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Not Only Structure ….. Also Properties

140K

10 nm

Atomic Structure and Ferroelectric 
Polarization; BaTiO3

Separating Atomic Lattice and 
Charge Lattice:  Potassium 
Molybdate

CH3-CO-S-Benzen-(Zn-prophyrin)3

STM current image Height =5nm
Diameter =2nm 

STM 
topography

Biomolecules on Surfaces

Functional Oxide Structure

Spin and Charge: La 
Manganates
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The Ideal Probe

Temperature
Chemical environment

Sample stimulation
dc + high frequency ac  lateral modulation
Back gate modulation
Frequency dependence
Dc + modulated magnetic field
Single wavelength optical 
Wavelength modulation

Tip Modulation
mechanical
electrical
optical

Detection
Higher order harmonics
Multiple harmonics
Frequency dependence
Optical + electrical
Optical + mechanical
Wavelength dependence

Van der Waals interactions

V1 + V2 sin(ωt)

surface potential, SIM, NIS

+
+
+
+

- -
-- -
- PFM, SCM ,SSRM

electrostatic/
magnetic 

interactions

Mechanically driven         electrostatically driven
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Multiple Modulation/Higher Harmonics Yield Properties

Technique Mode Property

AFM nc/ic, mech, phase/amp VdW interaction, topography
EFM nc, mech, phase/amp electrostatic force,
MFM nc, mech, phase/amp magnetic force, current flow

MM-MFM nc, elec, phase/amp potential, potential corrected magnetic force, current 
SSPM, KPM nc, elec, 1st harmonic potential, work function, adsorbate enthalpy/entropy
SCM c, F, cap sensor capacitance, relative dopant density
SCFM c, elec,  3rd harmonic     dC/dV, dopant profile
SSRM c, F, dc current resistivity, relative dopant density
SIM nc, elec, phase/amp interface potential, capacitance, time constant, 

local band energy, potential, current flow
NIS c,F, freq spectrum interface potential, capacitance, time constant, 

quantitative dopant profiling
PFM c, elec, phase/amp piezo electric coefficient, d33
NPFM c, elec, 2nd harmonic switching dynamics  (relaxation time and domain 

nucleation)
SNDM c, F, 1st or 3rd harmonic dC/dV, dielectric constant
SMM c, F, phase microwave losses, dielectric constant

Shao and Bonnell, Critical Opinions In Solid State 2004
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Scanning Impedance Microscopy
exploiting sample perturbation and frequency dependence
electrons trapped at an interface
band energies in a nanotube

Higher Harmonics
dielectric constant of a thin film
dielectric constant of nanowires
density of states of nanotubes

Higher Harmonics in Tip Scattered Optical Signal
dielectric function of porphyrin
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An Oscillating Electrical Signal
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An Oscillating Electrical Signal
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Scanning Surface Potential Microscopy/Kelvin Force Microscopy
Scanning Impedance Microscopy
Gated Scanning Impedance
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An Oscillating Electrical Signal
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New Variants of SSPM/KFM  and EFM

Dielectric function
Quantum capacitance
Density of states
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An Oscillating Electrical Signal
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An Oscillating Electrical Signal
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Scanning Surface Potential Microscopy/Kelvin Force Microscopy
Scanning Impedance Microscopy
Gated Scanning Impedance
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Scanning Impedance Microscopy: a local probeScanning Impedance Microscopy: a local probe
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Kalinin and Bonnell, Appl. Phys. Lett.,  2001,
US patent

Shao, Kalinin, Bonnell, APL 2003
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0                                                     
70 µm

0                                                     
70 µm

7
0 

7
0 

(a) (b)

Positive lateral bias

Negative lateral bias

Current Flow Maps

No applied bias

ZnO Varistor
Device in
Operation

Potential X derivative Y derivative

D. A. Bonnell,S. Kalinin   
Proc. of Int, PolySe (2000)
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Scanning Impedance Microscopy: a local probeScanning Impedance Microscopy: a local probe
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N A N O  /  B IO
IN T ERFA CE
CEN T ER

