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Applied Nanomaterials & Dévices LAB.

Syllabus

Course Description
This course is designed to teach the principles and concepts of most important techniques available for micro and

nanoscale materials characterization and chemical analysis necessary for the development of new materials.

The topics include

* basic principles of characterization,

* instrumentation development

+ application platforms to image and probe structural, electrical, magnetic, and optical characterizations as well as

chemical analyses at nanometer scale.

Course Goal/Guide

describe fundamental principles of operation of diverse materials characterization and chemical analysis techniques
+ develop the ability to analyze and evaluate the characterization data (plots, graphs, figures, images, and so on)
+ develop innovative and creative approach towards design and development of new materials and analysis of their

properties.
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About Professor

063-270-4827
E-mail: twk@jbnu.ac.kr

Handout will be uploaded right before the class at the website of Applied Nanomaterials
and Devices Lab. (www.appnd.org)

ZO|Xt2 & Applied Nanomaterials and Devices Lab. 2| Z2HO|X|0f RZE & 0.
(www.appnd.org)
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Applied Nanomaterials & Dévices LAB.

Website (www.appnd.org)
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CONTACT US

Welcome to visit Applied Nanomaterials & Devices Lab. 2028-01

- Please visit following website for online class (https:/ieilms.jbnu.ac.kr/)

- 22101 Zto| 2242 LIS o] YALO|EE O|E5HMIR (https:/ieilms.jbnu.ac.kr/),
Our research group is interested in engineering of organic and inorganic functional materials to study novel

functions from materials engineering in nanoscale and to probe their functions for potential electronic * Surface Analysis of Nanomaterials (LHe&FHEHEA): JBNU-KIST 2t gerett
applications. Recently, we are focused on tailoring size, shape, dimension, and functionality of metallic

Lecture note 1
nanomaterials and integration of emerging electronic devices with ultimate softness for wearable electronics.

Lecture note 2
Lecture note 3
Click Lecture note 4
Lecture note 5

Lecture note 6

o LAzl 3 AXHEM: MATYSSHE MR H S
Lecture note 1
Lecture note 2
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Syllabus

Applied Nanomaterials & Dévices LAB.

Electronics & Probes by Materials Engineering

Textbooks

* Main: Lecture notes, Related review papers and recently published hot-journal papers

+ Sub: A Guide to materials characterization and chemical analysis /edited by John P. Sibilia. New York, N.Y. :VCH
Publishers, Materials Characterization: Intfroduction to Microscopic and Spectroscopic Methods/ Yang Leng John

Wiley & Sons.

Evaluation
« Midterm exam (30%), Final exam (40%), Homework (20%), Attendance and participation (10%)

Office hours: Anytime by e-mail appointment
Contact: twk@jbnu.ac.kr
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Detailed Lecture Plan

« 1st week: Introduction to instrumental analysis

* 2nd-3rd weeks: SPM (STM, AFM, EFM)

« 4th-5th weeks: x-ray diffraction and x-ray fluorescence

« 6th-7th weeks: SEM (image, chemical analysis: EDS & WDS)

- 8th week: mid-ferm exam

« 9th week: TEM (image, chemical analysis: EDS & EELS, diffraction analysis)

« 10th-11th weeks: surface analysis | (electron spectroscopy: AES, XPS)

« 11th-12th weeks: surface analysis Il (ion spectroscopy: RBS, SIMS)

« 13-14th weeks: optical characterization (UV-VIS spectroscopy, PL, Roman
spectroscopy, FTIR)

« 15th week: final exam

Applied Nanomaterials & Devices LAB.

