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Beyond imaging, atomic force microscopy (AFM) based methodologies enable the quantitative

investigation of a variety of physico-chemical properties of (multicomponent) materials with a

spatial resolution of a few nanometers. This Feature Article is focused on two AFM modes, i.e.

conducting and Kelvin probe force microscopies, which allow the study of electrical and electronic

properties of organic thin films, respectively. These nanotools provide a wealth of information on

(dynamic) characteristics of tailor-made functional architectures, opening pathways towards their

technological application in electronics, catalysis and medicine.

Introduction

Making use of nature as a source of inspiration, hierarchical

self-assembly provides tools for bottom-up construction of

sophisticated functional nanoscale architectures,1 thus paving

the route towards their optimization for application in a

variety of fields including sensors, catalysis and electronics.2,3

Since the characteristics of molecular materials are known to

depend on their shape and size4 as well as on the order at the

supramolecular level,5,6 it is crucial to be able to unveil

(dynamic) properties of nanoscale architectures. Among the

different properties of materials, the electrical and electronic

properties are widely exploited in sensor as well as in organic

opto- and nano-electronic technologies.

Scanning probe microscopies (SPMs) are very powerful

tools, which make it possible to explore, in a non-invasive

manner, (supra)molecular architectures across a wide range of

length scales, even down to the nanoscale. Moreover, SPM

investigations can be carried out under different environmental

conditions, thereby enabling the exploration of complex

systems in their native environments. Simultaneously to mor-

phological and structural characterizations, many (dynamic)

physico-chemical properties can be studied using these tools,
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such as mechanical,7 magnetic and electronic properties.8–10 In

this way a correlation between these measured characteristics

and the structure becomes possible. The acquired knowledge is

therefore fundamental for the optimization of molecular

materials and devices.

Among the different SPMs, atomic force microscopy

(AFM)11–13 is undoubtedly the most versatile set-up as it

enables the investigation of both electrically conducting and

insulating molecular assemblies. Different AFM modifications

have been introduced over the past decade aiming at studying

various properties of nanostructures.14–20

In this Feature Article, we focus on two AFM-based

methodologies, namely conducting and Kelvin probe force

microscopies, which can be used to investigate, under ambient

atmosphere, the electrical and electronic properties of organic

nanostructures of potential interest in the field of nanoelec-

tronics and more generally in nanotechnology.

Conducting probe AFM on organic thin films

Different approaches and junction configurations have been

proposed and employed to study the charge transport proper-

ties of organic nanostructures, including those based on either

one or two mercury-drops,21 nanopores,22 break junctions,23

facing Au nanoelectrodes24 also assisted by metallic nanopar-

ticles,25,26 and by using scanning probe microscopies (SPMs).

Among SPMs, scanning tunneling microscopy (STM) and

spectroscopy as well as conducting probe atomic force
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microscopy have proven to be efficient tools to unravel

simultaneously electrical and structural properties of nano-

structures. The main advantage of conducting probe atomic

force microscopy, also known as conductive AFM (hereafter

named C-AFM), consists in the possibility to simultaneously

perform topographical and electrical characterizations. This

technique relies on the use of an electrically conducting AFM

tip as one electrode and a conductive substrate, or patterned

metallic electrode at surfaces, acting as counter electrode.

When a voltage, typically lower than 10 volts, is applied

between the two electrodes, a current usually ranging from a

few fA to several mA can be measured with C-AFM (Scheme 1).

The electrical current can be detected at a controlled voltage

between the tip and the metal electrode, either recording

images, that can be used as a measure of the local conductivity,

or collecting current–voltage (I–V) and current–vertical

distance (I–Z) curves.27–30 In order to obtain I–V character-

istics of defined nano-objects at surfaces, ‘point-contact’

measurements at given locations of the sample surface can

be recorded with the tip held fixed while the tip–sample bias is

ramped. On the other hand, for I–Z measurements, the sample

bias is kept constant while the scanner is moved along the Z

direction, perpendicular to the sample surface. In fact, C-AFM

exploits the conventional positioning scheme of the tip via the

force detection of AFM. Being decoupled from the current

signal, it permits the recording of simultaneous topographic

and current features. Notably, this differs from STM: in this

latter technique, the positioning of the tip is achieved via the

tunnel current detection, often making the control of the

tip–sample distance quite delicate. Moreover, while STM can

only probe conducting materials or ultra-thin insulating films

supported on conductive substrates, C-AFM is much more

versatile since it can be employed to characterize insulating

materials in thin films, e.g., silicon oxide, alkane layers, and

self-assembled monolayers (SAMs) on conducting surfaces, or

relatively resistive materials such as organic semiconduc-

tors.29–32 The lateral resolution of C-AFM is not limited by

the prime physical properties employed to map the surface (i.e.

electron transport) – in contrast to Kelvin probe force

microscopy (see below) – but rather by the probe radius of

commercially available conducting probes, i.e. typically of a

few nm up to ten nm. Regarding this issue, STM offers a better

lateral resolution, being on the sub-nm range. Albeit C-AFM

has been employed to study the electrical properties of a

large variety of materials, here we mostly highlight studies

focused on the characterization of organic nanostructures and

thin layers.

