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¢ Jl..’f \7})1’;};&7}'\ él] K% Major events in the history of science

are called scientific revolution. There

BT W (19864F) are two kinds of scientific revolutions,

FHE R B A (19864F) those driven by new concepts and
those driven by new tools.
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Near-field

Electrostatic Optical surface  Mean square Electronic
fields evanescent fluctuating wavefunction
(tonic crystals)  waves near-fields (metal)
Decay law exponential exponential R exponential
exp(—Rn) exp(—Rn) (n=3,4,...) exp(—Rn)
Typical decay ~0.6 ~2000 ~1000 ~0.45
length i {JEL)
Surface near-field
Electrostatic ~ Optical surface  Mean square  Electronic wave
near-field evanescent fluctuating function at metal
E tield {E; B} near-hields £ rir)
Physical
detected Force Photon energy Force Electric current
quantity flow
Magnitude
order nN ~10° Phs~! nN nA
Experimental  AFM SNOM Noncontact STM
device PSTM/STOM AFM
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Micromachined cantilevers

ol
. . True atomic-
STM invented STM manipulation razalution Small, high-speed cantilevers | Fast fluid imaging
az of individual atoms with AFM (0.5 frama per second) in fluid (125 frame per sacond)
Forca curves o 26 o
88  Spin polarized STM =c]
i o ; Pulsed force mode
Optical beam detector Thermal spring a7 Single atom manipulation Pauli repulsion
% FMimaging constant . with AFM OIS 000Y
Noncontact AFM 01 calibration ggﬂsgﬁrﬁ;&w o2 10
i G £ " ;
AFM invartad oy Added mass Phase imaging theory i spin relasation
spring constant o7 a1 : with ST
e Tapping n'u:-:le'91 calibration Erlaj_ theoram applied to 10
Noble prize 08 Subatomic rasolution i jp [TESSCOMESt | Elecirochemical
for 5TM Force modulation Phase imaging with Fm imaging et og strain microscopy
B o1 as Q0 10
1982 1985 1990 1995 2000 2005 2010
Scanning nearfield Sanning ion Force volumes Hy drodynamic cantilaver Bimodal AF Band excitation
opfical microscope conductance 04 calibration o4 08
microscope ;
& g £ Tapping in fluid o Hamonic torsional ‘J_ED.;\ online AFM
Tapping dissipation canfilevers g oa
Scanning 98 04
capacitance
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80 Dualkpass magnetic force microscopy

Piezorasponse force microscopy
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Magnetic resonance force microscope
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JRFHIRFTRERAN: AFM

Tip is in hard contact
with the surface;
repulsive regime

Detector and
Feedback

Tip is far from the
surface; no deflection

Electronics

Photodiode

‘\\‘ﬂ Tip is pulled toward the
surface - attractive regime

Probe Distance from Sample (z distance)

YN R (B

Sample Surface e/, Cantilever & Tip

. PZT Scanner
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laser diode mirror

cantilever i
* spning which deflects as probe tip A
scans sample surface " :

jum—

B

sensor output, &¢, Fc

C

D

position sensitive
photdetector

+ measures deflection of cantilever

probe tip

* senses surface
properties and cau

ses

cantilever to deflect

ERROR =
actual signal - set point

feedback loop

v * controls z-sample
posittion

computer

* controls system
« performs data acquisition

piezoelectric

",.‘

e -
display, and a.nalys;s/___ scanner ﬂ—i—b\
* positions sample &

(x,y,z)with A accuracy
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The Beam Deflection method

a) Nermal force b)Lateral Ferce

| At FT
| Yep A+Bz UP eft 1 C= LE|
Down C+D=DOWN ight B+D=Right

Tl BB ) deflection flltorsion:
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Cantilever Set point deflection

Deflecton | NS
3 (volts) Cantilever spring force (applied load)

“5

Tip-sample adhesive force

Piezo scanner Z-position (nm)

RENMIN UNIVERSITY OF CHINA



it RENMIN UNIVERSITY OF CHINA

100 pm

10 MHz

1MHz

Resonance frequency [MHz]

