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ATOMIC FORCE MICROSCOPY

It is surprisingly easy fo make a cantilever with a spring constant
weaker than the equivalent spring between atoms, allowing
a sharp tip to image both conducting and nonconducting

samples at atomic resolution.

Daniel Rugar and Paul Hansma

1990 American Institute of Physics
PHYSICS TODAY OCTOBER 1990

SPRING. {ensc-nw SENSOR.
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=PFL - Modern t-SPL system (closed loop)

NanoFrazor - 22.0 =l
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Courtesy Swisslitho
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What makes t-SPL unique,

specific w/r to EBL ?

Electron Beam Lithography

e beam

backscattered e-

resist

substrate

beam spreads via scattering
=> energy absorption in
substrate

Possible damage of the substrate by lattice
defects, vacancies or trapped charges
2D materials, organic molecules, dielectrics

endothermic PPA
decomposition and
evaporation

PPA

substrate

heat spread < T, of PPA (120°C)

The substrate is hardly heated (in particular for
substrates with a high heat conductivity or when
a hard mask is applied under the PPA) and hence
not damaged

a

Juergen Brugger



=PFL T_SPL surface
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patterning
Removal Conversion
D
YA — \VAVAV/
Indentation Degradation/ Chemical Physical
Desorption

Thermal scanning probe lithography—a review
Samuel Tobias Howell, Anya Grushina, Felix Holzner & Juergen Brugger
Microsystems & Nanoengineering volume 6, Article number: 21 (2020)

Addition

/N
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Dip Pen

CVvD
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Juergen Brugger
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Deprotection of Functional

Surface Groups
Precursor conversion

": :: :: :"
RIS
35§7‘{!¥£345
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Conversion

Conversion

=PrL

Amorphization

Crystallization

Magnetic Orientation

tttt

ST Howell et al. Microsystems & Nanoengineering, 2020
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=PFL Typical t-SPL device
fabrication

Y CAFM current

TCNL GO, ,

10-20 nm half-pitch into Si
Cho et al. ACS Nano 2017

Graphene, oxidation
Wei et al. Science 2010, 328, 1373

E" Side gates, contacts on na nowire
5 Liftoff

g Wolf et al. J. Vac. Sci. Tech. B 2015,
|

Dry Etching amplification, high aspect ratio
Lisunova et al. MEE 2017

2D material electronics
Zheng et al. Nature Electronics 2019

o

Juergen Brugger
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Nanopatterning in
silk using T-SPL

amorphous crystalline t-SPL probe

Silk Solution EtOH % 2355 e
/A\ 120nm Silk

I ‘ Silicon
- 8us heat pulse
Sllk fllm JY
% e\ B
Time

Silk fibroin extracted from bombyx mori cocoons ¢

Spin-coating 4% solution (4000 RPM) = ~150 nm thin film

Soft-baking at 90 °C to remove residual water .,

Annealing by immersion in EtOH, MeOH or water steam H,0

Local heating with a t-SPL probe (400-500 °C for 8 us)
Development in water (10 sec)

S. Howell et al., (in prep)

=
o
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L

Nanopatterning in silk using T-SPL

t-SPL probe

-»
N

Heat

120nm Silk

8us heat pulse

%

Silicon

I
N

—0

after t-SPL

Time

Sth

(nm)

)
—40
—80

after H20 immersion

b
after t-SPL
after immersion

ro

£
F—50 £

0 2 4 6
Width (um)

L tSPL =
1 H20 immersion

r 20

- 40

- 60

- 80

r 100

r 120

650 700 750
Heater temperature (°C)

Pattern depth (nm)

S. Howell et al., (in prep)

Silk as biomaterial has
excellent properties
for functional devices,
sensors, actuators,
medical implants.
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[
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T-SPL on stimuli-responsive,
thermochromic film

Polymer

Supramolecular . WOJLW%:T&O

S. Zimmermann et al. ACS AMI (2017)

AFM

Fluorescence

[y
N

Juergen Brugger

With Adolphe
Merkle Institute
Fribourg,
Switzerland



=PrL

B DGIST Spring Seminar 2022

T-SPL on stimuli-responsive,

thermochromic film

b
H H 1.5+ 180°C 25°C
(Ao Wt B
P H O HN_~ =t
; 1.0 1 ~
UPy grou =
Shind NG N UPygroup &
205+
Z NH O " =
o N MOt OPV core o5
= " 450 500 550 600 650 700
Wavelength (nm)
c t-SPL probe d e
Hot probe Hot probe
t ~25us
T o, ) / l coneax p
/ N7
H b4
L]

