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MEMS und Nanotechnologie

Miniaturisierung und Funktionsintegration
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Miniaturisierung integrierter Schaltungen 
(integrated circuits, ICs): von der Mikroelektronik zur Nanoelektronik

The logic density of Si integrated circuits (ICs) has followed a curve (bits per square 
inch/transistors) = 2(t - 1962) where t is the year. The amounts of information storable on a 
given amount of Si roughly doubled every year since the technology was invented. This 
relation, first mentioned in 1964 by semiconductor engineer Gordon Moore (co-founder 
of Intel) held until the late 1970s, at which point the doubling period slowed to 18 
months. The doubling period remained at that value up to late 1999.
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https://en.wikipedia.org/wiki/Moore%27s_law 

„Law“ of accelerating returns 
(R. Kurzweil)

https://en.wikipedia.org/wiki/Moore%27s_law


MEMS und Nanotechnologie

Miniaturisierung und Funktionsintegration
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Miniaturisierung integrierter Schaltungen

Quellen: Fahrner 2003; Hornyak, Dutta, Tibbals, Rao 2008
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Abmessungen für Transistoren



MEMS und Nanotechnologie

Miniaturisierung und Funktionsintegration
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Miniaturisierung integrierter Schaltungen
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Abmessungen für Transistoren

https://www.blog.baldengineering.com/search/label/CMOS%20Scaling 

https://www.blog.baldengineering.com/search/label/CMOS%20Scaling


MEMS und Nanotechnologie

Miniaturisierung in der Datenspeicherung
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IBM Areal Density Perspective

44 Years of Technology Progress

IBM RAMAC (First Hard Disk Drive)

8.5 Million X Increase
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Wieviele nm2 für ein 
magnetisches Bit?
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films

Miniaturisierung in der 

magnetischen Datenspeicherung
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Advanced Materials Processing and Microfabrication

Nanotechnolgie: Einheiten
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1 Mikrometer  1 µm  10-6 m

1 Nanometer 1 nm  10-9 m

1 Angstrom  0.1 nm   10-10 m

1 Picometer  1 pm  10-12 m

Wie viele Atome passen in 1 nm3, in 1 µm3, in 1 mm3 ?

VORLESUNG Advanced Materials Processing and Microfabrication| Prof. Dr.-Ing. A. Ludwig | Lehrstuhl Materials Discovery and Interfaces



MEMS und Nanotechnologie

Dimensionalität von Systemen

Größenordnungen, MEMS
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atomarer Bereich0,1 nm

1 nm

10 nm

0,1 µm

1 µm
Mikrobereich

10 µm

Nanobereich
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Größenordnungen 

bei Werkstoffen
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atomarer Bereich0,1 nm

1 nm

10 nm

0,1 µm

1 µm
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10 µm

Nanobereich

z.B. 
Super-
legierungen

VORLESUNG Advanced Materials Processing and Microfabrication | Prof. Dr.-Ing. A. Ludwig | Lehrstuhl Materials Discovery and Interfaces



Advanced Materials Processing and Microfabrication

Dimensionalität von Systemen

Von 3D zu 0D und zurück
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Dimensionalität Form des Materials Materialwissenschaft

3D „Bulk“-Material Ausscheidung

2D Dünne Schicht Korngrenze

1D Nanodraht Versetzung

0D Quantenpunkt Fremdatom

http://nanocluster.mit.edu/research.php#Spectroscopy
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Von MEMS zu NEMS
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atomarer Bereich0,1 nm

1 nm

10 nm

0,1 µm

1 µm
Mikrobereich

10 µm

Nanobereich

„top down“ Ansatz

„bottom up“ Ansatz

Quanten-
effekte 

dominieren
Quelle: Vollath

MEMS: Micro Electro Mechanical Systems

NEMS: Nano Electro Mechanical Systems

Source: Springer Handbook of Nanotechnology

Suspended phonon device for measuring 
ballistic phonon transport. Four Si3N4 
membranes (60 nm thick, < 200 nm wide) 
hold a 4x4 µm² „phonon cavity“. The big, 
bright „C“-shaped objects at the „phonon 
cavity“ are Cr/Au thin film heating and 
sensing resistors. 
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Atomare Abmessungen
0,1 nm

1 nm

10 nm

0,1 µm

1 µm Mikrotechnik (MEMS)

10 µm

Nanotechnik (NEMS) 50 
nm

Von MEMS zu NEMS
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Konzepte der Nanotechnologie

„bottom up“ und „top down“ Ansätze

13
Quelle: Behrens

0D

1D

2D
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Nanotechnologie: Meilensteine und Personen

1930s: 
Scanning electron microscopy and transmission electron microscopy: 
E. Ruska, M. Knoll, M. von Ardenne

Technology
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Richard Feynmann (USA): 
1959: „There is plenty of room at the bottom“

Transcript of the classic talk that Richard Feynman gave on December 29th 1959 at the annual meeting  of the American Physical Society at 
the California Institute of Technology (Caltech) was first published in the Feb. 1960 issue of Caltech's Engineering and Science, which owns 

the copyright. It is available at http://www.zyvex.com/nanotech/feynman.html. 

