threshold for initiating

multiphoton polymerization. The size and shape of these

so-called VOXELS depend on the iso-intensity surfaces of
the microscope objective, and the exposure threshold
for multiphoton processes of the photosensitive

medium.




SU-8

SU-8(MicroChem)

consists of an octafunctional epoxy RESIN (PON SU-8),
a PHOTOINITIATOR (mixed triarylsulphonium/hexafluoroantimonate salt in
propylee carbonate solvent), both dissolved in gamma-butyrolactone (GBL)

EXPOSURE

!

POSTEXPOSURE I.n a.postexpf)sure bake, this acid catalyzes the cross
BAKE linking reaction of the monomers to the polymer

1 Sufficiently illuminated resin remains whereas
DEVELOPMENT underexposed resin is washed out by a solvent in a
development step

e SU-8 is solid before and after optical exposure

e Chemical development is required in order to reveal the photomodified regions

* Absence of a liquid-to-solid transition during the DLW creates stable recording conditions
* |t permits the fabrication of areas behind the already fabricated features




The circular-spiral sample with
180deg phase shift between
adjacent spirals

Although the simplest square-spiral
structures were successfully fabricated
from silicon by the GLAD technique,
their more-complex variants
(e.g. containing phase shifted spirals)
can only be realized by DLW

Adv. Mater. 17 (2005) 541, K. K. Seet et al.




Advantage

The spiral structures are
self-supporting and are
almost shrinkage free

Adv. Mater. 17 (2005) 541, K. K. Seet et al.




DLW
Bichiral metamaterial obtained by DLW and electroless silver plating

A. Radke et al. Adv. Mat. 23, 3018 (2011)




DLW
Possibilities for practical infiltration of 3D SU-8 templates

Single infiltration and template removal
will produce an inverse structure

1. Sol Linfiltrati eg. with TiO2 (n=2.2, 2.6) or other nanoparticles
- S0I-g€el Infiitration into the air voids followed by the removal of the

template

2. Low-temperature SU-8 retains its thermal and chemical
chemical vapor robustness for temperatures up to 380degC

deposition (CVD)

3. Electrodeposition For infiltration of semiconductors




DLW
Possibilities for practical infiltration of 3D SU-8 templates

DOUBLE-TEMPLATING APPROACH

. B

CVD - infiltration of silica into the template

i B
Removal of SU-8 template - thermally

. B

Infiltration by other material as
semiconductor/metal

into remaining secondary silica template

. B

chemical etching - removal of silica template

. =

direct structure is obtained




Direct laser writing (DLW) of 3 D PC templates for
telecommunication —

Side view

— = =
e — — —

000.0.8.6.0 "
egB0:0.00 Iy

" . LS

Layer-by-layer structure with 40 layers and a massive wall
that prevents bending and reduces distortions due to
polymer shrinkage during polymerization

Top view Nature Materials 3 (2004) 444, Deubel M.
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Direct Laser Writing and Transformation Optics (TO) HREW
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lon Beam Lithography (Focus lon Beam — FIB, ion milling) FlE
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DIRECT WRITING

S. Enkrich et al.
Adv. Mater. 17,
2547-2549
(2005)

4
u

v material is etched directly by impinging highly energetic ions

v’ the beam spot sizes can range from ~5nm up to a micrometer
- depending on the column optics, ion source and beam current

v/ numerous ion species are available, such as Al, Au, B, Be, Cu, Ga, Ge, Fe, In,
Li, P, Pb and Si (in particular Ga because of low volatility and melting temp.)
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lon Beam Lithography (Focus lon Beam — FIB, ion milling)

S. Enkrich et al. Adv. Mater. 17,
2547-2549 (2005)
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DIRECT WRITING

Advantages:

e very good resolution

e maskless = direct writing

e arbitrary shapes possible

e good for proof-of-concept
demonstrations and rapid prototyping
e fully anisotropic etching

e can be adopted as a SEM accessory

Disadvantages:

» small-area fabrication

e difficult three-dimensional
nanostructure patterning
 unintentional doping and structure
damaging

e patterning structures below 100 nm
starts to be very slow




lon Beam thhography (Focus lon Beam — FIB, ion milling) HB
DIRECT WRITING

EEEE 10-fs ,800 nm, 75 MHz Ti:sapphire laser
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Gold bow-tie nanoantennas obtained by FIB

Generation of Extreme-UV light with pulse intensity
101'Wcm 2 (normally required >103Wcm™)

S. Kim et al. Nature 453 (2008) generated high harmonics



Self-Aligned Membrane Projection Lithography (SAMPL)
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Self-Aligned Membrane Projection Lithography (SAMPL)

Gold SRRs multi-3D-structure
D. B. Burckel...M. B. Sinclair, AFM, 2010, 22, 5053 fabricated with SAMPL




v" ALD in principle is similar to
chemical vapor deposition process

v" in ALD two precursors of deposited
material are deposited separately
(in separate reactions) this allows
to obtain layers controlled with
atomic precision (due to the self-
limiting surface reactions)

v ALD enables obtaining super-thin
films (from 1 A) which could be
very useful for plasmonics and
MTMs

X. Zhang et al. . Am. Chem. Soc. 128,

10304 -10309 (2006)
Self-assembled silver film-over-nanosphere

For SERS: (i) protection of Ag, (AgFON) prepared by drop-coating polysterene
(ii) proximity of molecules to spheres onto the substrate and covered with
p|asmonic partic|es silver and coated with A|203 (ALD -2 A)




Bull’s eye pattern by Focused lon Beam

Typical as-deposited silver ion beam milled polycrystalline
films are inherently rough and posses implant impurities...

Bull’s eye pattern milled into an as-deposited silver film via FIB

One of the newest idea to make the film *
(and pattern) smoother is template stripping Phys. 75, 036501 (2012)

N C Lindquist et al. Rep. Prog.




Template stripping for ultrasmooth patterned metals

1. Single-crystal silicon 2. Standard patterning 3. Deposit metals and 4, Peel off to reveal
] ) a backing layer pattern, reuse template
Si surface => poor adhesion to

and good wettability of silver

super-flat surface of Si single * crystal — M
AL

N C Lindquist et al. Rep. Prog. Phys. 75, 036501 (2012)

Gold pyramid

array \



Means of
patterning

Way of
exposure

Top-down methods

PHOTONS

e Photolithography + lift-off
* Holographic Lithography
* Direct Laser Writing

ELECTRONS

IONS

e Electron Beam Evaporation * lon Beam

e Electron Beam Lithography

Lithography

SCANNING

Direct Writing:
* Direct Laser Writing

e Electron Beam Lithography

* lon Beam Lithography

FAST & LARGE AREA
 Soft Lithography

ARBITRARY SHAPES

* Direct writing

THANK YOU FOR YOUR ATTENTION!