Electronics & Probes by Materials Engineering
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Infroduction-Importance of Characterization

NOBEL PRIZE Awards

* Physics 1914, Max von Laue: X-ray diffraction

« Chemistry 1922, Francis Aston: Mass-spectroscopic separation of
isotopes ("SIMS”)

* Physics 1924, Manne Siegbahn: X-ray spectroscopy

» Physics 1930, Venkata Raman: The scattering of light, Raman-effect

* Physics 1981, Kai Siegbahn: HR photoelectron (ESCA)

* Physics 1986, G. Binnig, H. Rohrer: Scanning tunneling microscopy

« Physics 1986, Ernst Ruska: Electron Microscopy

« Chemistry 1991 Richard Ernst: Development of NMR spectroscopy

« Physics 1994, Clifford Shull: Neutron diffraction

Applied Nanomaterials & Devices LAB.
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Infroduction: Technology Development

Mainframe

Workstation
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Infroduction: More from Less

‘More from less, for more and more”
Moore’s Law — The number of transistors on integrated circuit chips (1971-2018)

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.
This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are
linked to Moore's law.
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Infroduction

The First Transistor — December 23, 1947
- '“

Walter Brattain & John Bardeen's pnp point-contact germanium transistor operated as
a speech amplifier with a power gain of 18 on December 23, 1947.

In January23 1948 William Shockley documented his idea for the Junction
Transistor.

1956 Nobel Prize for Physics to William Shockley, John Bardeen & Walter Brattain
for “Discovery of the Transistor Effect.”

Applied Nanomaterials & Dévices LAB.
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Introduction
Jack Kilby (source: Tl Website) — Integrated Circuit

« Jack Kilby arrived at TI (Dallas) in
May 1958.

 Kilby’ s lab book for July 24, 1958
contain the following”:

“The following circuit elements could be
made on a single slice: resistors,
capacitors, distributed capacitor,
transistor.”

* Kilby demonstrated 1t integrated
circuit on September 12, 1958, and
filed for patent in February 1959.

« Awarded Nobel Prize for Physics
2000

Applied Nanomaterials & Dévices LAB.
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Infroduction

1st Planar Integrated Circuit (Robert Noyce) 1961
It is thin film interconnect! (at Fairchild)

Applied Nanomaterials & Device:
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Infroduction

FIRST MICROPROCESSOR
(4004 by Intel 1971)
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Moore's Law enables a significant fraction of all human effort:

Digital Content & Services
«>>$3-4 Trillion

Software & Services

$3-4 Trillion
The Electronic _SYStemS
Technology -$1 Trillion
Pyramid: SemiConductor Chips
$280 Billion

Research &
Development
17
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Infroduction
The future

* The major development in the near future is
consumer electronic products. The need of
nanoelectronic devices will grow.

» Continuous R&D efforts to extended
electronics.

« 3D IC by closer integration of Si technology and
packaging technology.

« Heterogeneous integration of other technology with

Si, such as opto-electronics and MEMS/NEMS and
nanomaterials.

>l
r2t
A
2

2
El

]

18



Infroduction

Slowing Moore’s Law i

Moore’s Law Limit

,; VLSI&
104 3

New IC Technologies
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« DRAM — PRAM —
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« Flash: New
Architecture
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Infroduction

Internet of Things (loT)

EVERYTHING AROUND US IS BECOMING INTELLIGENT
& CONNECTED

Automotive = Industrial

Health &
Fitness

g Machine-to-Machine (M2M) Communication

Applied Nanomaterials & Dévices LAB.
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Infroduction

Continued Smartphone Momentum

The Smartphone Market Is in a Pre-5G Slump

Estimated worldwide smartphone shipments and year-over-year shipment growth

Unit shipments @ Year-over-year growth
1,800m 90%
1,600m 80%
1,400m 70%
1,200m 60%
1,000m 50%

800m 40%

600m 30%

400m 20%

200m 10%

M 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 201;9.".2.(.).23' o
SIS statista %

A:

Applied Naonhomaterials &'BDevices

Electronics & Probes by Materials Engineering

22

>l
r2t
A
=

2l
El

]



Infroduction

New market through self-driving car industry
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Infroduction: Importance of Nanomaterials/Devices

10
Scan line \

Data line

iPhone 12
Applied Nanomaterials & Dévices LAB.
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Thin films: What is a thin film@¢

Thin-film

Thin film: a layer of material ranging from fractions of a nanometer (monolayer) to
several micrometers in thickness

Thin-film deposition: the controlled synthesis of materials as thin films, which is a
fundamental step in many applications

1/10°mm 1/10°mm 1 mm

Acrylic board
Thick film Brass board

Applied Nanhomaterials &

Gold/alumi%um foil
Electronics & Probes by Materials Engineeriﬁg
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Thin films