C-AFM can be employed in two different configurations:

horizontal and vertical. In both cases, the C-AFM tip acts as

one electrode. In the horizontal configuration, the electrically

active material is supported on an insulating surface (e.g.,

SiO2) and it is connected to one patterned electrode. In the

vertical configuration, a (mono)layer of the material is

deposited on a conductive surface (acting as counter electrode)

and the tip is placed on top of the layer.

Horizontal configuration

The development of C-AFM contributed to explore the

electronic properties of carbon nanotubes, in an effort towards

a more comprehensive understanding of charge transport

in such systems. This was accomplished by studying the

resistivity of individual multi-wall carbon nanotubes posi-

tioned between gold electrodes supported on a SiO2 substrate,

using the C-AFM probe as the counter electrode. In this way

the topography and the resistance of the nanostructure

were mapped simultaneously.28 It was observed that curved

nanotubes (i.e., possessing structural defects) exhibit a

resistivity almost one order of magnitude higher than that

of straight carbon nanotubes. In a similar way, ion beams

have been employed to generate defects in single walled

carbon nanotubes (SWCNTs). The induced change in charge

transport properties has been probed by C-AFM. This

result opened new paths towards the fine tuning of the

electronic properties of such architectures.33 It is worth noting

that such experiments were carried out in contact mode.

However, this mode is known to be too invasive to study

relatively soft materials based on organic molecules and

polymers. One way to minimize the load exerted by the tip

on the sample, and therefore to avoid sample damage, is to

explore its topography by dynamic, intermittent contact modes

(e.g., tapping-mode), and then perform stationary point-

contact I–V experiments at given locations. This methodology

has been used by Frisbie and co-workers to establish relation-

ships between the morphology and the electrical properties of

organic semiconducting architectures at the nanoscale. They

studied sexithiophene (6T) crystals vacuum grown on a SiO2

substrate and connected to a Au wire counter electrode

(see Fig. 1(A)). I–V curves were recorded using a Au-coated tip

at different tip–electrode horizontal distances (points 1–4 in

Fig. 1(B)).31 By measuring I–V curves at different locations,

they estimated the ‘contact resistance’ by extrapolation at a

zero tip–electrode distance. This allowed them to unravel the

effect of a grain boundary in the crystal, as observed in the

topography image between locations 1 and 2 in Fig. 1(B). A

very high resistance was attributed to the grain boundary: for

location 1 the resistance was found to be on the order of a few

tens of MV, while on the opposite side of the grain boundary

(points 2–4 in Fig. 1(B)) the resistance was about a few

hundreds of GV. A linear extrapolation led to a contact

resistance of 25 GV (see Fig. 1(D)), almost completely

attributable to the grain boundary. This approach has also

been applied to determine the effect of iodine doping of 6T

thin films,34 and to determine the conductance of single

Scheme 1 Experimental set-up for conducting AFM and Kelvin

probe force microscopy. See text for details.
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oligo(para-phenylene vinylene) molecules through different

nanosized gaps.35

Another way to study the electrical transport through

organic semiconductors is to exploit field-effect transistor

(FET) configurations with variable channel lengths, where the

C-AFM probe and one metallic electrode serve as source and

drain electrodes, respectively.36 Such a set-up was also

exploited to study copper phthalocyanine nano-crystals and

to estimate the charge carrier mobility of single crystals.37

Other SPM techniques such as tapping-mode AFM and

electrostatic force microscopy have been employed in com-

plementary approaches to study the relationship between the

charge transport properties and the microscopic morphology

of organic semiconductors within the channel of FETs.38,39

Vertical configuration

A key advantage of vertical contact C-AFM is the possibility

of tailoring a metal–molecule–metal junction avoiding expen-

sive top-down micro- or nanofabrication. The vertical contact

configuration is well suited to study self-assembled monolayers

(SAMs) on conductive surfaces,40 such as thiolated molecules

chemisorbed on Au or Ag substrates forming one-molecule-

thick crystalline films. In particular this configuration has been

employed to investigate a large variety of sulfur-terminated

alkyl and aromatic molecules chemisorbed on gold32 proving

to be a useful tool to better understand the charge transport

mechanisms through single molecules. The effects of tip load

on the measured resistance, as well as substrate roughness, tip

functionalization and chain length, have been thoroughly

investigated. It is generally accepted that tunneling is the

dominant mechanism for charge transport through organic

monolayers in such a configuration, although the details of

this mechanism are still not fully understood.32,41 The

tunneling through a series of SAMs (both alkylated and

aromatic) has been explored in this way, leading to the

determination of the tunneling decay parameter b.32,42,43

According to the ballistic tunneling approximation, the linear

conductance through an electrode–molecule–electrode is pro-

portional to a transmission function T, reflecting the efficiency

of the charge transport (across the contacts and through the

molecule). b is related the efficiency of the tunneling through

the molecule as eqn (1):32

Tmol = exp(2bl) (1)