Grain Boundary Structure

1000oC for 15 min in 
vacuum: details show up in 
surface steps.
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Aberration corrected STEM image of a SrTiO3
bicrystal and calculated charge density
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Fine Structure at the Grain Boundary
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Temperature Dependent SIM Identifies an Interface Induced Ferroelectric  
Phase Transition in SrTiO3

Scanning surface potentiometry
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Shao, Duscher, Chisholm, Bonnell, PRL (2005)
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Direct Imaging of the Boundary PotentialDirect Imaging of the Boundary Potential
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Temperature Dependent Transport Reveals Collapse of the Temperature Dependent Transport Reveals Collapse of the 
Interface Potential Barrier   in SrTiOInterface Potential Barrier   in SrTiO33
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Shao, Duscher, Chisholm, Bonnell, PRL (2005)
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Field Induced Dipole Alignment 

Boundary charge=0.06C/m2 

That is 0.3 electron/unit cell

That is 0.8 electrons/Ti unit

Interface charge determined from first principles calculations aInterface charge determined from first principles calculations and transport nd transport 
measurements are in good agreementmeasurements are in good agreement

0.5nm

Sr

O

Ti

Aberration corrected Z 
contrast TEM

DFT calculations

Shao, Duscher, Chisholm, Bonnell, PRL (2005)



N A N O  /  B IO
IN T ERFA CE
CEN T ER

Samples 
from 
Craighead &
MacDiarmid
Groups

Scanning Impedance on 
Reduced Dimension Structures

Nikiforov, Liu, Bellan, Craighead, Bonnell
Nano Letters  2005
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Scanning Impedance on 
Reduced Dimension Structures
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SIM Determines the Electronic Structure of Individual Defects in
Molecular  Wires and Nanotubes

SGMSGM
(current through the nanotube)(current through the nanotube)

SIM amplitudeSIM amplitude
(local potential amplitude)(local potential amplitude)

Spot diameter : 1* +
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Freitag, Johnson, Kalinin, Bonnell, Phys Rev Lett (2002)
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Electronic Structure of Individual  Defects

Quantum electrostatics
Tip

Tube

Gate

C1

C2

surf
q

tube V
CCC

CΦ
++

=
21

1

Cq - quantum capacitance

C1, C2 – geometric capacitances

C1

C2 Cq

Onset of depletion

itube VΦ =∆

S. Lyrui, Appl. Phys. Lett. 52, 501 (1988), 
M. Freitag, S.V. Kalinin, A.T. Johnson, D.A. Bonnell, PRL (2002)
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Defect contrast is related to the local electronic structure

SGM

SIM

Increasing tip bias
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Tip bias (V)

Defect Slope [nm/V] Vi [mV] Vi
* [meV]

1 83.6 ± 3.6 65 20
2 39.1 ± 0.4 139 40
3 26.4 ± 1.1 206 55
4 53.0 ± 1.2 102 30

M. Freitag, S.V. Kalinin, A.T. Johnson, D.A. Bonnell, PRL (2002)
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An Oscillating Electrical Signal
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New Variants of SSPM/KFM  and EFM

Dielectric function
Quantum capacitance
Density of states
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Simultaneous topographic signal, 1st harmonic and 2nd harmonic detection
Implemented on custom designed Omicron VT AFM/STM

2ω

Differential 
capacitance

Effectively 2 lock-in signals
Additional filters on the frequency demodulator signal
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Simultaneous imaging of topography,   surface potential (1ω), and 
differential capacitance (2ω)   of high-k oxide film (2nm HfO2 on Si).