0.1MHz

10" 10t 10t 107

Cantilever Mass [Gramm]

Development of scanning probes in terms of resonance frequency and effective mass with respect to time scale.
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NC / AC / Tapping Mode AFM Probes PPP-NCHR
Non-Contact High frequency

Backside Reflex coating
C =42 N/m; fo =330 kHz

e ) The probe offers unique features:
= _____F guaranteed tip radius of curvature < 10nm
v tip height 10 - 15 um
\ highly doped silicon to dissipate static charge
Al coating on detector side of cantilever
high mechanical Q-factor for high sensitivity

https://www.nanosensors.com/

Cantilever data:

Property Nominal Value Specified Range
Resonance Frequency / kHz 330 204 - 497
Force Constant /(N/m) 42 10-130
Length /pum 125 115 - 135
Mean Width /um 30 22.5-37.5

Thickness /pm 4 3-5
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PPP-EFM

Electrostatic Force Microscopy /
Electrical Measurement AFM Probes

https://www.nanosensors.com/
Cantilever data:

Property

.................. I s 7C
T\EﬁUlldllLE I'l cyuciivy n 72

Force Constant /(N/m) 2.8
Length /um 225
Mean Width /um 28

Thickness /um 3

Nominal Value

PtIrS coated probe
C=2.8 N/m; fo=75 kHz

The probe offers unique features:

metallic conductivity of the tip

radius of curvature better than 25 nm

tip height 10 - 15 pm

high mechanical Q-factor for high sensitivity
alignment grooves on backside of silicon
holder chip precise alignment of the cantilever
position (within +/- 2 um)

Specified Range
45-115
0.5-9.5
215 - 235
20-35

2-4
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—o— Short-range force (Morse potential)
| —o— Long-range (vdW) force

) 1| —o— Total force

o |
o

J

van der Waals ,\ - Tunneling current

forces |

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

4
3O ~ " o
Hydrodynamic forces I \\ ~ )
' ; i
Adhesion Capillary force
I forces =3
I
Short -ra Isive forces ~4 >
e 0 i5 N

Excitation force: Jill /1 ZRMAMEAER T ARK/N. JGH.

Restore force: K& 77
= ==y E o Tl BN RERATANATAN
van der Waals forces: JufE4E /) AL UNEE S

Hydrodynamic forces: 7K& /) S \ .
Adhesion forces: it 77 1&2W7KREEH%QE
Capillary force: %QEHZJ j(/—:c . ?,Tﬁ/fz'_(/_—f_"@}a:ﬁ

Short-range forces: %3 f& 77
Electrostatic forces: %?EEJ'J %éﬂ)ﬁ\ ELE 14 ﬂkiiﬁ\ F)

and more, ...
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Atomic Force Microscopy
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Tip is in hard contact
with the surface;
repulsive regime

Tip is far from the
surface; no deflection

/

w,

“._ Tipis pulled toward the
~ surface - attractive regime

Probe Distance from Sample (z distance)

% o Aot X 69 Jmh
BEyH B AR (FFM)
A/ ELEEZHA (SCM)
PFAF ZHA (SThM)
AH/ERIHA (SIM)

?*

Jump-to-contact/snap-in
Drift/Noise,

Stiff or soft cantilever
Load ......
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Force, nN

Scanner displacement, nm
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e Measurement of the Elastic
"""" Properties and Intrinsic Strength
i of Monolayer Graphene

Changgu Lee,™ Xiaoding Wei,* Jeffrey W. Kysar,’> James Hone

1,2,44

We measured the elastic properties and intrinsic breaking strength of free-standing monolayer
graphene membranes by nanoindentation in an atomic force microscope. The force-displacement
behavior is interpreted within a framework of nonlinear elastic stress-strain response, and yields

E Oscillation amplitude second- and third-order elastic stiffnesses of 340 newtons per meter (N m™) and =690 N m™?,
respectively. The breaking strength is 42 N m™* and represents the intrinsic strength of a
defect-free sheet. These quantities correspond to a Young'‘s modulus of £ = 1.0 terapascals,
third-order elastic stiffness of D = —2.0 terapascals, and intrinsic strength of o;,; = 130 gigapascals
for bulk graphite. These experiments establish graphene as the strongest material ever measured,
and show that atomically perfect nanoscale materials can be mechanically tested to deformations
well beyond the linear regime.