Ideen und Konzepte

“the problem of manipulating and controlling things on a small scale”

“Why cannot we write the entire 24 volumes of the Encyclopedia Brittanica on the head of a pin?”

“what is possible in principle---
in other words, what is possible according to the laws of physic”

Task: Read Feynmans speech and 
think about what has been 
realized untill today

http://www.youtube.com/watch?v=4eRCygdW--c

Nanotechnologie: Meilensteine und Personen
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http://www.aps.org/
http://www.caltech.edu/
http://pr.caltech.edu/periodicals/EandS/
http://www.zyvex.com/nanotech/feynman.html
http://www.youtube.com/watch?v=4eRCygdW--c
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„Nanotechnology mainly consists 

of the processing of separation, 

consolidation, and deformation of 

materials by one atom or one 

molecule.“

1974: Prof. Norio Taniguchi (Tokio): A definition of nanotechnology

Nanotechnologie: Meilensteine und Personen
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http://de.wikipedia.org/w/index.php?title=Norio_Taniguchi&action=edit&redlink=1
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1981: Scanning tunneling microscopy (STM): 
Gerd Binnig und Heinrich Rohrer, IBM Zürich 

Technology

Samples need to be electrically conductive

Nanotechnologie: Meilensteine und Personen
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http://nobelprize.org/nobel_prizes/physics/laureates/1986 /

Nanotechnologie: Meilensteine und Personen
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Further Nobel Prizes related to Nanotechnology: 

Chemistry 1996 – “discovery of fullerenes”, 
molecules that approach the size of quantum dots (C60 ≈ 0.71 nm)
Physics 2000 – “developing semiconductor heterostructures used in 

highspeed-and opto-electronics”
Physics 2010 – “for groundbreaking experiments regarding the two-

dimensional material graphene”
Chemistry 2016 "design and synthesis of molecular machines"
Chemistry 2023 "discovery and synthesis of quantum dots"

http://nobelprize.org/nobel_prizes/physics/laureates/1986
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Herbert Gleiter:
For discovery of nanocrystalline materials he received many prizes (Leibniz-Preis of DFG, Vinci 
of Excellence Award Hennessy-Vuitton-Stiftung, Max Planck Forschungspreis der Alexander-
von-Humboldt-Stiftung, gold medal of Federation of European Materials Societies). 1998 
director of the new Institute for Nanotechnology at KIT. 

Feynman spekulierte 1959 über die vermutliche Wirkung der Manipulation kleiner Teile 
verdichteter Materie

Gleiter macht 1981 in einem Vortrag auf das Arbeitsgebiet nanostrukturierter Materialien 
aufmerksam

Siegel bezeichnet 2001 diesen Vortrag als Wendepunkt, Cahn fügt 2001 hinzu, dass Gleiter 
das Arbeitsgebiet nanostrukturierter Materialien begründet hat

Der Wendepunkt wird gewöhnlich mit der Erfindung des STMs identifiziert, aber auch mit 
den Arbeiten von Eigler (willkürliche Verschiebung einzelner Atome) und Drexler (Visionär, 
Beginn der US-amerikanischen Nanotechnologie-Initiative)

Nanotechnologie: Meilensteine und Personen
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Nanomaterialien
Nanokristalline Metalle und Legierungen mit hohem 

Grenzflächenvolumen

Quelle: Gleiter
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1986: 
K. Eric Drexler: Engines of Creation: The Coming Era of Nanotechnology 
„Molecular nanotechnology“

Ideas and concepts

http://e-drexler.com/ http://e-drexler.com/index.html#PNvideo 

Nanotechnologie: Meilensteine und Personen
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Atomically Precise Manufacturing Processes

1989 Donald M. Eigler (physicist at IBM Almaden Research Center) demonstrated the 
ability to manipulate individual atoms with atomic-scale precision.
I-B-M was written on (110) Ni using 35 individual Xe atoms using a low temperature 
ultra high vacuum (UHV) scanning tunneling microscope that he designed and built. 

