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SCANNING PROBE MICROSCOPE (SPM)

“ I can’t see it, but my SPM probe can！”



Moth wing DNA
CD/DVD/Blu-ray

SARS-COV virion

Cellular Microbiology (2005) 7(12), 1763–1770

----Source: Asylum Research gallery

Advanced film group 

------------------------------

Bismuth ferrite thin films



MANIPULATION

CHARACTERIZATIONS

Atomic force microscopy (AFM): 

-Topography, force measurement 

Piezoresponse force microscopy (PFM): 

-Ferroelectric domain structure, domain switching behavior

Magnetic force microscopy (MFM): 

-Magnetic domain structure

Conductive AFM (C-AFM): 

-Materials conductivity  

Electrostatic force microscopy (EFM): surface charge

Kevin probe force microscopy (KPFM): surface potential, 
work function, etc. 

Tomographic atomic force microcopy (TAFM) 

Scanning Probe Microscopy (SPM)



IN-SITU 

CHARACTERIZATION

Temperature control 

Atmosphere 

Liquid environment

Force  

Electric field 



SCANNING PROBE MICROSCOPE

• There are four photodiode component:  

A, B, C, and D

• The sum value is A+B+C+D

• A vertical deflection: (A+B)-(C+D)

• Similarly a lateral deflection: (B+D)-(A+C)

Deflection
Photodiode detector



TOPOGRAPHY 

Roughness in picometer resolution

• Morphology 
• Thickness
• Roughness
• Defects



CONTACT MODE

http://www.freesbi.ch/en/illustration/figures

http://www.eng.utah.edu/~lzang/images/Lecture_10_AFM.pdf

Atomic Force Microscopy



TA P P IN G MODE
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http://www.freesbi.ch/en/illustration/figures

http://www.eng.utah.edu/~lzang/images/Lecture_10_AFM.pdf

Atomic Force Microscopy



• 2-D p-MSB crystals

• High-resolution AFM measurement was performed 

under ambient conditions

• Thickness

• Crystallographic structures 

High-resolution AFM measurement of 2D materials 

Nat. Comm. 2019, 10, 756
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AFM of TEM lamella sample ZnS/GaP multi-layer  

The Journal of Physical Chemistry C 2019, 123, 3336



• Piezoresponse force microscopy (PFM)

• Conductive atomic force microscopy (CAFM)

• Electrostatic force microscopy (EFM)

• Kelvin probe force microscopy (KPFM)

• Magnetic force microscopy (MFM)



PIEZORESPONSE FORCE MICROSCOPY (PFM)                                             

• Top electrode: conductive AFM tip

• Local deformation under the tip

• Inhomogeneous field

• Displacement can be measured



PFM MEASUREMENTS

Amplitude Phase

https://afm.oxinst.com/

https://afm.oxinst.com/assets/uploads/products/asylum/documents/Piezoresponse-Force-Microscopy-AFM-web.pdf


PFM Amplitude 

nanoscale bubble domains

Topography +PFM phase

Blood cell[2]

PFM Amplitude 

PTO c/a domains

Topography +PFM phase

BFO nanofiber[1]

APPLICATIONS

[1] data from Shuhong Xie (Xiangtan Uni) et.al,  Asylum research gallery

[2] data from  B. Rodriguez and S. Kalinin, ORNL, Asylum research gallery

1 um  100 nm 200 nm

Scan size 2 µm



1. Synthesize freestanding SrTiO3 and

BiFeO3 ultrathin films by reactive

molecular beam epitaxy;

2. Transfer them to diverse substrates,

in particular crystalline silicon wafers

and holey carbon films.

SrTiO3

Fascinating properties of 2D materials make them exciting

candidates for next-generation technology in energy, quantum

computing, and other applications.

Freestanding crystalline oxide perovskites 

down to the monolayer limit

Nature, 2019, 570, 87



10 unit cells (u.c.)    6 u.c. 4 u.c. 2 u.c.

• Freestanding BiFeO3 films exhibit unexpected and

giant tetragonality and polarization when

approaching the 2D limit.

• PFM revealed giant polarization in BFO, in layers

only 2 unit cells thick

• Absence of a critical thickness for stabilizing the

crystalline order in the freestanding ultrathin oxide

films.
Nature, 2019, 570, 87



Imaging while collecting current

CONDUCTIVE ATOMIC FORCE MICROSCOPY (CAFM)

gaininout

in

sample

in

sample

in
gainout

sample

in

gain

out

RIV

so

I
R

V

but

R

V
RV

R

V

R

V

=

=














=

=



•

•

•

CONDUCTIVE AFM

CAFM of DVD Recording
Photo current at zero applied bias
Polymer self assembled nanofibers.

Image courtesy of D. Kamkar and T.-Q. Nguyen, UCSB.

