DEGGENDORF
INSTITUTE o
TECHNOLOGY

DEGGENDOREF INSTITUTE of TECHNOLOGY, GERMANY

Micro- and Nano-Analytics Research Team

Prof. Dr. Werner Frammelsberger —
Mechanical Engineering & Mechantronics



Micro- and Nano-Analytics DEGGENDORF ) IT
INSTITUTE o
Research Team T i

Atomic Force Microscopy -

Characteristics and Advanced Applications

Prof. Dr. Werner Frammelsberger
Mechanical Engineering & Mechatronics



Agenda

Micro- and Nano-Analytics Research Team
Introduction

Atomic Force Microscope (AFM) — Principles and Fundamental
Applications

Conductive AFM (C-AFM), Tunnelling AFM (Tuna)
Scanning Capacitance Microscopy (SCM) Techniques
Kelvin Probe Force Microscopy (KPFM) Techniques
Summary

What's next?

03.11.2013

Fakultat Maschinenbau und Mechatronik, Prof. Dr. Werner Frammelsberger



Micro and Nano-Analytics — Basics

e Founded in 2000 by Prof Dr. Gunther Benstetter
e Hosted at Faculty of Electrical Engineering & Media Technology

Intention Concept — three main steps
e Concentration on complex and e Development of basic analysis
innovative analysis methods that principles and analysis methods
require high-level expertise with international universities and
e Competent service and research institutions and in with
development partner for regional participation of industrial partners
and superregional economy and from SMEs..
industry, predominantly SEMs e Application centred optimisation of
e Basis for various academic methods and techniques -
activities at Bachelor, Master and accompanied with associated
PhD level numerical simulations

e (Customised analysis and
measurement services

SME: Small and Medium-Sized Enterprises
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Micro and Nano-Analytics — Organisation

Natural Sciences &
Industrial Engineering

Prof. Raimund
Forg
Projects
Funding
Cooperation

Civil & Construction
Engineering

Electrical Engineering &

Media Technology

Micro & Nano
Analytics

Prof. Dr. GUnther
Benstetter

Heading

Management
Projects
Funding

Laboratories

Staff

Mechanical Engineering &
Mechatronics

Prof. Dr. Werner
Frammelsberger

Projects
Funding
Cooperation

Business Administration
& Business Informatics

Currently at DIT: 15 Bachelor and 7 Master degree programs
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Micro and Nano-Analytics — Research Team

Founder and head:
Prof. Dr. Giinther Benstetter

& Electrical Engineering and Media Technology

B Team-Members:
Prof. Raimund Foérg (staff)
Prof. Dr. Werner Frammelsberger (staff)
Dipl. Phys. Edgar Lodermaier (staff)
MEng Heiko Ranzinger (staff)
smm MEng Tobias Berthold (PhD candidate)
- MEng Alexander Hofer (PhD candidate)
= MEng Albin Bayerl (PhD candidate)
| BEng Manuel Bogner (MEng candidate)
MEng Andreas Stadler (MEng finished)
| Dr. Roland Biberger (PhD, finished)
| MEng Werner Bergbauer (Master, finished)

Prof. Dr. Dongping Liu (former staff, Dalian
Nationalities University, China)
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Micro and Nano-Analytics — Activities, Services

Application and services include:

Manufacturing associated quality
assurance, reliability and failure analysis

System characterizations: Failure,
construction and reliability analysis in
electronic and optoelectronic devices and
systems

Basic material characterization (defects,
contamination, physical properties,
organic and inorganic materials)

Surface and thin film characterization
(roughness analysis, investigations of
surface properties including abrasion and
scratch resistance)

Academic Activities:

Bachelor and Master

Lectures, student projects, hands on
training, internships, theses, academic
supervision

Master Applied Research (joint
project)

Projects, lectures, administration,
management, academic supervision

PhD studies and research projects
Funding, management, administration,
academic supervision

Applied research

— in cooperation with German and
international Universities and
Universities of Applied Sciences and