Source: Wikipedia
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Atomically Precise Manufacturing Processes

Source: Fahrner 2003

Manipulation of single surface atoms by STM
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Title: Atom 
Media: Fe atoms on (111) Cu

The Kanji characters for "atom." The literal 
translation is something like "original child."

http://www.almaden.ibm.com/vis/stm/atomo.html#stm11 

Introduction

Atomically Precise Manufacturing Processes

http://www.almaden.ibm.com/vis/stm/atomo.html#stm11 

Title : The Making of the Circular Corral 
Media : Fe atoms on (111) Cu

http://news.rub.de/wissenschaft/2017-02-02-chemie-der-
womoeglich-kleinste-rub-schriftzug-der-welt 
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http://news.rub.de/wissenschaft/2017-02-02-chemie-der-womoeglich-kleinste-rub-schriftzug-der-welt
http://news.rub.de/wissenschaft/2017-02-02-chemie-der-womoeglich-kleinste-rub-schriftzug-der-welt
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Nanotechnologie: Meilensteine und Personen
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The Nobel Prize in Chemistry 2023 was awarded 
jointly to … Bawendi
"discovery and synthesis of quantum dots"

https://youtu.be/S4IFjDugU5A?feature=shared 

https://www.nobelprize.org/uploads/2023/10/advanced-chemistryprize2023-3.pdf 

https://www.nobelprize.org/prizes/chemistry/2023/popular-information/ 

https://youtu.be/S4IFjDugU5A?feature=shared
https://www.nobelprize.org/uploads/2023/10/advanced-chemistryprize2023-3.pdf
https://www.nobelprize.org/prizes/chemistry/2023/popular-information/
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Nanotechnologie: Meilensteine und Personen
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https://youtu.be/S4IFjDugU5A?feature=shared 

https://www.nobelprize.org/uploads/2023/10/advanced-chemistryprize2023-3.pdf 
https://www.nobelprize.org/prizes/chemistry/2023/popular-information/ 

https://youtu.be/S4IFjDugU5A?feature=shared
https://www.nobelprize.org/uploads/2023/10/advanced-chemistryprize2023-3.pdf
https://www.nobelprize.org/prizes/chemistry/2023/popular-information/
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Nanotechnologie

Definitionen

Nanoscience is the study of phenomena and manipulation of 
materials at atomic, molecular and macromolecular scales, 
where properties differ significantly from those at larger scale.

Nanotechnologies are the design, characterization, production and 
application of structures, devices and systems by controlling shape 
and size at the nanometre scale

Quelle: Royal Society, Royal Academy of Engineering

▪ Kontrolle des Gefüges und der Zusammensetzung von Werkstoffen auf 

atomarer Ebene mit Verfahren, die auch die makroskopische Herstellung 

von Produkten zulässt
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„Nanotechnology comprises 
the emerging application of nanoscience. 

Nanoscience deals with functional systems 
either based on the use of subunits with 
specific size-dependent properties 
or of individual or combined subunits“
 

Size-dependent nano-effects

Sources: u.a. Vollath,Europäische Akademie Bad Neuenahr-Ahrweiler

„Size-dependent nano-effects“ versus „Scaling effects“

Nanotechnologie

Definitionen
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Nanotechnologie

DIN Norm

Nanoscale objects: 
Nanoparticles, Nanofibres, Nanowires, 
Nanoplates, Nanotubes, Nanorods, …

Nanoobjects: 
at least one outer dimension 
between 1 and 100 nm

Nanoobjects, which are nanoscale 
in all three dimensions, are 
nanoparticles. 
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Advanced Materials Processing and Microfabrication

Nanotechnolgie: „0-D Strukturen“

Nanopartikel

30VORLESUNG Advanced Materials Processing and Microfabrication| Prof. Dr.-Ing. A. Ludwig | Lehrstuhl Materials Discovery and Interfaces
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Größenabhängige Nanoeffekte: 

Thermodynamische Eigenschaften 

(Phasenumwandlung)

Quelle: Encyl. Materials

Eigenschaften von 
Nanomaterialien 
können sich von 
„bulk“-Eigenschaften 
unterscheiden: 
z.B. niedrigerer 
Schmelzpunkt aufgrund 
eines hohen 
Oberflächenanteils in 
Nanopartikeln

Beispiel Au: Schmelzpunkt 
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Größenabhängige Nanoeffekte: 

Strukturelle Eigenschaften

Quelle: Encyl. Materials, Vollath

Kleine Nanopartikel haben oft kleinere Gitterkonstanten als “bulk” 

Größere Partikel haben gewöhnlich gleiche Gitterkonstanten und Kristallstruktur wie “bulk”
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Kleine Nanopartikel können eine
andere Kristallstruktur
als im “bulk” haben. 

Erklärung: 
Gleichgewicht von 
Oberflächen- und elastischer
Energie

Quelle: Vollath

Größenabhängige Nanoeffekte: 

Strukturelle Eigenschaften
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Quellen: u.a. Schmid , Vollath, 2008

Größenabhängige Nanoeffekte 

Au: Farbe

Typische größenabhängige Nanoeffekte können auftreten, 
sobald eine kritische Abmessung bei der Verkleinerung von 
Partikeln unterschritten wird. Diese kritische Abmessung ist 
eigenschaftsabhängig und kann für dasselbe Element für 
unterschiedliche Eigenschaften unterschiedlich sein.