-+ >

1200 10% ' /1 A ,-

Fre

Load (nN)

* Experiment
— Eaq. ( )

0 20 40 60 80 100 120
Indentation Depth (nm)

A B
s 5 o 7
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Force
(=]

=
Tip is in hard contact -%
with the surface;
=
repulsive regime i o e
: Tip is far from the i —
surface; no deflection ’Sg' -
X ] o
= ——
/ 5 )
/
forward
/ IR\ A —
4 7 , F =
. Tipis pulled toward the baseline ; backward
~ surface - attractive regime deflection EE s e
‘ "

Probe Distance from Sample (z distance)

B 3-FF b a] #E 2]

- >
g piezo movement
surface position
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Friction force microscopy

laser

xyz y: -TI |
actuator =
4 quadrant
hotodiode
/
cantilever
sample

AF a - ™ friction

quadrant

B @

Friction

Vih-l-l‘:}-{B-l-D} signal

Lateral distance

AFM topographical and friction images
of C16 silane self-assembled
monolayer on silicon surface revealing
lower friction of molecule layers

Normalized friction

Nature, 539, 541-545 (2016)

FEM simulation

1 2 3 4
Number of layers

SCIENCE, 328, 76-80 (2010)
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Cantilever Trace .
— 0
L1

1

90° FFM

G Lateral
: & . Tarsion

Si0,/Si

Substrate

Appl. Phys. Lett. 115, 063101 (2019)
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Amplitude
Phase
Frequency-shift
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FIG. 2. Schematic of electrical connections to the sample, cantilever, and
actuator electrode. V. is a common bias to both the cantilever and electrode,
while Vg is a differential bias between the actuation electrode and the can-
tilever. The connection of the sample to ground is optional, though it is useful
for conducting samples in order to establish a well-defined surface potential.
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Modular apparatus for electrostatic actuation of common atomic force
microscope cantilevers

Christian J. Long'22 and Rachel J. Cannara’

ICenter for Nanoscale Science and Technology, National Instinute of Standards and Technology, Gaithersburg,
Maryland 20899, USA

2Maryland Nanocenter, University of Maryland, College Park, Maryland 20742, USA

REVIEW OF SCIENTIFIC INSTRUMENTS 86, 073703 (2015)
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FIG. 6. Excitation of flexural and torsional cantilever modes using multiple
electrodes. (a) shows a schematic in which both actuation electrodes are
driven in-phase to excite the flexural modes of the cantilever. In (b), the
actuation electrodes are driven with a common DC bias but with an out-of-
phase AC bias to excite torsional modes of the cantilever. (c) shows an optical
microscope image of a dual-electrode electrostatic actuator with a cantilever
aligned to the electrodes. (d) The flexural and torsional actuation spectra are
shown for the setup in (c). The cantilever is a model RC800PSA (Olympus,
Tokyo. Japan). For both flexural and torsional excitations, a DC bias of 4 V
and an AC bias of 4 V were applied to the electrodes.
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Asphaltenes: from coal and petroleum

Structure Analysis
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The emergence of multifrequency force microscopy
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Table 1] Cantilever properties.
Eigenmode K, Frequency Force constant Quality factor Optical sensitivity
(flexural) (no internal damping)
2 2 ¥
K w w, :
J wj = [_-I wl kj = [_J_ kl Qj' = 4 QI o} = 2:3_ a’i
I(] w] wl q’ |
1 1.875 W, =Wy k Q, 0,
2 4.694 6.27 wy 39.31k, 6.27 3.473 g,
3 7.855 17.55 wy 308k, 17.55 57060,
4 10996 34.39 w, 183k, 3439 79850,