— Numerous German and international
corporate partners

03.11.2013
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Micro and Nano-Analytics — Key Equipment and
Methods

e Scanning electron microscopy (SEM) based methods including:
Energy dispersive X-ray spectroscopy (EDX), Wavelength-dispersive X-
ray spectroscopy (WDX), Electron backscatter diffraction (EBSD), Micro
X-ray fluorescence spectroscopy (UXRF), Scanning Transmission
Electron Microscopy (STEM)

e Scanning probe microscopy (SPM) based methods including:
Scanning capacitance microscopy (SCM) and spectroscopy (SCS),
Tunnelling current microscopy (C-AFM, TUNA), Scanning Spreading
Resistance Microscopy (SSRM), Kelvin Probe Force Microscopy (KPFM),
Electric Force Microscopy (EFM), Magnetic Force Microscopy (MFM),
Nano-scratch and wear tests, Thermal scanning probe microscopy
(ThSPM)

e Additional and supporting equipment and units:
Fourier Transformation Spectroscope (FT-IR), plasma cleaner/coater,
wafer prober, sample preparation lab and optical microscopy...

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu



Micro and Nano-Analytics —AFM

| Bruker Dimension Icon

Bruker (Veeco) Dimension 3100

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu
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Micro and Nano-Analytics - Zeiss Ultra 55
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Micro and Nano-Analytics —Preparation

Preparation lab

Plasma cleaner/coater, GATAN 652

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu
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Introduction

Gyro-meter compared to a human hair

HSG @ IMIT

——— 30pm

Zengerle 2008, IMTEK, lecture

00003124
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Introduction
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Introduction

Hansch, UniBW Minchen

From diameter point of view, a virus may host approximately
three transistors, currently.
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Introduction

Scanning-Electron-Microscope(REM)
Ernst Ruska 1931! Nobel price 1986
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Introduction

e High resolution imaging of micro and nanostructures with SEM
possible

e Content analysis with SEM based techniques (EDX, WDX...)
possible, however:

— Conductive specimen necessary

— Limited 3D-imaging

— No liquid specimen possible

— Limited information from thin films

— No information about mechanical properties

— No information about electrical properties

— No high resolution chemical/physical analysis
o Alternative analysis techniques necessary

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu



Atomic Force Microscope - Principles

Probe moves relativeley to the sample surface

Probe detects
properties of the
sample

Feedback loop controlles
distance between probe an
sample surface

/\/\|/\/\

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu
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Atomic Force Microscope - Principles

e Scanning probe microscopes are a family of instruments used
for studying surface properties from the micron to atomic
level

e The components that make scanning probe microscopy possible
are the probe and the scanner.

e The probe is the point of interface between the SPM and the
sample and intimately interrogates various qualities of the
surface.

e The scanner controls the precise position of the probe in
relation to the surface, both vertically and laterally.




Atomic Force Microscope - Principles

Discrimination: distance controll system

Scanning probe microscopy (SPM)

Scanning tunnelling microscopy (STM) Atomic force microscopy (AFM)
1981 Binnig, Rohrer 1985 Binnig, Quate, Gerber
Nobel price 1986

Force ' \/

Tunnelling
current
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Atomic Force Microscope - Principles

Feedback Loop

Piezo

Laser
Beam

SEM image, typical probe tip
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Atomic Force Microscope - Principles

Bruker (Veeco), Dimension 3100
Gl

Split-diode
photo-
detector:

Laser diode.
collimator &
lens

Laser path

IRVIPURRPRRRPr—————

| Lens

Camera
objective
lens

L xyz PZT
tube scanner

Cantilever holder

Motorized ./ =
.\r

stage

Image Bushan (2004)

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu 21



Atomic Force Microscope - Principles

e Contact AFM (Cont-AFM)
— High resulution
— Low distortion
— High lateral forces>high wear Hard surfaces

maunn u
. .