%

o (SN

el

== Stacked OPV core  wmm Randomly oriented OPV core

S. Zimmermann et al. ACS AMI (2017)

B Bound UPy group

™+ Unbound UPy group

[
w

Juergen Brugger



=PrL

B DGIST Spring Seminar 2022

T-SPL on stimuli-responsive,
thermochromic film

Y]
N
o

[eo TR
o O

160
320

Pitch size (nm)

640
1280
2560

S. Zimmermann et al. ACS AMI (2017)

(2]

u.)

Intensity (a.

-
o
1

o
0]
1

o
»
1

o
S
1

0.2 1

0.0 1

B Measurement
— Fit Model

Model

0

500

1000 1500 2000 2500
Pitch size (nm)

Shift from red to
green fluorescence
when heated

Kinetic trapping
when cooled down

fast (heater switched
off)

With Adolphe
Merkle Institute,
Fribourg,
Switzerland

[N
IS

Juergen Brugger



15

=PFL Gedankenexperiment

Nanotip
600 K
Temp + Force

substrate

Possible scenarios:

* High force: Cutting > PPA can
escape, vaporized PPA can escape
+2D _
- deeper cut

Low force: PPA vaporizes but
cannot escape - deformation -
fast cooling > Permanent

. Indentation
PPA: Polyphthalamide (thermal resist)

= 2D: ML of Graphene, MoS,
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=PFL  Direct nanocutting of 2D materials

a [
\ 5 Bulk MoTe, Labyrinth (Feature size: 50 nm

PPA

MiMoTed &G -

20 nm

-30
7 nm
-20
j
o g Line2 b E
£ £
Q . 2
20 & nest 50 A
05 1.0 0 1
Position (um) Position (um)

= X. Liu et al. Advanced Materials (2020)
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Straining of 2D materials at nanoscale

9.

STTITIL e
L
9 SRR

XOPR0PPR000
SN,
999

™~
(111

2

Thermo-mechanical indentation LY

0.3

0.6
Position (um)

Xia Liu et al., Nano Lett. 2020
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Straining of 2D materials at nanoscale

Topography

b
7 nm

=

2

2

£
-8 370
385 7cm?
383 3

— Strained MoS,
—— Unstrained MoS,

Ag

420
Raman Shift (cm
A+g peak map
¥ 405 3cm!
404.3
O 4

Xia Liu et al., Nano Lett. 2020
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Straining of 2D materials at nanoscale

Strained 2DM

Top illumination

Ag-coated tip

Deformed substrate

C Topography

il

A
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¢ d  Height map

Valley
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Intensity

Excitation
(561 nm)

@ Unstrained

Valley Pileup
[ 1T o 1]
i o*% o o

%}'} "% . {# Strained

Height (nm)
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— Unstrained 1 Agg

380 390 400 410
Raman Shift (cm™)

Xia Liu et al., Nano Lett. 2020
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30 years of t-SPL .. and counting

first lithography sub-10 nm Closed-loop pattern Mix & Match
(Riedo, Sheehan, half-pitch in lithography + transfer of of t-SPL +
King, resist accurate 3D sub-20 nm laser writing
(\ iy g 1 B
Twlils TBM
Bie EH @ =
first thermal . new resist high speed Markerfree Magnetic Low damage
AFM patterning materials patterning Overlay & tam-SPL on 2D
(Ruaar, Mamin) (PPA, ...) (20 mm/s) Stitching W materials
- -
< : $ B ==
1992 199520082009 2010 2011 2012 2013 2014 2015 2016 2017 2018
v i
incorporation l 1st NanoFrazor
SwissLitho [ ] Scholar
IBM Millipede (Paul, ' »
(Binnig, Vettiger) Holzner) l HEIOCLBERG
— IBM Science papers: 1st NanoFrazor Heidelberg +
SwissLitho tc-SPL graphene oxide (Riedo) Explore SwissLitho
—— Academic t-SPL 3D (Diirig, Knoll) foin forces,

N
o

Juergen Brugger



