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Overview

STM: structure and working principles

AFM: structure and working principles

SPM: structure and working principles

EM: structure and working principles (Prof. Hsu, NTHU)
EM: operations and examples (Prof. Hsu, NTHU)
X-ray and other microscopies (Prof. Hwu, AS)
Spectroscopy: optical, electronic, vibrational
Midterm Written Exam (50%)

Optical imaging (Prof. Kao, NYMU)

Lithography: optical, e-beam (Prof. Chen, AS)
Atom manipulation
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Nanoscale measurements and manipulation
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Outline

A. Introduction
B. Operational Principles:
a.Electron b.X-ray c.Scanning Probe
From measuring to sensing

From measuring to manipulating
From measuring to fabricating

Considerations for making nanoscale
tools

Future development of nanoscale
measurements

Conclusions




Optical lithography and planar
fabrication of VLIC
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1965

#This DTL triple-gate
device was the first
radiation hardened
product made with
dielectric isolation
and thin-film
resistors.

The First Planar Modern IC
Integrated Circuit, 1961

Pentiume lll Processor

Transistors: 9,503,153
Die Size: 408.9 mils x 484.8 mils
Area: 127.9 mn¥







. . .
drain single-molecule transistor at room temperature
clectrode based on a semiconducting nanotube
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efinitions of nanoscience and
nanotechnologies

Nanoscience is the study of phenomena and
manipulation of materials at atomic, molecular and
macromolecular scales, where properties differ
significantly from those at a larger scale.
Nanotechnologies are the design, characterization,
production and application of structures, devices and
systems by controlling shape and size at nanometer

scale.




Photon as a particle

Einstein’s proposal:

hv h A
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Compton Scattering




Electron as a wave

de Broglie’s proposal: For electrons:

A 1% A (nm) = 1.22/EY2(eV)

W Cu(110)
20 200 eV ; ; ; ;
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Fundamentals of Quantum Mechanics

1. Quantization

2. Tunneling

3. Statistics







of electronic states

onductance (n3)
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Sample Bias (my)

S. H. Pan et al., Rev. Sci.
Instru. 40, 1459 (1999).




Microscopic

Size
Structure
Shape
Symmetry

Domains
Defects

Analytical

Composition
Stoichiometry
Electronic
Magnetic
Thermal
Mechanical

photons, electron, ion, neutron, proximal nanoobjects ...
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Diffusive

Weak

Ballistic localization

Localization

Atom
contact A

P
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Characteristics of
electron transport

Classical

Diffusive

Ballistic




Minituralization of length scale

Macro » Micro - Nano
continual discrete

scalable nonscalable

evolutionary revolutionary

classical guantum mechanical
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Alternating and complementary
contrast

W.B. Jian et al. PRL 90, 196603 (2003)




Size-dependent I/V spectra by STS
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Shapes of Ag nanopucks




Size- and shape-dependent I/V spectra

Hexagonal : Agg,

Hexagonal Agg; | Triangular Ag,,

di/dv) / (IV)




Characterization of single

nanostructure

Specs
 Small size

- Weak signal

* High reactivity

» Flexible
functionality

Demands

high brightness

small probe

high sensitivity

low 1nterference
controlled environment
low temperature

high speed

In S1tu measurement




Interaction between
e-beam and sample

Incident high kV beam

Backscattered Secondary electrons
electrons
Characteristic

Auger _/_/_/' X-rays
electrons\ .\/\/\/ Visible light

Absorbed electrons Electron-hole pairs

/ \/\/\/ Bremsstrahlung
Specimen / \ X-rays

Inelastically
scattered electrons

Elastically ‘
scattered electrons Direct beam
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Penetration power of
energetic e beam

Incident electrons
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[Low acceleration
voltage]

[High acceleration
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[Low atomic number] [High atomic number]




Cross section view of HRTEM

Emitter—————__

~___ Accelerator
1st deflector

2nd deflector

Gate valve —— ——

1st Condenser lens - -
2nd Condenser lens —
Condenser minilens -

RIGBTAY. s 50
Goniomete % '
Specimen holder -
Detectors for analysis

Objective lens | 1:EDS detector

_ . 2: BEIl detector
Intermediate lens . 3 Biprism
. STEM detector
Projector lens - SNRBE . 5: TV camera

| : PEELS/GIF

Viewing chamber

Camera chamber ——
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Cross section of JEM-2010F and assignrnent of detectors




Optic axis ) .
Optic axis A — Gun crossover

s (GUN CroSSOVer

C1 lens
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C2 lens/diaphragm

/ Focused beam

Specimen : : Specimen




Imaging system

Diffraction pattern
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Quick Beam Select System

PROBE
CONTROL

1st condenser lens

2nd condenser lens

3rd condenser lens
Condenser aperture

Condenser mini-lens

X-SELECTOR

Prefield
Specimen
Postfield

NBD mode




Information from TEM

Electron Diffraction

L Lattice Image
EELS or GIF GaAs/AlAs

STEM+BF, HAADF —Mapping and Z-contrast image
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High resolution EELS