. I
----5- - - -

e Non Contact AFM (NC-AFM) \

— Low resolution

— High distortion Nt - -
— No lateral forces=>no wear *

Soft surfaces (liquids)

e Intermittent Contact AFM (IC-AFM, Tapping
Mode)

— High resolution
— Low distortion
— Low (no) lateral forces—>low wear

Hard surfaces, Soft surfaces

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu



AFM - Tip wear

Conductive metal-coated probe tips

90 nm
Increase of tip radius from ~50 nm to Severe damage:
~300nm due to tip wear metal coating completely
worn off

Tip wear is most critical in contact mode

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu 23



AFM - Peak-Force Tapping (PF-xxx)
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Figure 9. Experimental data of force curves for a cantilever

operated in PeakForce Tapping. The lever is driven by a sinusoidal
wave and the curves are displayed as force versus time and force

versus distance.

Avoids lateral forces

Continuous force curves at frequencies
between 1kHz and 10kHz

Imaging speeds comparable to
TappingMode

Non-resonant mode, f below cantilever
resonance (50 kHz-450 kHz)

Avoiding the filtering effect and
dynamics of a resonating system and
unwanted resonance on turnaround
point (sine z-positioning)

Combines the benefits of contact and
TappingMode imaging: Direct force
control and avoidance of lateral forces.
Hard and soft surfaces

Combination with C-AFM, SCM, KPFM

Quantitative Nanomechanical Property
Mapping possible (PF-QNM)

24
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AFM - Tip sample convolution

e Geometric convolution of tip and surface shape
e Aspect ratio of tip and sample determines the result
e Surface structures may influence results of advanced methods

Simulation: Joseph Griffith, NC State University

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu
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AFM - Environment and Resolution

Environment

e Ultra-high vaccuum (UHV)
e Gas (Nitrogen, inert gas)
e Liquids (Alcohol, ail...)

o Air

Resolution

e Lateral resolution depends on environment and probe tip
— UHV (<10K): atomic resolution possible (topography mapping)
— Air: typically 10 nm (topography mapping)

e Height resolution typically < 0,1 nm

e Lateral resolution of advanced methods depend highly on the

method employed and the probe tip type used.
For Electrical methods typically some ten nanometres.

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu 26



AFM - Overview techniques

Mechanical properties Electric and magnetic
properties...
e Topography e Current (C-AFM)
e Nano hardness e (Capacitance (SCM and

related techniques)
e Resistivity (SSRM)
e Magnetism (MFM)
e Surface potential (KPFM)

e Nano wear
e Friction
e Adhesion (CFM, QNM)

CFM: Chemical Force Microscopy SSRM: Scanning Spreading Resistance Microscopy
QNM: Quantitative Nanomechanical Mapping MFM: Magnetic Force Microscopy




C-AFM - Semiconductor application

gate oXide

Electrical isolation

j s T Gate capacitor dielectric

gate gate oxide

O. Storbeck, 6. Dresdner Sommerschule 2005

source Si substrate drain

e Thin dielectric films in semiconductor applications
e Gate dielectric in MOS devices
e The integrity and reliability of dielectric films is of utmost importance




C-AFM - Microscopic defects

Si substrate

(a) thinned oxide, (b) asperities (c) impurities, (d) particles, (e) regions with
increased trap generation rate, (f) regions with reduced barrier height, (g)
mobile ions, (h) voids, (i) interconnections

Microscopic defects are a serious problem for
oxide integrity and device reliability

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu
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C-AFM -

Principle

Conductive Tip

m——
M
Oxide|O
si S
Z.ﬂ

Microscopic MOS-Structure

Emission area (20-200 nm?2)
<< macroscopic MOS-structure

Current and topography
measurement simultanously and
independently

High current at electrically weak
sites and vice versa

C-AFM enable the detection of single
microscopic weak sites

Important: Substrate
injection of the electrons due
to anodic oxidation effects

30



C-AFM - Microscopic vs. macroscopic

Macroscopic methods
e Conventional methods
e Devices or capacitors

e General information over the
test structures

e Time to breakdown, charge to
breakdown, reliability tests

e Single weak sites or defects
may not be ascertained

e 108..10% cm2 small area
capacitors

e 102..1 cm?large area
capacitors

Microscopic methods
Advanced methods

Area to be investigated depends
on the method

Very local information
(20-200 nm?)