Structure and properties of thin-films

Structure

- Thickness

- Stoichiometry

- Step coverage

- Amorphous: density,

Processing trapped gas
- Deposition technique - Polycrystalline: grain
- Deposition rate size, grain shape, Performance
- Deposition texture - Yield
temperature t - Variability
- Post-deposition
thermal history Properties

Residual stress
Effective modulus
Yield or fracture stress

Applied Nanomaterials & Dévices LAB.
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Nanomaterials: What is nano?¢

Tm 10 cm 1 cm 100 um

Applied Nanomaterials & Dévices LAB.
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Scale of Things

Things Natural
Ant B *
~5mm “\ S

~200 ym
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Applied Nanomaterials & Dévices LAB.
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Things manmade

MicroElectroMechanical devices
10100 pam wide

Observation Tools

Naked
Eyes
(0.1 mm)

OM
x10-2,000
(0.1-1 um)

»>

~gs SEM

(1 nm)
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Material Analysis Techniques

Resolution vs sensitivity diagram

100%
10% TEM AES  SEM Raman XPS XRD
1 O/b -
FTIR
0.1%
nano-
WDS  p-PIXE = p-XRF XRF
10 ppm
TOF-SIMS
1 ppm
ICP-MS/
100 ppb INAA
SIMS LA-ICP-MS
10 ppd APT
1 ppb
100 ppt
Nano Micro Bulk
10 ppt
0.1nm 1nm 10nm 100 nm 1pm 10pm 100 pm 1mm 1cm
Elemental composition
Structural information EDS | EELS EBSD) CL
Surface and thin film analysis ED £DS
SEM and TEM host multiple techniques
TEM SEM

« The most important considerations are
spatial resolution and the detection limit.

Applied Nanomaterials & Dévices LAB.
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Surface analysis techniques

© ©EOLEE

REELS Raman

Typical ’ ~pm
analysis
area .

Typical | M
analysis
depth 5nm
range

10 nm

nm

1 pym
Measurement Energy range Primary beam and secondary signal ~ Application
technique
SEM 0.3 - 30KeV Electron - Electron Surface morphology
TEM 100 - 400KeV Electron — Electron High resolution structure
AES 500eV - 10KeV Electron — Electron Surface layer composition
LEED 20 - 200eV Electron — Electron Surface structure
EMP (EDX) 1 - 30KeV Electron — X-Ray Surface region composition
STEM 100 - 400KeV Electron — Electron X-ray analysis, imaging
EELS 100 - 400KeV Electron — Electron Local small area composition
SNMS 1-15eV ITon - Atom Trace composition vs depth
ISS 0.5 - 2KeV Ion - Ton Surface composition
PIXE 1KeV Ton - X-Ray Trace composition
SIMS 1 - 15KeV Ion - Ion Trace composition vs depth
SIM 5-20KeV Photon - Electron Surface characterization
XPS > 1KeV Photon - Electron Surface composition
XRD > 1KeV Photon — X-Ray Crystal structure
RBS > 1MeV Photon - Ion Composition vs depth
XRF > 1KeV Photon - X-Ray Composition (1um)

*Abbreviation: SEM- Scanning Electron Microscopy, TEM- Transmission Electron Microscopy, AES- Auger Electron Spectroscopy, LEED- Low-Energy
Electron Diffraction, EMP- Electron Microprobe, STEM- Scanning TEM, EELS- Electron Energ\ Losx Spectroscopy SNMS- Secondary Neutral Mass
Spectroscopy, ISS- lon-Scattering Spectroscopy, PIXE- Particle-Induced X-Ray Emission, SIMS- ry lon-Mass Spectroscopy, SIM- Scanning lon
Microscopy, XPS- X-Ray Photo Electron Spectroscopy, XRD- X-Ray Dlﬁ‘ramon RBS- Rutherford Ba(‘krrarrz'rmg XRF- X-Ray Fluorescence [86)].
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Surface Analysis of Nanomaterials

AES, EELS,
HREELS, LEED, EDS, WDS,
S RHEED, SEM, APS ESD
TEM
Input source = REFTIR
(excitation) photon § , PSD
(hv) XPS (ESCA), UPS XRD S
Ion INS PIXE SIMS, RBS,
1SS
energy FEM, STM FIM

* Analytical techniques
(1) Electron Microscopy : SEM, TEM, STEM, FEM
(2) Diffraction : LEED, RHEED, XRD, TEM

(3) Analytical methods using electron beams : AES, SAM, EPMA(XMA), EEL

HREELS, LEED, RHEED, SEM, TEM

(4) Analytical methods using photons : XPS(ESCA), UPS, FTIR, XRD, XRF

5) Analytical methods using ion beams : SIMS, RBS, ISS
Applied Nanomaterials & Dévices LAB.