Concentration (%)
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High resolution STEM image




Semiconducting quantum dots
and carbon nanotubes

Multiwall CNT T ' Peapod CNT







SEM contrast

Scanning e beam
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electrons
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X-Ray Microscopy

Source Condenser Objective

Condenser
zone plate
Plane
mirror . . Pinhole

ALS Bending . Micro zane
Magnet A Soft x-ray|
[ sensitive
CCD




J. Miao et al., PRL 89, 088303 (2002).




Scanning Tunneling Microscopy (STM)
--- G. Binnig, H. Rohrer et al, (1982)

Near-Field Scanning Optical Microscopy (NSOM)

HiS'l'or'ical --- D. W. Pohl (1982)
development of SPMs

Scanning Thermal Microscopy (SThM)
ack Scannnr --- C. C. Williams, H. Wickramasinghe (1986))
. Magnetic Force Microscopy (MFM)
--- Y. Martin, H. K. Wickramasinghe (1987)
petection BMOOOE Friction Force Microscopy (FFM or LFM)
--- C. M. Mate et al (1987)
Electrostatic Force Microscopy (EFM)
--- Y. Martin, D. W. Abraham et al (1988)
Scanning Capacitance Microscopy (SCM)
--- C. C. Williams, J. Slinkman et al (1989)

Force Modulation Microscopy (FMM)
--- P. Maivald et al (1991)




Feedback
Control

Scanning
Tunneling

==l o w Data-Acquisition
* Microscopy.

XY Scan Control

g g e g gt

Sample




A =1.025 (eV)05 Al

Constant Current Mode




UHV STM

Viewport for observing
sample and tip
Inchworm motor
for coarse approach

Spare sample
“garage”

Interchangeable
sample holder

Suspension spring
for low-frequency
vibration isolation

Damping and
lockdown mechanism

Scanning tube
for tip control

8-inch UHV mounting flange




STM Images of Si(111)-(7 x7)
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Empty-state image Filled-state image




AFM images

DVD pits Integrated Circuit




Interaction between
the probe and sample

repulsive force

Short-range: - ﬁ Long-range:
1) Bonding Moontac | 1) Van der Waal
2) Repulsion 2) Capillary

y L dist?me t_ 3) Magnetic
Sl Hip-to-sample separation) 4y Electrostatic

aftractive force

Lennard-Jones potential ¢(r) = - A/r® + B/r1?




3. 38t pointdefection

icantilever spring force (applied load)
=

antilever
Deflection

(volts) Tip-sample aghesive force

Piezo scanner Z-position (nm)







Detection
mechanism

Cantilever
Local probe

X-Y-Z Piezo transducer
(Fine positioning)

Sample

Coarse approach
and positioning

Vibration isolation

Display

Feedback
mechanism




Detector

Tip and
cantilever

Piezoelectric
Tube Scanner




Typical Tip Dimension:
150um x 30pum x 3um
f. ~ 100 kHz
Materials: Si




Comparisons among
various microscopies

% B g i
(OM)

e T+ B
(SEM)

T3 B
(TEM)

I ta 4F & B Hicp
(SPM)

lateral

300nm

Inm

0. Inm

0. Inm

vertical

20nm

10nm

0. 0Inm

Imaging

I mm

I mm

0. Imm

0. Imm

area
Imaging

10(0)4(

vacuum

vacuum

none

environ
Sample

Nno

YES

YES

Nno

prep
Elemental

yes

VASN)

19(0)

anal




Molecular Scale Nanomechanics
Driving Force in Bio-systems

Mechanical Sensing in Nature

At the fundamental
level, all interactions
In biology and
chemistry are
mechanical in nature

Hair bundle:
frog’s inner ear | &y




Micro and Nano cantilever arrays -
Emulating nature

Ideal displacement sensor
— Sub nm sensitivity

Displacement ~ force
Surface stress, temperature

Mass loading

Sesitivity:
Function of dimensions

Selectivity:
Function of coatings

go g 111k BI672

* Mass production




Microcantilevers:
Getting the signal out
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Microcantilevers To Nanocantilevers

Increased Sensitivity

High Resonance Lnnnnn NNNT j
Frequency \.«f\...f Juwwuuw
Small Spring

Constants

Single Molecule |
Detection P |

gy i EE e e e

P

Challenges: - B
— Signal Transduction
— Mass production




Nanoelectromechanical oscillator

42_00,,,,. SAMHy — "M8.5MHz 20" B.6MHz  200nmg 7MHz

—200nm 8.3MHz

—200nm 8.2MHz

00:02:082M 10-Jul-2004




Molecular sensing
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Chemical nanoprobe

H,N-R
amide bond formation

(i) A= {:H._,@

(i) B = -CH,CHNH,
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Manipulation method

Positioning Atoms with an STM

D.M. Eiglet & E.K. Schweizer Nature 344 524 (1990)

The STM tip is brought down near the atom, until the attraction
it enough to hold it as the atom is dragged across the surface to.
a new position.
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Molecular unfolding
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Force mecsurement of an untolding complex molecule
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Advanced graphical user interface shows
titin muscle molecule force curve,
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A.V. Krasheninnikov and F. Banhart
Nature Materials 6, 723 (2007)
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H. Ohnishi et al.
Nature 395, 780 (1998).