Beispiel Au: in bulk Form ist die Goldfarbe durch 
einen relativistischen Effekt begründet 
(spezielle Relativitätstheorie). 

Au-Nanopartikel zeigen keine Goldfarbe. 
Unter einer Größe von 50 nm erst blau, 
dann lila,
bei 15-20 nm rot
Ursache: Plasmonenresonanz

Plasmonen: quantisierte Wellen der freien Elektronen
Phononen: quantisierte Gitterschwingungen
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Konzepte der Nanotechnologie

Monodisperse Nano-Objekte

35

monodispers polydispers

Für viele Anwendungen ist es wichtig, 
Nano-Objekte mit monodisperser Größenverteilung zu haben
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Konzepte der Nanotechnologie

Agglomeration von Nanoobjekten 

36

Verhinderung der Agglomeration 

von Nanoobjekten? 

Nanoobjekte treten häufiger in Gruppen auf, als isoliert. 
Aufgrund der hohen Oberflächenenergie ist es wahrscheinlich, 
dass koexisitierende Nanoobjekte wechselwirken.
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Colorimetric biosensing

Dispersion vs. aggregation

Konzepte der Nanotechnologie

Agglomeration von Nanoobjekten 
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Konzepte der Nanotechnologie

Agglomerationen und Aggregate

von Nano-Objekten 

38

Agglomerate 
Nanoobjekte haben die starke Tendenz, 
sich zusammenzulagern und mikro- oder 
millimetergroße Agglomerate zu bilden, 
etwa  in pulverförmigen Materialien. Diese 
Agglomerate können mechanisch, zum 
Beispiel durch starkes rühren, wieder 
zerkleinert werden, da deren Einzelteile 
durch  relativ schwache Kräfte miteinander 
verbunden sind.

Aggregate
Aggregate sind 
Zusammenlagerungen von 
Nanoobjekten, die durch starke 
Kräfte, z.B. durch chemische 
Bindungen, zusammengehalten 
werden. Diese können nicht mehr in 
ihre Einzelteile zerfallen, es sei denn, 
es würde enorme Energie 
aufgewendet.
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Nanotechnologie

Größen-und-Form-abhängige Nanoeffekte 

Z.B.: Farbe von Nanopartikellösungen 

Source:  Zhang et al., Angew. Chem. Int. Ed. 2009, 48, 3156

Extinction spectra

„tailoring optical 
properties“

a) Schematic illustration of the evolution process of Ag nanoplates under UV irradiation: the sharp corners of triangular plates 
disappear, while the thickness of the nanoplates increases. b) Digital photographs and c) extinction spectra showing a backward 
tuning of the plasmon bands of the silver nanoplates by irradiation with UV light for different lengths of time. From right to left, the 
samples displayed in the photo were irradiated for 0, 60, 70, 80, 90, 100, 110, and 125 min. The numbers above the samples give the 
wavelength of plasmon resonance in nanometers. The spectra in c) were taken after irradiating the nanoplate solutions for 0, 20, 40, 
60, 70, 80, 90, 100, 110, and 125 min. 
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Generation
solid
liquid
gaseous

Precursor

Primary and 
secondary 
generation

Chemistry

liquid
vaporous

Reaction Product

Conversion Separation

Separation

final solid 
material
colloidesDrying

Calcination

Chemische Synthese von Nanopartikeln

Cu(dmap)2

Cu nanoparticles
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Chemische Synthese von Nanopartikeln:

Heißinjektionsmethode

VORLESUNG Advanced Materials Processing and Microfabrication| Prof. Dr.-Ing. A. Ludwig | Lehrstuhl Materials Discovery and Interfaces

https://www.nobelprize.org/uploads/2023/10/advanced-chemistryprize2023-3.pdf 
https://www.nobelprize.org/prizes/chemistry/2023/popular-information/ 

https://www.nobelprize.org/uploads/2023/10/advanced-chemistryprize2023-3.pdf
https://www.nobelprize.org/prizes/chemistry/2023/popular-information/
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Source: J. Park, J. Joo, S. Kwon, Y. Jang, T. Hyeon, Angew. Chem. 2007, 119, 4714 – 4745.

• Injection of precursor into hot inert solvents 
containing reducing agents

• Nucleation and growth of particles 
• Addition of capping agent (surfactant) to stop 

particle growth at desired size

General steps for „hot injection“ method:
LaMer-Diagramm for changing of the 
supersaturation during reaction.