Electronics & Probes by Materials Engineering

AEM
AES (SAM)
APS
ARXPS
EDS, EDX
EELS
EPMA
ESCA
ESD
EXAFS
FEM
FIM
HREELS
1SS

INS
PIXE

PL

PSD
RAMAN
RBS
RHEED
SEM
SIMS
STM
TEM
UPS
WDS
XPS
XRD
XRF
XMA

Abbreviations of surface analysis techniques

Analytical Electron Microscopy

Auger Electron Spectroscopy (Scanning Auger Microscopy)
Appearance Potential Spectroscopy
Angle-Resolved X-ray Photoelectron Spectroscopy
Energy Dispersive X-ray Spectroscopy

Electron Energy Loss Spectroscopy

Electron Probe Micro-analysis (=XMA), EDS & WDS
Electron Spectroscopy for Chemical Analysis (=XPS)
Electron Stimulated Desorption

Extended X-ray Absorption Fine Structure

Field Emission Microscopy

Field Ion Microscopy

High Resolution Electron Energy Loss Spectroscopy
Ion Scattering Spectroscopy

Ion Neutralization Spectroscopy

Particle Induced X-ray Emission
Photoluminescence Spectroscopy

Photon Stimulated Desorption

Raman Spectroscopy

Rutherford Backscattering Spectroscopy

Reflection High Energy Electron Diffraction
Scanning Electron Microscopy

Secondary Ion Mass Spectroscopy

Scanning Tunneling Microscopy

Transmission Electron Microscopy

Ultra-violet Photoelectron Spectroscopy
Wavelength Dispersive X-ray Spectroscopy

X-ray Photoelectron Spectroscopy (=ESCA)

X-ray Diffraction

X-ray Fluorescence

X-ray Microanalysis (|EPMA), EDS & WDS
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Comparison of Microscopy

TEM SEM
) OM (Transmission (Scanning Electron
(Optical Microscopy) Ejectron Microscopy) Microscopy)

Image in eye

Cathode

Anode
Ocular lens
Anode

Condenser —
lens

Condenser

lens
Specimen Scanning

coil

Scanning

beam
Objective
lens
Specimen Electron Electronic

detector amplifier
Condenser Viewing window
lens
Projection
lens

Lamp Mirror Image on Specimen Image on Television
viewing screen viewing screen screen
Light microscope Transmission electron Scanning electron
microscope microscope

Applied Nanomaterials & Dévices LAB.
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SEM (Scanning Electron Microscopy)

Electron Electron Gun

G T  Anod
Node

Magnetic
Al |-—"| ans
To TV
Scanner
Scanning
Coils
‘\hl "".
Backscattered
Electron CTHITS
Detector
¥ s Secondary
, , Electron
Detector
Stage Specimen

Applied Nanomaterials & Devices LAB.

Electronics & Probes by Materials Engineering

« A type of electron microscope capable of producing high
resolution images of a sample surface

« X-ray microanalysis (composition analysis): X-rays, which
are produced by the interaction of electrons with the
atoms in the sample, may be detected in an SEM
equipped

- Energy-dispersive X-ray spectroscopy (EDS, EDX, EDXS )

- Wavelength dispersive X-ray spectroscopy (WDS, WDX,

WDXS).

32
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TEM (Transmission Electron Microscopy)

Applied Nonomoteriols N Devicés LAB.

Electro

T M A0

s & Probes by Materials Engin

ing

An imaging technique
« A beam of electrons (100~1000KeV) is
transmitted through a specimen
* an image is formed, magnified
« directed to appear either on a fluorescent

screen or photographic film, or to be detected

by CCD camera.