Adapted from refs 26, 32 and 45, The eigenmodes of the AFM cantilever are characterized by four parameters: the effective stiffness k (force constant), the resonant frequency wy=2nf, the quality factor Qand
the oplical sensitivity . For arectangular cantilever without a tip there are several relationships among these parameters, whichare approximations to describe real AFM cantilevers. x; are the real roots of a
characteristic equation of the cantilever {1+ cosk coshx=0), ¢ is the shape of the th eigenmode at the free end of the cantilever.
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Force Microscopy with
Light-Atom Probes

Stefan Hembacher, Franz J. Giessibl,* Jochen Mannhart

‘|

The charge distribution in atoms with closed electron shells is spherically
symmetric, whereas atoms with partially filled shells can form covalent bonds
with pointed lobes of increased charge density. Covalent bonding in the bulk
can also affect surface atoms, leading to four tiny humps spaced by less than
100 picometers in the charge density of adatoms on a (001) tungsten surface.
We imaged these charge distributions by means of atomic force microscopy
with the use of a light-atom probe (a graphite atom), which directly measured
high-order force derivatives of its interaction with a tungsten tip. This process
revealed features with a lateral distance of only 77 picometers.

graphite '

fungsten

i

X

2 | A"
wk1—n*1-3-...-(2n —
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d"F. (z+ Au) 0
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dz



?@/\ﬁ/kg

RENMIN UNIVERSITY OF CHINA

Multifrequency-AFM

Electronics with ry
Lock-in Amplifiers/ A
Phase-locked Loop h f
Photo Diode Am
Laser > P
- Phase, Al
= Amp, / Drive,
L A, A
¢ — » Phase; / Af, 1 Azl
5 5 ;
Z fo d
i5 |g . Ay A
' "5 =) 2 1
Cantilever Holder L i 2 h L TS ~ /f
i a :
5 i g P A\
D+2A1 ————————— /\/\/ E -
d 3 \
ot . < /
Sample Function Generators T T T T _ v >
- Frequency
7| PID Setpoint fo S f, f,
: 1 : Dual-Frequency
Bimoda Intermodulation R Tracki
eSonance- 1racking
df
F'S 1: set-point for repulsive regime
@ 2 : set-point for attractive regime
= A £ 3 : set-point at min. freq. shift
% mod” ' mod (from derivative curve)
% —p
o 1 df(z)/dz
3/ > 2
1
i
: 2 4t
< Ao | || S
“Qﬂ] (o) IJI “.‘ g
< : 2
: =\ @ \.:/ _________ Min. df

Band Excitation dip-Af method



WHET\: Bimodal

?@/\Rk'g

RENMIN UNIVERSITY OF CHINA

— A (F) g

Excitation Response
F, - >
Zy

Excitation

Response

I W

La

MWW
N Foeh,

|

%»‘Afwj

2412,

Simultaneous excitation
Of the first two resonances

VW

- ¢, (Im) 1

mode shape
o

A ®

-y (Im)

(a)

= 1st mede
= =2nd mode

~
—_
(2]
~—

Deflection

Time

Lo A flrY
A, fim)

Two additional channels

for imaging
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Table 1

Bimodal AFM configurations.

0.'50
x/L

Cantilever Deflection

Resonance 1 - AM
A,—> Topography

dnjn—» Loss Tangent

Resonance 2 - FM

fo—— Stiffness and Elasticity
A;—> Dissipation

Mode name Feedback mode 1 Feedback mode 2  Observables Quantitative observables® Material property

Bimodal AM AM Open Ay, A, P, @ T Dissipation

Bimodal AM-FM AM FM Ay, Az o, 2 A Af Dissipation, stiffness, Young modulus,
Bimodal FM FM Open Ay, Az, 1, e, A @, As g Dissipation, stiffness, Young modulus

% Observables that have an analytical relationship with a nanoscale property.
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Functional AFM: AFM+
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Conductivity, film uniformity and defects,
dielectric breakdown, dopant distribution

Electrostatic gradients, capacitance variations,
embedded conductors

Surface potential, work function, film uniformity
and coverage

Film thickness, dielectric constant, permittivity
and conductivity variations, buried charge