Phase I: Increasing the concentration of “monomers” after 
injection.  In this stage no particle formation occurs due to 
high nucleation energy.
Phase II: Formation of nuclei (Critical concentration Sc).
Phase III: Growth phase of particles. Crystallisation of new 
grains returns to zero (Saturation concentration S=1)

Homogeneous particle size distribution

Hot injection

Nucleation Growth

Su
pe

rs
at

ur
at

io
n

Chemische Synthese von Nanopartikeln:

Heißinjektionsmethode
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https://www.youtube.com/watch?v=S4IFjDugU5A 

Vortrag Bawendi, ab 2. Minute zu hot injection:

https://www.youtube.com/watch?v=S4IFjDugU5A
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Stabilisierung von Nanopartikeln

A surfactant is a surface-active substance 
which binds on surface and supports the stability of a nanoparticle

Choice of surfactant is important; examples:

Au NP S-------

S-
--

--
--

S-------

S-------

Cu NP N-------

N
--

--
--

-
N-------

N
-------

Fe NP O-------

O
--

--
--

-

O-------

O
-------

Polyvinylpyrrolidon (PVP)

HS

1-Dodecanthiole: S-Au Binding energy: 428 kJ/mol  

H2N

1-Hexadecylamine

Oleic acid : O-Fe Binding energy: 400 kJ/mol   

Outer surface determines the solubility 
in solvent
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Fe/Pt alloy particles, oleic acid capped

Source: S. Sun, Adv. Mater., Vol. 18, 2004, pp. 393.

Preparation of bimetallic nanoparticles by simultaneous
reduction of ironpentacarbonyle Fe(CO)5and platin-bis(acetylacetonate). 
Reducing agents: H2; NaBH4; H2N2…….

To obtain homogeneous alloy particles, 
reaction kinetic of both precursers must be the same.

Legierungsnanopartikel

k1

k2
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Hybride Nanopartikel

Sheme of different growth mechanism for hybrid nanoparticles:
a) Surface nucleation and island growth on primary particle.  b) Surface necleation 
and diffusion of  into the core.  c) Simulaneous nucleation and growth.

Growth mechanism:

T. Mokari, E. Rothenberg, I. Popov, R. Costi, U. Banin, Science 2004, 304, 1787.
Angew. Chem. 2010, 122, 2–23
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Ferrofluids: Mainly magnetite Fe3O4 (Fe2+(Fe3+)2O4 

1. 2 Fe(III)Cl3+Fe(II)Cl2 + 8 NH3 + 4H20 → Fe3O4 + 8 NH4Cl
2. Cis-oleic acid as capping agent H3(CH2)7CH=CH(CH2)7COOH, in oil
3. Removing of water

Iron oxide particles / ferrofluids

Thermal decomposition of precursors:

The formation of Fe3O4 nanocrystals. The middle and right panels are TEM 
images of the as-synthesized nanocrystals taken at different reaction times.
ODE: Octadecene

N. R. Jana, Y. Chen, X. Peng, Chem. Mater. 2004, 16, 3931.
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• “self assembly”

• “self organisation” of 
nanoparticles   in regular 
structures

47

Nanopartikel und „self assembly“

Source: 
Encl. Mat. Sci. Karlsruher Institute of Technology (KIT) 
www.ifg.kit.edu

Organic SAMs (self assebbled monolayer)

Growth of metal organic frameworks (MOFs) on SAM structure : SURMOF

Bright field TEM image of self-assembled structure of 
CdSe nanoparticles (right) and their diffraction pattern 
(left). Murray et al.

1. Bonding of head-groups to substrate due 
to high binding energy, e.g.  sulfur on gold 
substrate 
2. Self ordering of molecules on surface. 
Formation of monolayers

3. Further modification of  terminal  groups.
     E.g. Linking of MOFs on SAMs

MOF: metal organic coordination polymer by conecting
metal linkers (oxo-cluster) with organic linkers  into a 3D
framework. Useful as catalyst, gas storage……
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Herstellung von Nanopartikeln durch

Sputtern in ionische Flüssigkeiten,

ionic liquids (IL)

48

Fabrication of elemental and alloy NPs by adjusting the 
area fraction of the target.

[BuMeIm][PF6] 
loaded with sputtered Ag, Ag50Au50 or Au NPs

Okazaki K., Kiyama T., Hirahara K., Tanaka N., Kuwabata S., Torimoto T., 
Single-step synthesis of gold-silver alloy nanoparticles in ionic liquids by a sputter deposition technique, 
Chem. Commun. 691-693, (2008). 
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Screening stability of nanoparticle-IL suspensions

49H. Meyer, M. Meischein, A. Ludwig, ACS Comb. Sci. 2018, 20, 243−250
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Combinatorial fabrication of 

nanoparticles by sputter deposition 

in ionic liquids (IL)