OlMlet 2828, 28 +x, 28842 3|, &

At LatticeE & &
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|
SPM (Scanning Probe Microscope)

« Scanning Tunneling Microscopy(STM): topography, local DOS

» Atomic Force Microscopy (AFM): topography, force measurement

» Lateral Force Microscopy (LFM): friction

» Magnetic Force Microscopy (MFM): magnetism

» Electrostatic Force Microscopy (EFM): charge distribution

» Near-field Scanning Optical Microscopy (NSOM): optical properties with

spatial resolution (R) smaller than wavelength of light (R ~50nm)
STM AFM

Topography

Applied Nano

Electronics & Probes by Materials Engineering
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ESCA (Electron Spectroscopy for Chemical Analysis)

Electron spectroscopy for chemical analysis (ESCA)

» X-ray photoelectron spectroscopy (XPS): The most common type is based upon the
irradiation of the sample surface with monochromatic X-radiation.
» Ultraviolet photoelectron spectroscopy (UPS): A monochromatic beam of ultraviolet

radiation causes the ejection of electrons form the analyte.

Av(UV) e (UPS)
oA e Ul
0 0
D D L
0 0
hv(X-Ray) e (XPS)
\\‘* "',’

Applied Nanomaterials & Devices LAB.
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AES (Auger Electron Spectroscopy)

» Auger electron spectroscopy (AES) is a surface-sensitive spectroscopic technique

used for elemental analysis of surfaces.
« Underlying the spectroscopic technique is the Auger effect, as it has come to be
called, which is based on the analysis of energetic electrons emitted from an

excited atom after a series of internal relaxation events.

Secondary O Auger
Electron Electron

4
)
[}
)

/
\
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Analysis Approaches: Input-Output

Input rad.
Electron lons Photons X-rays
T Electron | aAgs, Sem, TEM XPS
©
2 |lons ESD SIMS, RBS, FIB
Q
T
= Photons RL, UV/VIS, Raman
e
8 X-rays EDS XRD, XRF

AES: Auger Electron Spectroscopy

SEM: Scanning Electron Microscopy

TEM: Transmittance Electron Microscopy
SIMS: Secondary lon Mass Spectroscopy

RBS: Rutherford Backscattering Spectroscopy
XPS: X-ray Photoelectron Spectroscopy

Applied Nanomaterials & Devices LAB.

Electronics & Probes by Materials Engineering

XRD : X-ray diffraction

XRF : X-ray fluorescence

EDS : Energy Dispersive x-ray Spectroscopy

PL : Photoluminescence

UV/VIS-spectroscopy
Raman-spectroscopy

38

>l
Ey
i

]

ot
=



Some Important Techniques for Surface Analyses

Depth Lateral Trace

Technique Input source : . ", Vacuum
resolution resolution capability
EDS, 0.1%
WDS Electron X-ray 0.1~5 pm 0.1~5 um 0.01% HV
XRF X-ray X-ray 10~100pum ~1 mm 0.01~0.1% Air
Electron 0
E AES Electron e 0.5~5 pm 0.005~1um 0.1~1% UHV
S
S XPS El 0.5~5 ~1 mm
= , : ectron 5~5 um S %
-08 ESCA X-ray (Photoelectron) micro~3pum 0.1% UHV
&
v SIMS Ion fon . 0-3~3 nm ~0.1 pm ppb~a few % UHV
o (secondary ion)
ke
= RBS He* He 1~20 nm -1 mm 0.1~10% HV
9p) micro~1um

* Input source is related with lateral resolution
* Output signal is related with depth resolution

Applied Nanomaterials & Dévices LAB.
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New Tools for Nanoscale Characterizations

» Structural analysis: SEM, TEM, XRD, SPM

« Chemical analysis: AES, XPS, SIMS, EDS, SPM

» Electronic, optical analysis: UV/VIS spectroscopy, PL, SPM
» Magnetic analysis: *SQUID, SPM

Photon (X-ray, UV, IR
( y ) X-ray (characteristic x-ray)

Particles

(electron, ion)
electron (Auger electron, Photoelectron)

Energy

(Electric, Thermal) ion (secondary ion, backscattered ion)