Source: Asylum research gallery 



Voltage-dependent current map on 

vertically aligned carbon nanotubes (CNTs)

Nanoscale Research Letters 2013, 8, 24

Topography Current map I-V curves



Domain wall conductivity

Seidel, et al. Nat. Mater. 8, 229-234 (2009)

Lubk, et al. Phys. Rev. B 80 104110 (2009)

Multiferroic BiFeO3 thin films 

0
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P.Sharma, et al. Sci. Adv. 2017, 3, e1700512



Device Testing

IC Device. Conductive AFM images of IC showing the failure of conducting wires as 
normal, open, and resistive.

https://www.parksystems.com/index.php/medias/resource

s/afm-images/electrical-electronics/ic-device



Conductive AFM of TEM lamella sample 

Zinc sulfide/ Gallium phosphide (ZnS/GaP) multi-layer  
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The Journal of Physical Chemistry C 2019, 123, 3336



- Graphene/Ruthenium
- CAFM in air. Limited influence from humidity and environment
- Images in (d) correspond to blue and pink boxes in (b) with scan size 1 nm. 
- The atomic-scale AFM images allowed them to directly relate local contact quality to interfacial atomistic structure.
- The new model described the effect of varying the relative orientation angle of graphene. 
- Applying this model to other interfaces with 2D materials should help establish design guidelines for tuning interfacial 

electrical contact on the atomic scale.

Nano Lett. 2019, 19, 3654



• Materials: graphene /Ge(111)

• Conductive probe

• Ambient conditions

(20−25°C, relative humidity 20−30%)

• Using lattice-resolved conductivity

mapping and first-principles calculations

• The electronic charge transfer has been

demonstrated

• Conductive grain boundary

• Electrical conductivity can be fine-tuned

by the topological defects of 2D materials

and the atomic stacking with respect to

the substrate.

Nano Lett. 2018, 18, 6030



• A typical current image contained two distinct regions, long-period and short-period moiré patterns, which 
which shows a sharp contrast in conductivity.

• The current measurement in c-AFM directly confirms that the enhancement at the GB and the superlattice 
superlattice level modulation in current are originated from the variation of local contact conductivity.

Nano Lett. 2018, 18, 6030



ELECTROSTATIC FORCE MICROSCOPY (EFM)

MAGNETIC FORCE MICROSCOPY (MFM)

-- Wikipedia

Electrostatic force microscopy (EFM) is a type of 

dynamic non-contact atomic force microscopy 

where the electrostatic force is probed. 

("Dynamic" here means that the cantilever is 

oscillating and does not make contact with the 

sample). 

This force arises due to the attraction or repulsion 

of separated charges. It is a long-range force and 

can be detected 100 nm or more from the sample.

Magnetic force microscopy (MFM) is a variety

of atomic force microscopy, in which a sharp

magnetized tip scans a magnetic sample; the tip-

sample magnetic interactions are detected and

used to reconstruct the magnetic structure of the

sample surface



• The first scan: scanning the tip near the

surface as it is done in NC-AFM (the

van der Waals forces are dominant)

• The second scan: increases the tip-

sample distance where

electrostatic/magnetic forces are

dominant.

• The tip is then biased and move parallel

to the topography line obtained from the

first scan (constant tip-sample

distance.).

• Here the only source of the signal

change will be the change of the

electrostatic/magnetic force.

https://www.parksystems.com/images/spmmodes
/dielectric/Electrostatic-Force-Microscopy-
(EFM).pdf?ver=1.2

Measurement principles 



Phys. Rev. Lett. 2006, 97, 076805 

• A domain-like signal feature from EFM

• 3 V voltage on the tip and 100 nm lift-up distance. 

• The scans show bright (less conducting or insulating ike)

Electrostatic Force Microscopy on Oriented Graphite Surfaces:

Where Insulating and Conducting Behaviors Coexist



Time-resolved electrostatic force microscopy of polymer solar cells 
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Nature Materials, 2006, 5, 735

• Material: P8BT/PFB polymer blend 

• Low-cost photovoltaic device 

• Introduce time-resolved electrostatic 

force microscopy (EFM) as a means 

to measure photoexcited charge in 

polymer films

• The data show that the domain 

centres account for the majority of 

the photoinduced charge collected in 

polyfluorene blend devices

The dark rings indicate 

regions of slower charging



Sample is La0.67Sr0.33MnO3 (LSMO) film with 100-nm domains

Nature Nanotechnology, 2019, 14, 691

-The  domain  stripes  remained  unchanged  up  to  20  mA,  but were  reoriented  with  an  applied  cur-rent of 25 mA. 

-The ability to control spin waves in ordered magnetic materials could enable new types of fast, low-power memory and 

logic devices. 

MFM on



ACS Appl. Mater. Interfaces,2018, 10, 36556

MFM under an out-of-plane magnetic field of  0 mT, 18 mT, 24 mT

Skyrmion in Ta/CoFeB/MgO Multilayers



Reversal of the skyrmion lattice under 
an out-of-plane field.