Limited information about
device performance

Single weak sites or defects are
detectable

Physical root cause analysis is
possible

Atomic force microscopy
(AFM) based techniques

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu
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C-AFM - Case study gate oxide

0 729 nm
Data tupe Height
Z range 100.00 nm

1.0kV 8.1mm x50.0k SE(L)

SEM after preparation of a
130 nm generation gate

C-AFM images
Topographie (), current (r)

0 700 nm
Data type Height
Frammelsberger et. al, ISTFA 2003 Z range 100.0 nn

Schweinbdck oral presentation

0 723 nm

Data type Current

Z range 0.0002000 nA

B e

Faulty gate oxide

38 5 R G o R NS

0 700 nn
Data type Current
Z range 0.0002000 nA




C-AFM - Thickness determination

Overlay of calculated and measured curves

9 4
]l Data
84 —m—#1
1 —v—#3 {
< o
£ 654
= | Model
© 5| —0—175nm
3 A —v—3.14 nm
274— —0O—4.64 nm
2 3-
c -
>
— 24
1 <
0 -
) l T ) I
15 2.0 2.5 45 50 55 60 65 70 75

Tip voltage (V)
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C-AFM - Tunnelling model

Combined DT-FNT-model

Tunnelling equation

Parameters

|
3
o @M 1o V>4

“167%h m, 4 > ) 1
S

2 3/2 3/2
exp[_ ﬂ N m,, . ¢B . {1_ (1_ q;/_OXJ
(0)'¢ B

| =J 'Aeff |:ox =\/ox /dox Vox =Vtip _Voff

Tunnel parameters**

¢, =3.25eV

m,, =0.37/m,

Tip parameters**

V, =0..1.6V
A, =20..200 nm’

Independent of oxide thickness and tunnelling regime

*Schuegraf and Hu (1994)
** Frammelsberger et al. (2005-2007)

Values for SiO, on Si substrate




C-AFM - "Electrical” thickness mapping
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C-AFM - Combined methods

Bulk diamond probe tip

- i 8
e ‘? I |—=— C/H ratio: 4.00
y T 7 |—e—C/H ratio: 4.94
'_h;aw = [ |—4—C/H ratio: 6.14
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13
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: o]
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o T
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AFM wear tests with diamond tipped cantilever. DLC films deposited on p-
type 100 silicon substrate exhibit a low density layer at the surface.

D. Liu et al. (2006)
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C-AFM - Combined methods

100 nm a-C film
wear depth 1.7nm

0.001 na

Improved low-field electron
emission properties because of
graphite like surface layer

D. Liu et al. (2006)

100 nm a-C:H film
wear depth 1.1nm

0.002 n

Reduced low-field electron
emission properties because of
H and sp? C enriched surface
layer

37



C-AFM - Combined methods

3x3 emitter array by structuring of graphite-like surface layer

3.000 nm

Surface topography of Simultaneously recorded
AFM-structured ta-C film current image of structured
Wear depth: 1nm ta-C film

Topography an current image may be used to discriminate physical and
chemical properties of surface layers at marked areas

D.Liu et al.(2005)
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SCM - Principle

0 1(C
e

Schematic setup

Biberger (201

2)

Capacitance model

Amplitude
Capacitance N Lock-In >
sensor Amplifier |—=>
7, Phase Capacitance
Reference sensor
signal

O =

Electric

Principle

Cumos (aF)
superimposed by

CStray (pF)
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SCM - C(V) Characteristic

Accumulation Depletion

Dielectric

Semiconductor

— Accumulation Depletion

T

g

Lower concentration

Capacitance

Bias Voltage

4 Higher concentration

SCM-Signal output: dC/dV (x,y)
High Doping has low slope
Low doping has high slope in
C(V) Curve

Determination of dopant type
and absolute concentration
value only with significant
additional effort

40
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SCM - Case study

Topographie

Doping

10um

— b

=

Topography .
¢ =250 nm/div

y=10 pm/div

SCM
x=10 V/div
y=10 pm/div

Resolution solely possible by AFM!