Prof. Dr.-Ing. A. Ludwig  | www.rub.de/wdm  | D. König, K. Richter, A. Siegel, A.-V. Mudring, A. Ludwig, Adv. Funct. Mat. 50

http://www.rub.de/wdm


Combinatorial sputtering in ionic liquids

51

Sputtered Cu nanoparticles in ionic liquids
TEM in IL 

(a) TEM of Cu NPs in [C1C4im][Tf2N] 
(b) HRTEM of a single Cu NP in IL
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Combinatorial sputtering in ionic liquids
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Cu nanoparticles measured in ionic liquids 
and as extracted NPs
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Fabrication of elemental, binary and 

ternary nanoparticles by combinatorial 

sputtering into ionic liquids

53
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Fabrication of elemental, binary and 

ternary nanoparticles by combinatorial 

sputtering into ionic liquids
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Development of new materials using high-throughput experimentation

Combinatorial sputtering in ionic liquids
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Discovery of a multinary noble metal free oxygen 

reduction catalyst: Strategy for evaluation of intrinsic 

activity of multinary alloy NPs

16

potential-assisted immobilization at an etched 
carbon nanoelectrode utilizing nanoimpacts

catalytic activity
measurementss in 
suitable electrolyte solution 

extraction
of NPs

synthesis of NPs by  combinatorial 
co-sputtering into an ionic liquid
[Bmim][Tf2N]

T. Löffler, H. Meyer, A. Savan, P. Wilde, A. Garzón Manjón, Y.-T. Chen, E. Ventosa, C. Scheu, A. Ludwig, W. Schuhmann
(2018) Discovery of a Multinary Noble Metal Free Oxygen Reduction Catalyst, Advanced Energy Materials1 802269



Combinatorial and high-throughput methods for the investigation of novel materials

„High entropy“ alloy nanoparticle libraries: 

Cr-Mn-Fe-Co-Ni

57

TEM by Prof. C. Scheu, 
Dr. A. Manzon, 
MPIE Düsseldorf

A. Garzón-Manjón, H. Meyer, D. Grochla, T. Löffler, W. Schuhmann, A. Ludwig, C. Scheu (2018)
Controlling amorphous and crystalline state of multinary alloy nanoparticles in an ionic liquid, Nanomaterials 2018, 8, 903

BMBF Project NEMEZU

noble metal–free 

multinary transition metal nanoparticle libraries



Combinatorial and high-throughput methods for the investigation of novel materials

Cr-Mn-Fe-Co-Ni nanoparticle libraries: 

ORR catalysts

58Patent application 10 2017 128 058.8 

T. Löffler, H. Meyer, A. Savan, P. Wilde, A. Garzón Manjón, Y.-T. Chen, E. Ventosa, C. Scheu, A. Ludwig, W. Schuhmann
(2018) Discovery of a Multinary Noble Metal Free Oxygen Reduction Catalyst, Advanced Energy Materials1 802269

Prof. Dr.-Ing. A. Ludwig  | www.rub.de/mdi  | 

http://www.rub.de/mdi


Combinatorial and high-throughput methods for the investigation of novel materials

„High entropy“ alloy nanoparticle libraries: 

Cr-Mn-Fe-Co-Ni

59

Systematic removal of each element from the quinary system yields a significant drop 

in activity for all quaternary alloys, indicating the importance of the synergistic 

combination of all 5 elements, likely due to formation of a single solid solution 

phase with altered properties which enables overcoming limitations of single elements

T. Löffler, H. Meyer, A. Savan, P. Wilde, A. Garzón Manjón, Y.-T. Chen, E. Ventosa, C. Scheu, A. Ludwig, W. Schuhmann
(2018) Discovery of a Multinary Noble Metal Free Oxygen Reduction Catalyst, Advanced Energy Materials1 802269



Advanced Materials Processing and Microfabrication

Nanotechnolgie: „1-D Strukturen“

Nanodrähte, Nanosäulen

60
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Synthese nanostrukturierter dünner Schichten: 
Glancing angle deposition (GLAD)

61

Thin films by physical vapor deposition (PVD)

normal angle incidence

β

oblique angle incidence

→ particle flux under normal angle incidence leads to thin compact, dense film (compare structure zone diagrams)

→ under oblique angle (glancing angle) particle flux columnar nanostructures can be grown

Laktakia and Messier, Sculptured thin films- nanoengineered morphology and optics, SPIE, Bellingham, WA, (2005)  

PVD: evaporation, sputtering, PLD, …

(directional) material flux arrives at the surface of a substrate at an oblique angle
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C.Khare, PhD thesis, Universität Leipzig (2011)

Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

62

Thin film deposition under oblique angle incidence (OAD)

self-shadowing mechanism

• early stage mound formation 

• limited surface diffusion

• shadowing length  l = hs · tan β

• β ≥ 80°

• competitive growth

• Volmer-Weber growth most 
favourable*

Kundt et al., Annalen der Physik 59 (1886) 
Robbie et al. , Nature 384 (1996)
*Hawkeye and Brett J. Vac. Sci. Technol. A 25 (2007)
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