Reversal of the skyrmion lattice an in-plane titled magnetic 

field. 

ACS Appl. Mater. Interfaces,2018, 10, 36556
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KELVIN PROBE FORCE MICROSCOPY (KPFM)
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KELVIN PROBE FORCE MICROSCOPY



Sample 

d    

C=Q/ΔV

known

Changes with d,  C=ε A/d

ΔV=VCPD ➔ Δ work function =Φtip - Φsample

CPD: contact potential difference

Calculate sample work function using KPFM



•

ACS Nano 2017, 11, 2785

Graphene−WS2 2-dimensional heterojunctions
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The contact potential difference (CPD) is 
the difference between the KPFM tip and 
sample work functions,
VCPD = ϕtip − ϕsample. 

The work function of the Pt/Ir tip is 
estimated to be 4.89 ± 0.1 eV. 

The work functions of graphene and WS2 

are estimated to be 4.85 eV and 5.04 eV, 
respectively.



Scientific Reports, 2013, 3, 2597 

Standardization of potential measurements for graphene domains

KPFM to study surface potential of single layer graphene (1LG) and bi-layer graphene (2LG)





TAFM is the process in which a scanned probe, with downforces as high as micronewtons, performs

mechanical removal (machining) of a specimen surface while simultaneously or sequentially

recording one or more imaging modes, e.g., topography and PFM.

• 120-nm thick BiFeO3 thin-film 
heterostructure

• 11.4-μN mean probe downforce

• Mean vertical removal rate of 0.97 
nm per frame 

• An overall tomographic sequence 
of ∼200 imaging frames

TAFM of a BiFeO3/SrRuO3/DyScO3 thin-film heterostructure. 

Two-dimensional histogram of z position as a
function of imaging frame during TAFM of an h =
120 nm BiFeO3 thin film

Tomographic atomic force microscopy (TAFM) 

PNAS, 2019, 116, 2413



Tomographic reconstruction of ferroelectricity from a BiFeO3 thin-film heterostructure

PNAS, 2019, 116, 2413



Nat. Comm., 2018, 9, 4068

Twist angle of MoS2/Graphene heterojunctions

• Manipulate MoS2 on graphene substrate using AFM probe 

• Measure electrical properties using CAFM for each angle  

Twist angle between the two individual layers plays a crucial role in tuning the heterostructure properties



GraphiteCarbon nanotube

Nanomanipulation

-Asylum research gallery 



In-situ characterization 
Heating / Cooling of syndiotactic polypropylene - polystyrene (sPP-PS) on Silicon

-Asylum research gallery 



SUMMARY



Thank you for your attention ！

peggy.zhang@unsw.edu.au





Experiment set-up 

• AFM micrographs were taken at 28 °C using an Asylum Research (Oxford Instruments)
model Cypher ES equipped with BlueDrive photothermal excitation.

• Tapping mode phase with Cypher ES and blueDrive at 19.5 Hz line scan rate (~13 s per
image)

Delamination of Porous coordination polymers (PCPs) crystals --
(Zn2(1,4-ndc)2(dabco))n



30 x 30 nm scan, Scan rate, 19.5 Hz

2D FFT spectrum of the real image
Scale bar, 1 nm-1.

Layer-by-layer delamination process captured in situ at the lattice scale

250 nm

250 nm

250 nm

5 nm

With exfoliation of the first layer, the second layer appears and develops along the      
< 110> direction



Probe:
• highly conductive p-type

doped diamond tips
• spring constant of 0.5 N/m

and radius of curvature
below 5 nm.

• α mode: fully conductive tip
• β mode: partially insulating

tip

(a) Topography              (b) LFM                       (c) CAFM

Study surface conductivity of 

Tungsten disulfide (WS2) using c-AFM. 

Nano Lett. 2019, 19, 2, 1190

C-AFM can provide true atomic resolution on

atomically smooth semiconductor surfaces, such

as WS2,by utilizing quantum point contact
microscopy.

• Lattice periodicity

• Conductivity α mode α mode α mode

β mode β modeβ mode



• Current image of WS2  surface showing a chalcogen vacancy (indicated by the arrow).

• Current image containing other type of surface defects having a large electronic influence 
in their surroundings.

β mode 

β mode 

Nano Lett. 2019, 19, 2, 1190



Science 312.5771 (2006): 242-246.

•



Photoelectric conversion

NanoLett.2005,5, 559

Advanced Materials 21.1 (2009): 19-28.

Polymer blend (F8BT:PFB) 

• Investigate the surface potential change with light using KPFM 



•

Nano letters 13.6 (2013): 2771-2776.

Increase of the number of repeated rubbing at the same area @120 nN

Series of images of surface potential distribution 
as a function of time after the triboelectrification