topography

1ω 2ω
0.002ω (Df)

topography

1ω 2ω

Omicron UHV  VT-AFM/STM
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In situ surface potential (first harmonic in electrostatic modulation)
Sample modulation over a wide frequency range (SIM,NIS)

electrons at interfaces in devices
band energies  at defects in nanotubes

Simultaneous first and second harmonic
potential (work function) and dielectric constant
quantum capacitance, DoS in confined systems

Two frequency electrical modulation
dielectric constant

Adding optical techniques
work function and dielectric function
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Porphyrin on Graphite
Orientation of the molecule within the islands

I
II
III

99º

0.87 nm

101º

1.73 nm

1.55 nm

1.05 nm

Nikiforov, Shnaider, Zerwek, Eng, Bonnell
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Dependence of the surface potential on orientation

I
II

III

∆ ~ 50 mV indicates the formation 
of dipole at the interface

Coupling between pi orbitals in the substrate 
plane and molecule depends on orientation

Nikiforov, Shnaider, Zerwek, Eng, Bonnell
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Scattering near field optical microscopy 
overview
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S-SNOM of porphyrin island on HOPG
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Nikiforov, Shnaider, Zerwek, Eng, Bonnell
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Challenges in applying SPM to metrology of complex properties
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There is much information in the  ‘long range’
interactions; it is not simple to extract it!!

Combining multiple modulations of tip signals and sample perturbations 
yields new information

Scanning Impedance Microscopy 
Nano Impedance Spectroscopy

trap state time constants
dielectric anomalies 

Accessing higher harmonics with multiple signals yields complex properties
Surface Potential vs Dielectric Constant

polarizability !!!

Exploiting boundary conditions related to sample configuration can yield 
fundamental information.

Quantum Capacitance Defect electronic structure
Density of States Quantization at Interfaces



C
e
n
t
e
r

@

T
h
e

U
n
i
v
e
r
s
i
t
y

o
f

P
e
n
n
s
y
l
v
a
n
i
a

i
n
f
o
@
n
a
n
o
t
e
c
h
.
u
p
e
n
n
.
e
d
u

H
o
m
e

|

P
a
r

mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
mailto:info@nanotech.upenn.edu
http://www.nanotech.upenn.edu/
http://www.nanotech.upenn.edu/
http://www.nanotech.upenn.edu/
http://www.nanotech.upenn.edu/
http://www.nanotech.upenn.edu/participants.html
http://www.nanotech.upenn.edu/participants.html
http://www.nanotech.upenn.edu/participants.html
http://www.nanotech.upenn.edu/participants.html
http://www.nanotech.upenn.edu/research.html
http://www.nanotech.upenn.edu/education.html
http://www.nanotech.upenn.edu/industry.html
http://www.nanotech.upenn.edu/partners.html
http://www.nanotech.upenn.edu/pubs.html
http://www.nanotech.upenn.edu/facilities.html
http://www.nanotech.upenn.edu/events.html
http://olympic.seas.upenn.edu:8080/nanotech/calendar.jsp?user=all&file=general&today=today
http://www.nanotech.upenn.edu/nirt.html
http://www.nanotech.upenn.edu/members/
http://www.nanotech.upenn.edu/researchBOF.html
http://www.nanotech.upenn.edu/researchMM.html
http://www.nanotech.upenn.edu/researchSMP.html
http://www.nanotech.upenn.edu/researchEN.html
http://www.nanotech.upenn.edu/
http://www.upenn.edu/
http://www.nsf.gov/
http://www.nanotech.upenn.edu/researchBOF.html
http://www.nanotech.upenn.edu/researchMM.html
http://www.nanotech.upenn.edu/researchSMP.html
http://www.nanotech.upenn.edu/researchEN.html


N A N O  /  B IO
IN T ERFA CE
CEN T ER

provide a platform that facilitates advances in the field by:

articulating a global vision for the scientific community
informing science funding agencies 
defining the future directions of the field

providing a mechanism for junior scientists to rapidly exchange information
enabling routine communications between international collaborators
facilitating international partnering for large research programs