*Depth resolution

Y W/%/%%%%?%
DL S S S e S G S S G S S G S e A L A e s s e s s a4 b i e .
DL S S e L e L S e s e he e 4 e s 4 e b %:// de th of anal SIS
/////////////////4’//////////////////////////////////////////// é// A,ﬁ p y
Y . 777
7 . /////////////////////////////////////////////
74 T o =Lateral resolution
D s ///////////////////////////////////// S

i 7

. = :;4%4é;445444///44/////4545/////////4//////////////////////////C/;44/4454454/44%»/4% ( > I N p ut b eam d Iam ete r)
Applied Nanomaterials & e
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Material Analyses in Recent Researches

1. I-V/IlI-N-Based Flexible MicroLEDs 2. Micro/Nano-fabrication

Applied Nanomaterials & Dévices LAB.
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Material Analyses in Recent Researches

Flexible MicroLED (llI-N/Ill-V)

€))
Red Light
L

5 s BT

AgNW

b Network - Polymer Matrix
Polymer ° o= = AgNW Network 4
" S
LED Chip
, EDX
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Flexible Vertical MicroLED for Hair-Regrowth

60
400-500nm 500-550nm 550-600gM® ® ¢, 600-750 / Light — Eigen Temperature (E.T.)
750-1000nm penetration Human Skin 8 55 Apparent Temperature (A.T.)
— { [0)
3: i § 50
) S s
Epidermis 0.1 mm ‘%‘ é_
c @ 40
Dermis 2-3 mm [0) =
9
= 0 20 40 60 80 100
o Time (s)
500 550 600 650 700 750 60
Wavelength (nm) 9
t 40
£
RETURN TO
Anagen 2
s 20
<
0
Days 7
*% H Con
= 60 wix  —** @ f-VLED
3 L EEx
ACTIVE TRANSITION RESTING RESTING S~ . MNX
GROWTH PHASE PHASE PHASE PHASE o
2.6 Years 1-2Weeks 56 Weeks 5.6 Weeks g 40
)
v Increasing local blood flow S 20
v'Increasing cell-to-cell communication g o

v' Acceleration of anagen entry
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|
Hair-Regrowth by Red MicrolLEDs

H&E B-catenin DAPI

Control

Minoxidil

f-VLED

2.;5;_“w-'
Applied Nanomaterials & Devices LAB.
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Material Analyses in Recent Researches

Flexible TFT

Exfoliation layer [ — m]
/ <Devitedayers>,
S i e

AL,O, (GI)

- -~ e~ = "‘ :
Active layer (1ZO) PSS LS ESENA
3

“Buffer Iayér
Adhesive layer]

& hen . . _

Applied Nanomaterials & Dévices LAB.
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Material Analyses in Recent Researches

Pristine Mo

Inorganic Memory e
Buffer SiO2 2 =W or

< Active Cell
FOQ— < < =

= BitLine . 22080] R N Ao i

Exfoliation

Phase Transformation
(BCC — FCC Mo) Interfacial Physical Lift-Off

v——————__ (@ ®
sk Zm E;gg)) on Glasspg;'tattajre IPIr\_/IOO "E(/: 4.08 1 —~ ’
- . ristine Mo = 8) 738
g (200) e @1 % 4.07 1 é E - Pr
2 i 4 I -, T @ 737{
£ 8 3.14; Bl ‘
= 8 [\ " | = Pristine Mo (84.1 MRa) © 0 °
- T £ 3131 —1 735 | ® Exfoliated Mo (1.752 GPa) ‘o—l* o;o
20 40 60 80 ~ Pristine Exfoliated 03 -02 0.1 0.0 0.1
2 Theta (degree) N Mo Mo o sin2y B BCC (110) FCC(111)
XRD 7
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Material Analyses in Recent Researches

(¢) Process flow

c Screen-printed TEG @
with a-Si/Si0, layers

Top plate
TE dots

SI0,(1.1pm)
Bottom plate

a-5i (S0 nm)

PDMS filling

SI0,(1.1jum)

a-Si (50 nm)

Laser multi-scanning [LMS]

