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Heating in manufacturing
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Very hot, very short, and very local

= T-SPL is fast:
¢ Small thermal mass
» Heating rate: 10E8 K/sec

* ~400 deg C max in the
material

» Cooling by dissipation (10E8
K/sec)
= T-SPL is localized:

 Tip size 10 nm, heat range
= Apply it to functional material

that undergo fast property
changes.

FEM of heat distribution around a tip for silk.
Heater temperature 700 deg C, tip temperature

363 deg C
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Micro and Nanoengineering focus

over the years f

i . Silicon related processi ;

420 PROCEEDINGS OF THE IEEE, VOL. 70, NO. 5, MAY 198! \\ (PVD ’ CVD et . . .SSI ng ?
Silicon as a Mechanical Material | , etching, litho, CMOS driven) g

| : resolution, thinner, new

| materia
40 years ago ’
| Mo i Sorg  ed et s s o, TR G | ' '2D’ otme (OF s cloat
| material for microsystems (OE as electrical

electronic properties, but rather because of its excellent mechanical given above.

properties. In addition, recent trends in the engineering literature indi- The continuing development ofsicon i
1y new toolpox to fabricate functional
multi-material micro/nanosystems

KURT E. PETERSEN, MEMBER, IEEE

cate a growing interest in the use of silicon as a ‘mechanical material N TS 3 A 3
with the ultimate goal of developing a broad range of inexpensive, applications 1S only one aspect of the current technical drive

batgh-{abricated.high-perfonqance sensors and transducers which are toward miniaturization which is being pursued over a wide
casily u‘nimrfa%ed rl:‘h “ihe rapidly rP""m;m{““E ,:!“""Pf“ess";- Thc;ls front in many diverse engineering disciplines. Certainly silicor
review describes the advantages employing silicon as a mechan microelectronics continues to be the most obvious success it
material, the relevant mechanical characteristics of silicon, and the pro- < it of mind el . 3

cessing techniques which are specific to micromechanical structures. the ongoing pursuit 0 fmmamnzanon. Four factors have
Finally, the p ials of this new logy are illustrated by numer- played crucial roles in this phenomenal success story: 1) the
ous (.iemiled examples from the literature. 1t is clear that silicon will  active material, silicon, is abundant, inexpensive, and can now
continue to be aggressively exploited in a wide variety of mechanical  pe pmduccd and proccsscd controllably to unparallclcd stan-
applications ¢ pl y to its tr ditional role as an electronic ) oy e S 2
material. _Furthermore, these multidisciplinary vses of silicon will dards of purity and perfection; 2) silicon processing itself i
significantly alter the way we think about all types of miniature me based on very thin deposited films which are highly amenable

chanical devices and componenta to miniaturization; 3) definition and reproduction of the .
: device shapes and patterns are performed using pholographic - d ags
1. INTRODUCTION techniques which have also, historically, been capable of high - opl ng ’ CryStaI y mOblllty

IN THE SAME WAY that silicon has already revolutionized precision and amenable to miniaturization; finally, and mos!
the way we think about clectronics, this versatile material is important of all from a commercial and practical point O
now in the process of altering conventional perceptions of view, 4) silicon microelectronic circuits are batch-fabricated
miniature mechanical devices and components [1]. At least The unit of production for integrated circuits-the wafer-is
| cight firms now manufacture and/or market silicon-based pres- ~ mot one individual saleable item, but contains hundreds o
sure transducers [ 2] (first manufactured commercially over 10 identical chips. If this were not the case, We could certainly

| years ago). some with active devices or entire circuits integrated never afford to install microprocessors in watches or micro

ner gpmposites, intrinsic
functionalities, nanomaterials
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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. DEFLECTION SENSOR.
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=L Thermal nanoprobe

IBM Research



=FrL  Patterning principle / Resist

Cantilever Design Thermal Writing Thermal Height Sensing
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Heidelberg Instruments, Swisslitho, IBM
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Electron beam versus thermal probe

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
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Modern t-SPL system (closed loop)
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PfL - T-SPL surface patterning
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Removal Conversion
D
N/ === \VAVAV/
Indentation Degradation/ Chemical Physical
Desorption

ST Howell et al. Microsystems & Nanoengineering, 2020
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£PFL Conversion
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ST Howell et al. Microsystems & Nanoengineering, 2020

-
w

Juergen Brugger LMIS-1



=PrL

B Trends in Micro Nano 2023

Gedankenexperiment
Nanotip
600 K
‘ 100 nﬁ ..! o’ l
PPA I A
T
substrate

Possible scenarios:

« High force: Cutting - PPA can
escape, vaporized PPA can
escape - deeper cut

» Low force: PPA vaporizes but
cannot escape - deformation
- fast cooling > Permanent
Indentation
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Direct nanocutting of 2D materials
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Liu et al. Advanced Materials (2020)
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Straining of 2D materials at nanoscale

Thermo-mechanical indentation
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T-SPL grayscale nanopatterning

2D grayscale bitmap

PPA decompositian bf

Silicon substrate
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AFM image on PPA during
T-SPL patterning

Berke Erbas et al. MNE 2022



=PrL

B Trends in Micro Nano 2023

Grayscale nanopatterning for 2D material strain

Opum 2 4 6 8 10 12 14 16 18

-15.0 nm

& | Pitches

200 nm 300 nm 400 nm 800 nm ! -20.0
_ o s tststsst P oeaaaa s B B B |
) t % I A eee
+ . e asssss B B B
s1 N i : ' aeee

-25.0

-30.0

-35.0

-40.0

1
LA A 2 R R R R R X J
PR R R R
Sttt snen
PR R R R RN R
Ul #2088t
LR R RN RN
LR R R R R R R R R ]
PR R R R RN
PR R R R R
St ssren
Sttt ssen

—
o
1
w
-
3

-45.0

-50.0

[y
-]

Juergen Brugger LMIS-1

Berke Erbas et al. MNE 2022



=]
-

L-SIINT 1e66n.ig usbig

Student

in 10 min
s I

created
‘ ‘?,

€202 OUBN OOl Ul SpUS)] W



=PrL

B Trends in Micro Nano 2023

T-SPL at EPFL*

Ana Conde-Rubio & Xia Liu

ENSINE Requip

Swiss NATIONAL SCIENCE FOUNDATION

*available for others to use

Samuel
Howell

Berke Erbas
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30 years of t-SPL .. and counting

first lithography
(Riedo, Sheehan,

King,

B &

first thermal .
AFM patterning

(Ruaar, Mamin)

1992 1995

IBM Millipede
(Binnig, Vettiger)

- |BM
SwissLitho
- Academic

new resist
materials
(PPA, ...)

sub-10 nm
half-pitch in

Closed-loop pattern Mix & Match
lithography + transfer of of t-SPL +
accurate 3D sub-20 nm laser writing
Q Il —_— -
high speed Markerfree Magnetic Low damage
patternina Overlay & tam-SPL on 2D
(20 mm/s) Stitching W materials
-, -
§ | B |
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2011 2012 2013

Science papers:

A4
incorporation
SwissLitho
(Paul,
Holzner)

tc-SPL graphene oxide (Riedo)
t-SPL 3D (Ddirig, Knoll)

2014 2015
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2016 2017 2018

1st NanoFrazor
Scholar
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