Periodic nanostructures
by e-beam lithography
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After development

After lift-off
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Nano-Lithography with an AFEM tip

Cathode(-)
AFM conductive tip

Tip induced E-field

/ Water bridge

Absorbed water

anode(+) Silicon substrate

Tip-induced SiO,




Electrical Lithography

l"lﬁ Diuide Helght Profile

U

415

F.S.-S. Chien et al.
APL 75, 2429 (1999)
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Nanoplotter

Parallel writing

DPN nanoplotter

soaked in ink
7 Imaging tip Writing tip

Cantilewer 1 Cantilever 2
Single tip writing
i‘smga

ink and rinsing wells

i
Distarnce (i)

C.A. Mirkin et al.
Science 288, 1808 (2000)
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Image of polycarbonate film on silicon surface




Nanodrive

The —
Nose-Tickling '
Science
AVERICAN. -
I JANUARY 2 2003
S WWW.SCIAM.COM

Micromachines Réwrite the Future
of Data Storage
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Millipede

MILLIPEDE The Millipede concept: for

Highly parallel, very dense AFM data storage system g8 sIgz1lelaN el g[sNo [SIVi[efH

the storage medium - a thin film
—— of organic material

2D cantilever array chip (yellow) depOSited on a silicon
“table" - is brought into
contact with the array of silicon
tips (green) and
moved in x- and y-direction for
reading and writing.
Multiplex drivers (red) allow
addressing of each tip
individually.

Storage medium
thin organic film

IBM-Zurich
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14 mm
Millipede cantilevers and tips: electron microscope views of
the 3 mm by 3 mm cantilever array (top), of an array section
of 64 cantilevers (upper center), an individual cantilever
(lower center), and an individual tip (bottom) positioned at the
free end of the cantilever which is 70 micrometers (thousands
of a millimeter) long, 10 micrometers wide, and 0.5
micrometers thick. The tip is less than 2 micrometers high
and the radius at its apex smaller than 20 nanometers
(millionths of a millimeter).




Considerations for
making nanoscale tools

. Size compatibility

. Force compatibility

. Mechanical Properties

. Chemical Properties

. Precision movement

. Integratible coarse movement

. Environment interferences
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Considerations for
environmental factors

Temp.,humidity &

TP Dust filterin
ventilation control ustiiitering

EMI Sd Acoustic
shield , ] isolation

[ ] .
Vibration

damping




Goals for next 5-10 years

Instruments for analysis of supramolecules,
biomolecules, and polymers.

3-D structure determination.
Nanostructure chemical identification.
In situ functional measurements.
Functional parallel probe arrays.
Standardization and metrology.

New nano-manipulators.
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Core Facilities Program

-

FE-SEM, FESEM attachment-

and low-T holder, AFM

National Taiwan Universithy

EBIC,STEM, TEM,STEM+EDS,
STEM+EELS, STEM+Monochromator,
lon Miller, Cryo stage, Heating, cooling

Academia Sinica

Dual beam focused ion
beam sys., E- beam writer,
Inductively coupled plasma
etcher, Advanced in-situ

[
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¥ National Chung-Cheng
University
Cryo-bio-AFM/NSOM, HR-
TEM(EDX),ICP reactive ion ether,
High Pressure Stainless reactor,
MOCVD, Nanoparticle Evaporator,
Nanoparticle Evaporator, SPM,
Vibrating Sample Magnetometer,
Low temperature 1-V/C-V probe
station, DIP-PEN, Fluorescence bio
detection system, Physical
Properties Measuring System

National Cheng-Kung
University

HRTEM, Micro PL+ Micro-
Raman,FESEM, SPM, LPCVD,

MBE,Nano Imprint, TGRS I =

_ characterizing
PN nanofabrication System

‘?""ﬁ"'*" ITRI

NTRC Common
Laboratories

Taiwan United University
System (Tsing-Hua)
UST-Core Facility for Nano
Lithography and Nano
Biotechnology

3 Taiwan United University
ol System (Chiao-Tung)

. Low Temperature / High Magnetic
Field System, High-resolution

.. transmission electron microscope,

National Sun-Yet-Sen
University

Nano-laboratory for Kaohsiung and

Veeco Gen Il (MBE), ICP-RIE
System of 111-V Compound Device
Production, X-Ray diffractometer,
Sb based molecular beam epitaxy
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