(111) 2

Lo

o

a-Si/Si0;, layers

etching

f-TEG
| —‘;Tl \
(HEENNNRREE
, HENENEANERN
g~ ecting IEHE AR
g Screen-printed TE J’_,”_ JAREREE
D Quartz /,L =
Scm
o -— 4.78 mW/en? Sgs 0 L2 0
—_— & AT=25°C =
< 600 m e AT 5 g Q 5. Internal e
£ § < Resistance _© o8 C B 30
- 5004 : E 4 o5 -
€ 4 E = o 10
2 400 > 3 © :
1 13 = 2 3tle a © {20
3 300 ® -
o 5 g 5 2l 5 1015 20 25 —_
3 200 o° o AT (°c) g o 110
- e )—V 1 L o
=3 [
3 100 1 % g ) é_ g
0 . VL. W od ik YOS ‘ ' ‘ 30
100 200 300 400 500 5 10 15 20 25
Voltage (mV) Temperature difference (°c)
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(c)

Intensity (A.U.)

Bi,Te;;Se;
B
S 2 =
& 258 g 52
g .| |73 52878
L el 8| I3 %
' X
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Material Analyses in Recent Researches

Triboelectric Power Generator

i)
Si—OCH o Ao VOB SR 7 71 Hierarchicall
ol BRI S 00 5 Nano-pored y Plenty of pores
s + — sL.ge‘ i e d . s ; :textured surface _
o _ Toociop O3 OV i, S TR o ! 4\ = ———_Ml| Nanopores
O , ]
i - 500 nm
‘ > e
ii) Patterned glass i)

i) Initial iii) Releasing

1Electron flow

(©),, (d)

E 80[| Tapping force Tapping force
< 70} 20N » 20N
o 60l AN AR AR < 5}
: T
£ EN T |
¥ [
2 ol E <l M
N 20t 3
TE' 10} | O .10
5 & 15 2 2.5 15 1.5 2 2.5
z ';g' Flat  yTENG THTENG THTENG Flat THTENG THTENG THTENG
P70 5 10 15 20 25 30 35 40 =390 15 20 25 30 35 40
Time (s) Time (s)

v) Pressing
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Material Analyses in Recent Researches

Single-Crystalline Physiological Sensors

ee 0y

A}
. -
l”'
y ..'6 (¥}

= | cm

r

Single-crystalline film

N
y dEmmn, >

2D material on
parent wafer

Remote epitaxy

2504 Single (1.86 AW-")

2

- 8
< 200 8
< 3
S 1504 c
: :
g 1001 3
“5 Q
£ 50+ Poly (0.05 A W) v
0 ro—o—0—6—0—9 ;§

0O 20 40 60 80 100 &

UV light power (W)
High UV response (37x)

Wafer reuse

\ Temporary
_ substrate
e —
A, .. D)
stressor

Mechanical exfoliation

Freestanding nano-membrane

100+

80}

60

40

20+

0 100 200 300

Time (s)

Fast switching (9x)

300 nm

50 5.60 %

30 1

-
o
1
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N
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o
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200 300

Time (s)
Low min. detectable strain

100
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Long-Term Accurate Monitoring via Perforated E-Skin

Daily Activity Checkup (1 Week) Monitoring Skin Regeneration (2 Weeks)

Irritation
byt 2 s 4 5 s 7 After 2 weeks
T T
zw After exercise After exercise cC
Wristpulse 150 ~
Conductance (uS) o | | n
an 1 T | TN O T | G I ] | 1 9
190 CU
Hydration level m
Capacitance (fF) '®° I l
w ] L LD i
Temperature (°C) *
- Skin 20 E
- Ambient 0 X
(%]
ﬂl()i() L @ ql)
conductance (18) —
- At office (light on) ;
- Beforesleeping  , I I |
(Ilght fo) 510 15 20 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 ZiO -
Time (h) (i) Regeneration (iii) Recovered
— T
Wrist pulse & 140- |
3 1904 _ ! =
L [t
2 £ 120 | 2>
Normal s — 1 .
After exercise s g 1 © 2
£ 180; 2 100- i > <
I =
% g 1 — 6
Conductance —_ =] 804 ! Qo
change (%) Q 35 © : < g
< | ko) | / =
9] ) \ / 20 Q
5 f 60-{ Damaging °‘\Q: /@ | :I>:- b
o S 34 LR | 3
3 40 ' ! ©
533_ 01 2 3 4 5 6 7 8 9 10111213 14
Ts - : Time (d
Normal After exercise ime (day)