03.11.2013
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SCM - Case study

e
- s
o
3]
el
o)
o
o
o
o

Flasch memory cell

Schweinbdck et al. (2003)

Superpositon of topography and carrier profile

Two dimensional carrier pfrofiling
Effective gate length
p-n-junction
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SCM - IC-SCM

Detection system of IC-SCM

e Based on lock in amplifier with

e "Tapping” frequency as reference signal .
Stray _

U

Bias

C,.At)=

CMDS<£‘ ” I

]

v

Id{t}l

— Clc{t]‘

!

Biberger 2012

Oscillator
for
|IC-Mode

Reference

Sensor

Capacitance

h 4

Lock-In | C

v(t)

Amplifier |

Benstetter, et al. (2010): US Patent 7788732
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SCM - Organic semiconductor

50.0 nm

Standard SCM (contact mode, C-
SCM) application on organic
semiconductors (P3HT)

g

Scan area

Material pile up!
N\, High lateral forces of C-SCM
cause damage to the sample
surface

» o9 Re,

—— s~
-

0.0 Height Sensor 10.0 U'TI]

Hofer et al. (2011)

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu
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IC-SCM - Organic Semiconductor

Capacitance imaging possible by IC-SCM
30 nm thick P3HT film
=»No surface damage
=» Capacitance detection
=» 20 nm lateral resolution
= 1 aF (1018 F) precision

Hofer et al. (2011)

P3HT organic p-semiconductor, Polythiophene group

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu
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IC-SCM - Semiconductor structures

« High material contrast imaging
« Metallisation and contamination are clearly visible
Metal contacts

Example: MOS-transistor cross-section ]I
SigN,

Metal contacts SizN, < >

IC-SCM C-SCM
Intermittent contact mode SCM Contact mode SCM (standard)

Biberger et al. (2008), Biberger (2012)

03.11.2013 Prof. Dr. Werner Frammelsberger, www.dit.edu

46



SCM - Scanning capacitance spectroscopy (SCS)

e Spectroscopy by use of complete bias ramp (-V 2> +V)

e In C-SCM and IC-SCM possible
Tum

<

Biberger et al. (2010)

\‘ C(V)

\‘
V

N
»

V

Precise localisation of pn-junction possible
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SCM - Dopant concentration

Vat —IC-SCM

YAV

Signal output [a.U.]

/T
/./\/

2x106 1x10Y’ 2x10Y’ 1x10'®  2x10%8 2x10%9 1x10%°

« Comparison of IC-SCM and C-SCM line scans using a sample with
increasing dopant concentrations.
IC-SCM with improved dopant resolution

Biberger (2012)
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SCM - Overview

Intermittent- SCS (HSSCS)
Contact -SCM

Application 2D dopant profiling - 2D dopant - precise
profiling localization of p/n
- material mapping  junctions

Scan-Speed = moderate moderate-high low

Signal output dC/dV (x,y) C (x,y) complete C(V)

(x,y)

Possible 101> - 1019 101>- 1020

dopant

resolution
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KPFM - Copper wire bonding

Wire chip bonding (here gold)

e Copper wire bonding is important for
further device scaling

e Copper oxidation is a serious problem for
copper wire chip bonding

e Copper oxidation behaviour and dynamics
is not yet fully understood

0 Topography 20 pym

Berthold et al. (2013) Image Rqg: 20.1 nm
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KPFM - Principle

=3

o Era

En

[
+ 4+

KPFM measures the work function difference of tip/sample.

AM  Amplitude-Modulation - PF-KPFM is a modification of the frequency

modulated (FM)-KPFM mode.