Piezoelectric domains, polarization vector and
switching, ferroelectric coercive field

Magnetic domains, magnetization hysteresis,
magnetic coercive field

Film thickness, dielectric constant, permittivity
and conductivity variations, buried charge

Local gate effects
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Electrostatic Force Microscopy (EFM)
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Figure 3. Layout of the capacitance sensor showing LCR circuit,
the ring modulator and the phase shifter.
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Phys. Rev. Lett. 110, 266101 (2013)
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Mesa corner that
mimics an AFM tip

Fig. 1. A micro fabricated | x 1 x 0.5 mm Hall probe mounted on a
100 kHz quartz crystal fork. (a) Side view, (b) top view, and (c) sensor
detail.
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Nanoscale imaging magnetometry with diamond
spins under ambient conditions

Gopalakrishnan Balasubramanian’, I. Y. Chan?f, Roman Kolesov', Mohannad Al-Hmoud', Julia Tisler!, Chang Shin®,
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Scanning Microwave Microscopy
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Piezoresponse Force Microscopy (PFM)
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Piezoresponse Force Microscopy (PFM)
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Scanning Probe Thermometry
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Atomic Force Microscope Controlled Topographical Imaging and
Proximal Probe Thermal Desorption/lonization Mass Spectrometry
Imaging

Olga S. Ovdnnnlkova,l Kevin Kjolkr, Gregory B. Hurst Dale A. Peﬂetltr, and Gary J. Van Berkel

TOrganic and Biological Mass Spectrometry Group, Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831-6131

iAnasys Instruments, Santa Barbara, California 93101

§Biological and Nanoscale Systems Group, Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6036

© Supporting Information

ABSTRACT: This paper reports on the development of a
hybrid atmospheric pressure atomic force microscopy/mass
spectrometry imaging system utilizing nanothermal analysis
probes for thermal desorption surface sampling with
subsequent atmospheric pressure chemical ionization and
mass analysis. The basic instrumental setup and the general
operation of the system were discussed, and optimized
performance metrics were presented. The ability to correlate
topographic images of a surface with atomic force microscopy
and a mass spectral chemical image of the same surface,
utilizing the same probe without moving the sample from the system, was demonstrated. Co-registered mass spectral chemical
images and atomic force microscopy topographical images were obtained from inked patterns on paper as well as from a living
bacterial colony on an agar gel. Spatial resolution of the topography images based on pixel size (0.2 ym X 0.8 gm) was better
than the resolution of the mass spectral images (2.5 gm X 2.0 gm), which were limited by current mass spectral data acquisition
rate and system detection levels.
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Scanning Probe Lithography
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Scanning Probe Lithography

nature hnol REVIEW ARTICLE
nanotec no Ogy PUBLISHED ONLINE: 5 AUGUST 2014 | DOI: 10.1038/NNANO.2014.157

Advanced scanning probe lithography

Ricardo Garcia', Armin W. Knoll? and Elisa Riedo**
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Figure 1| Scanning probe lithography. a, Schematic of scanning probe lithography (SPL) where imaging and patterning applications are orthogonal.
b, Classification of SPL methods according to the dominant tip-surface interaction used for patterning, namely electrical, thermal, mechanical and

diffusive processes.
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Scanning Probe Lithography

Nano Analytik NanoFrazor
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nature |
materlals PUBLISHED ONLINE: 23 SEPTEMBER 2015| DOI: 10.1038/NMAT 4395

Big-deep-smart data in imaging for guiding
materials design

Sergei V. Kalinin'?*, Bobby G. Sumpter?? and Richard K. Archibald'?

Harnessing big data, deep data, and smart data from state-of-the-art imaging might accelerate the design and realization of
advanced functional materials. Here we discuss new opportunities in materials design enabled by the availability of big data
inimaging and data analytics approaches, including their limitations, in material systems of practical interest. We specifically
focus on how these tools might help realize new discoveries in a timely manner. Such methodologies are particularly appropriate
to explore in light of continued improvements in atomistic imaging, modelling and data analytics methods.
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