Lee et al. Sci. Adv., 7 (27), eabg8459, 2021 ===
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Electron Beams

* Electron beams interact with matter in many ways:

Electron Beam

Secondary Electrons (SE)
topographical information EB X-rays

Backscattered Electrons (SE)
atomic number and phase differences O
Continuum X-ray h?at
(Bremsstrahlung) rad|ation

rols SO |

conduction

Auger Electrons (AE)

surface atomic composition

Characteristic X-ray (EDX)

Cathodoluminescence (CL)
electronic states Infformation

backscattered
electrons

secondary electrons,
thermionic electrons

absorbed layer
transformed layer

SAMPLE

_ thermal affected
base material zone
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Electron Beams

Louis de Broglie

* Major breakthrough in quantum physics
=>» Louis de Broglie— particle-wave duality.

« What does this mean?
=>» Simultaneously, a particle is both a material and a wave.

h h
/19 = — = —
p  MmyU
1 ,  p°
hv h K.E.=-myuy =—=¢el
p=—= Z 2 Zme
C
h
p = particle’s momentum p = 2meeV, Ae =
h = Planks constant 2meeV
& (6.626x10*7s) m, = rest mass for an electron (9.11x10-3kg)

A =de Broglie wavelength ¢ =1.6022x109C

Apﬁfled Nanomaterials & Bevice’s W\eRd of light ~ AL
Electronics & Probes by Materials Engineeriﬁg e : H
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Electrons Emitted from a Solid Surface by an Incident Electron Beam

A [ Auger electron (AES) ]
: Energy Loss Peak (EELS)
. . secondary g
monoenergetic '<\ N(E) aloctrons
electrons (Ep) L 4 of emitted
electron gun » fpecimen 7 ol emittec “m‘" l’e"l‘“ (LEED)
/ electrons 1
emitted electrons © ‘““"
peak
electron :
- ~20V
analyzer |5 20% Ep

Energy of emitted electrons

* Energy distribution of emitted electrons when a monoenergetic
electron beam (Er) is injected to the solid surface.

* Secondary electrons ( <~20eV ) due to inelastic collision = SEM

 Elastic peak (a portion of the incident electrons ) = LEED

« small peaks Auger electron peak ---- independent of Er = AES

* energy loss peak --------- dependent on Er= EELS

 characteristic X-rays emitted from the sample = EPMA (EDS, WDS)
Applied Nanomaterials & Devicés LAB.
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Inelastic Mean-Free-Path of Electrons in Solid vs Electron Energy

Ty R
e 4
(7]
> 1000 - ®
) ! ]
- : A SER | A oc EL/2 :
g : for E<20eV for E>50eV
£ |
< 100 =
£ ;
g min A= 1~5nm
. for E= 20~100eV
7]
.
* -
c 4
c 10t l
L) [ 2
E | = .... ]
U i inorganic
s . compounds
S *...  elements E
: A . 4
bt W | BITALPERIEY Al AP EENPNDE PO |

1 _ 10 : 100 1000

Electron enefgy (eV)

« A of electron (E=10~1500eV) < a few nm in metals and a few tens of nm in ceramics =

itivity of electron spectroscopies
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Example of Case Study: STM of Carbon Nanotubes

g: xen It ~ z N’tipl2 |\|’sample|2 e_ZKd

(Z)I,\' - X,y : Topography

dI/dV~ local electronic structure of sample surface
(LDOS: Local Density Of State)

14f 7

a g 3 {11,2)
12F v E
e . jﬂ Constant LDOS

~500 a 500

- Bias Valings {mv) Metallic SWNT

b - 100 Il14-'3]
20 : i |!.|
‘ﬁd"” Semiconducting
= Bias Voltage (m) SW NT
8 % h i)
!auu. .dlnu <206 :: alnn 4040 @00
Biaz Voltage (m¥)

[y ey

= M &S o

(ViU
g
§

@ and electronic properties of single-walled carbon nanotubes”, Nature 391, 62-64 (1998).
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