EM Frequency-IV_IoduIati_on « PF-KPFM enables contact potential difference (CPD)
g o Zﬂiﬁ'fggye”'““"” with improved sensitivity and repeatability.

May be employed for material discrimination
- Copper oxidation characteristics

- Parameter and capabilities unknown
Physical Review B 2005, 71(12) 125424
T. Mueller, Bruker, PeakForce KPFM, 06.08.2012, Sales presentation (partly)
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KPFM - CuO parameter

EDX PF-KPFM Cuo
198 — Cula ) u
Iiw.- %
150 - m 11.78
400 nm

IS 42.63
RS 45.59

Rate: Cu:0 = 1,06:1 = CuO

119 1

KCnt

T3 o

T T T T
025 050 075 100 425 150 195 200 225 250 275 3
Energy - kev

FTIR : Rq = 0,0386V
o 600 cmt & CuO Topography 5um
g l\ « EDX shows a copper to oxygen ratio of 1,06:1 - CuO
£ o « FTIR shows an absorption at 600cm* - CuO
. / \ « KPFM shows a potential difference value of
RN AR 1,07V
| ~——_ A

T T T T 1
1000 900 800 700 600 500 400

Wave numbers in cm-!

Berthold et al. (2013)
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KPFM - Cu,0 parameter

EDX

KCnt

240

192

144

96

Cul:

T T T T T
025 050 075 100 125 150 175 200 225 250 275 3
Energy - ke¥V

[T

KL 16.71
KL 25.32
RETT 57.57

Rate: Cu:0 = 2,3:1 = Cu,0

Extinction

FTIR

0,045

0,040

650 cm ! = Cu,0

0,035

0,030

0,025 |

0,020

0,015

0,010

0,005

0,000

1000

T
900

T T T T
800 700 600 500

Wave numbers in cm-!

Berthold et al. (2013)

1
400

Mittelwert Vpp: -0,535V
Rq = 0,0372V

0 Topography MM

« EDX shows a copper to oxygen ratio of 2,3:1 >
Cu,O

« FTIR shows an absorption at 600cm-! > Cu,O

« KPFM shows a potential difference value of
-0,535V
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KPFM - Cu, O parameter

-0.4

-0.5

-0.7

-0.8

-0.9

-1.2

CPD Value in Volts

-1.3

CuO Cu,0

CPD values of the CuO and Cu,0 measurements with standard
deviation from the mean value, minimum and maximum values.

CPD value may be used to distinguish between CuO (-1,07 V)
and Cu,0 (-0,56 V) Berthold et al. (2013)
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Summary

e AFM based techniques enable high resolution structural and physical
characterisation of materials and thin films
e Probe tip and AFM operation mode is critical to quality and reliability of
results
e AFM-techniques operating in contact mode are critical with respect to
sample interference and tip wear
e Itis possible to transfer originally contact mode applications to
intermittent contact mode applications and
— to extend the measurement capabilities
— to increase quality and reliability of the results
e Combination of different AFM methods as well as combination of AFM
methods and SEM based techniques may further extent analysis
capabilities
e As martial properties in the nanometre scale become increasingly
important, research is necessary to keep pace with applicable and
reliable analysis methods




What’'s next?

Nanostructured films for thermal generators:

Lock-In
Amp

101

High resolution characterisation of thermal conductivity of ultra-thin films
= Texture-analysis?
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Wie geht's weiter?

Neue Lichtquellen: GaN Nanorods:

Quelle: W. Bergbauer et. al., Nanotechnology 21
(2010) 305201

Exakte Bestimmung von Dotierungen / Profilen
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What's next?

Nanostructured carbon:
e Graphene

e (Carbon-nanotubes CNT
e (60 Fullerene

Further concepts:

e One electron transistors

e One electron memories

e QOrganic microelectronics

e Molecular nano-electronics

e Wide-Bangap-Semiconductor (SiC, GaN),
e Application on biological systems and cells

Quelle: A. Schenk, ETH Ziirich
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