63

Thin film deposition under oblique angle incidence
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

64

Structure zone diagrams

• surface diffusion

• substrate temperature

• sputter parameters (pressure, bias)

JA Thornton ,J. Vac. Sci. Technol., 11 (1974)
JA Thornton, Ann. Rev. Mater. Sci. 7 (1977)
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

65

Thin film deposition under oblique angle incidence

➢OAD coupled with substrate rotation by Young and Kowal in 1959   Nature 183, 104 (1959) 

   - deposition of optically active fluorite films

➢ Breakthrough: “GLAD” by Robbie et al. in 1995-96 Nature 384, 616 (1996)

(with  the availibilty of powerful imaging technique “ scanning electron microscopy ”)

Robbie et al. Nature 384, 616 (1996) Robbie et al. J. Vac. Sci. Technol. A 13 ( 1995)
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

66

Oblique angle deposition and Glancing angle deposition

β

Stationary substrate:  Oblique angle incidence (OAD)

β

Substrate rotation:  Glancing angle deposition (GLAD)

Robbie et al. J. Vac. Sci. Technol. A 13 ( 1995)
Robbie and Brett, J. Vac. Sci. Technol. A 15 (1997)
Hawkeye and Brett J. Vac. Sci. Technol. A 25 (2007)

β ≥ 80°
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

67

Robbie et al. Nature 384, 616 (1996)
Robbie et al., Rev. Sci. Instrum. 75 (2004)
Hawkeye and Brett, J. Vac. Sci. Technol. A 25 (2007)

β

Substrate rotation:  Glancing angle deposition (GLAD)

- continous rotation
- stepwise substrate rotation
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

68

many nanostructures possible

C. Patzig and B. Rauschenbach et al., J. Vac. Sci. Technol. B 25 (2007), C. Patzig, PhD thesis, Universität Leipzig, (2009)
Hawkeye and Brett, J. Vac. Sci. Technol. A 25 (2007)
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

69

C. Patzig and B. Rauschenbach et al., J. Vac. Sci. Technol. B 25 (2007)
C. Patzig, PhD thesis, Universität Leipzig, (2009)
C. Khare, PhD thesis, Universität Leipzig (2012)
Hawkeye and Brett, J. Vac. Sci. Technol. A 25 (2007)

▪ stochastic process

▪ predominant seeds overgrow due to temporarily existing local  

non-uniform particle flux

▪ competitive growth 

scaling behaviour of nanostructures
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

70

pre-patterned substrates

Examples of pre-patterned substrates

d2

d

d1

d2
d3

square pattern

hsws

ds

l

planar hexagonal pattern honeycomb pattern

d1

particle flux
• depletion of inter-seed condensation
    𝑑𝑆 ≤ ℎ𝑆∙ tan(𝛽)

• planar density
   𝑤𝑆 ≥ d𝑆− ℎ𝑆∙𝑡𝑎𝑛 𝛽
 
• seed dimension
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

71

Malac and Brett et al. J. Vac. Sci. Technol. B 17 (1999)
Ye and Lu et al. Nanotechnology 16 (2005)
Zhou and Gall, Thin Solid Films 516, (2007) 
Khare and Rauschenbach et al. . J. Vac. Sci. Technol. A 29 (2011)

Pre-patterned substrates

d

periodic nanostructure arrays
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD)

72Hawkeye and Brett, J. Vac. Sci. Technol. A 25 (2007)

Temperature influence (surface diffusion)

β β

Surface diffusion: Fick‘s law










 −

sb

a

Tk

E
D exp~

Resulting morphology is considerably 
influenced by surface diffusion

ballistic deposition at low T
activation of  surface
diffusion at higher T
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Synthese nanostrukturierter dünner Schichten 
Sculptured thin films (STF)

73

Different STFs can be obtained by changing 
either alternatively or simultaneously the zenithal, azimuthal and/or polar (h) angle to alter 
the incoming direction of the deposition flux during growth

e.g. oblique matchsticks, chevrons, multiple zigzags, S’s, C’s, helices, superhelices 
in response to moving the substrate during deposition

Quelle: Barranco et al.  

Progr. in Mat. Sc. 76 (2016) 59–153 
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Synthese nanostrukturierter dünner Schichten 
Sculptured thin films (STF)

74

*O. Toader and S. John, Science 292(5519) 1133 (2001) **J. Q. Xi et al., Nature Photonics 1(3), 176 (2007)
†J. J. Steele et al., Sens. Actuators B 120(1) 213 (2006); †† Y. Liu et al., Appl. Phys. Lett. 89(17) 173134 (2006)
‡R. Teki et al., Small, 5(20) 2236  (2009); ‡ ‡ N. J. Gerein et al., Sol. Energ. Mater., 94(12) 2343 (2010)
+M. D. Gasda, J. Electro. Soc., 156(5) B614 (2009); #Y. P. He et al., Nanotechnology, 20(20) 204008 (2009) 

Sculptured thin films (STF):

Pt nanorod electrodes for fuel cells +

Photonic crystals*

‡ Li-ion batteries: Si nanospirals

‡ ‡ Solar cells: TiO2 nanocolumn

# Hydrogen storage: Mg nanoblades
decorated with V

humidity sensing
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Synthese nanostrukturierter dünner Schichten 
Complex thin film structures

75
Quelle: Mark et al. Nature Materials 
2013, S.802 
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD) @ WdM

76C. Khare et al, Nanotechnology 25, 205606 (2014) 

Dealloying: fabrication of WO3 nanostructures for solar water splitting

Dealloying in dilute HNO3
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD) @ WdM

77

Photoelectrochemical solar water splitting

C. Khare et al. Int. J. Hydrogen Energy 38, 15954 (2013)

- Highly porous nanostructures

- Enhanced photocurrent density
 
- Efficient charge separation

2hv → 2e- + 2h*                              (1)
2h* + H2O(liquid) → ½ O2(g) + 2H+ (2)
2H+ + 2e-  → H2(g)                           (3)
2hv + H2O(liquid) → ½ O2(g) + H2(g)    (4)
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Synthese nanostrukturierter dünner Schichten 
Glancing angle deposition (GLAD) @ WdM

78

Biomaterials:

Y. Motemani et al  Appl. Surf. Sci. 292, 626 (2014)

Structure related antibacterial effectAdherence of human mesenchymal stem cells

C. Sengstock et al  Nanotechnology 25, 195101 (2014)
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Advanced Materials Processing and Microfabrication

Nanotechnolgie: „2-D Materialien“

79
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Nanotechnologie

Kohlenstoffbasierte Nanomaterialien

Graphen: Prototyp von 2D-Materialien

80

Graphen

Science 2004 (< 25000 Zitate)

“Our graphene films were prepared by
mechanical exfoliation (repeated peeling) 
of small mesas of highly oriented pyrolytic
graphite“

Nature 2007

Graphit

Exfoliation
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Nanotechnologie

Kohlenstoffbasierte Nanomaterialien

Graphen: Prototyp von 2D-Materialien 

81
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Nanotechnologie

Kohlenstoffbasierte Nanomaterialien:

Graphen: Prototyp von 2D-Materialien

82
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Nanotechnologie

2-Dimensionale atomar-skalige Materialien

83
VORLESUNG Advanced Materials Processing and Microfabrication| Prof. Dr.-Ing. A. Ludwig | Lehrstuhl Materials Discovery and Interfaces



Nanotechnologie

2-Dimensionale atomar-skalige Materialien

84
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Nanotechnologie

2-Dimensionale atomar-skalige Materialien:

Übergangsmetall-Chalcogenide

85
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Advanced Materials Processing and Microfabrication

Übungsfragen

86

1. Erläutern Sie die Begriffe Nanowissenschaft und Nanotechnik
2. Was versteht man unter MEMS und NEMS?
3. In welchen Bereichen der Technik wird Nanotechnologie bereits genutzt?
4. In welchem Größenbereich bewegen sich kritische Abmessungen gegenwärtiger Transistoren?
5. Erläutern Sie „bottom-up“ und „top-down“ Strategien in der Nanotechnologie.
6. Wie können Nanoobjekte klassifiziert werden?
7. Diskutieren Sie das Oberflächen- bzw. Grenzflächen zu Volumenverhältnis für nanostrukturierte 

Materialien.
8. Nennen Sie Beispiele für 0-, 1, 2 und 3-dimensionale Nanoobjekte.
9. Welche Messmethoden sind besonders wichtig in der Nanotechnik?
10. Wie kann man Nanopartikel herstellen?
11. Warum ist die Lichtemission von Halbleiter-Nanopartikeln größenabhängig?
12. Erläutern Sie Begriffe monodispers und polydispers.
13. Wie können Nanopartikel vor Agglomeration geschützt werden?
14. Beschreiben Sie den GLAD Prozess.
15. Erklären Sie den Abschattungsprozess der zur Bildung von Nanosäulen beim GLAD Verfahren 

führt.
16. Wie kann man geordnete Nanostrukturen mittels GLAD erzeugen?
17. Beschreiben Sie einige Beispiele für größenabhängige Nanoeffekte.
18. Wie können einzelne Atome auf Oberflächen positioniert werden?
19. Was ist Graphen?
20. Was sind van der Waals Heterostrukturen?
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Advanced Materials Processing and Microfabrication

Literatur und Quellen

87
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