where Tmol is the transmission function of the charge through

the molecule and l is the width of the barrier. b is indeed a

function of the barrier height, i.e. the relative energies of the

frontier molecular orbitals of the molecule and the Fermi level

of the electrodes. For aliphatic chains, values of b were found

to be around 0.6–1 Å21, while for oligo(phenylene) chains it is

estimated to lie in the 0.2–0.6 Å21 range.32 Noteworthy, these

values are in agreement with those obtained by Hg drop

junction investigations.41 The difference in b values between

aliphatic and aromatic systems is due to the smaller HOMO–

LUMO gap for the latter (y3 eV vs. y8 eV for saturated

hydrocarbons), leading to a higher tunneling efficiency for

p-conjugated systems (or even the possibility of hopping

charge transport to take place). The b value was also

determined for alkanedithiols chemisorbed to the AFM tip,

Fig. 1 (A) Scheme of the experimental set-up. (B) Topographic image of a sexithiophene (6T) crystal connected to a microfabricated Au wire on

SiO2. Two grain boundaries (GBs) are indicated with arrows. Point-contact measurements were made at points 1–4. The image was obtained in

tapping-mode AFM with a Au-coated probe. (C) Point contact I–V characteristics obtained by C-AFM at points 1 and 2 labelled in (B). The inset

shows an expanded view of the I–V trace at point 2. (D) Resistance (reciprocal of I–V slope at 5 V) vs. probe–wire separation distance. The linear fit

through points 2, 3 and 4 has been used to estimate the GB resistance. Note the change of scale on the resistance axis. Reproduced with permission

from ref. 31. Copyright 1999, Wiley–VCH.
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by repeated formation of molecular junctions, with a value b

around 1 (per carbon atom), i.e. very close to that determined

by C-AFM for alkanethiols.44 Moreover, when the molecule

was covalently linked to both the substrate and the tip, the so

formed contact exhibited a lower resistance when compared to

the case of the molecule chemically-bonded only to the

substrate.45 This demonstrates that measurements of the

intrinsic molecular properties require chemical bonds to both

electrodes. This was accomplished binding a 1,8-octanedithiol

molecule on one side to a gold substrate and on the other side

to a gold nanoparticle which in turn was contacted to the

C-AFM tip.45 The use of such a small metallic nanocluster

physically contacted to the tip allowed the control of the size of

the molecule–tip junction, thus the number of molecules that

are wired in a given measurement.

C-AFM has also shown its reliability to probe the potential

of molecules as ‘molecular wires’. Lindsay and co-workers

used C-AFM in its vertical configuration to determine the

electrical properties of single carotenoid molecules embedded

in an insulating n-alkanethiol matrix (Fig. 2)46 Such a study

showed that a carotenethiol molecule can act, to a first

approximation, as a ohmic resistor with a conductivity that is

over a million times higher than an alkane chain of similar

length. In addition, organometallic molecular wires have been

recently studied by Chen et al. through an elegant description

of pentachromium-oligo-a-pyridylamine switching strings che-

misorbed between the C-AFM tip and a metallic substrate.47

However, making use of this approach the isolation of single

molecules is still a challenge since AFM imaging does not

permit the unambiguous differentiation between a single mole-

cule and an assembly of molecules embedded in the junction.

Additionally, C-AFM has been employed to study different

molecular systems of biological interest. The electronic

properties as a function of protein conformation have been

explored by tuning the applied force and the tip bias on a

metallo-protein chemisorbed to a metallic C-AFM tip.48 The

modulation of the barrier height and length by the imposed tip

load has been studied and related to the protein conformation,

in combination with molecular dynamics simulations.48

Furthermore, C-AFM has been recently employed by different

groups to study the charge transport of nucleotide-based

architectures, including DNA, further fueling a debate that lies

outside of the framework of this review.49,50

Junction fabrication by C-AFM, either in a vertical or

horizontal configuration, has an additional important advan-

tage as different conducting films can be coated to an AFM

tip, offering the opportunity to easily examine the role of the

contact material on the electrical behaviour of the junction.

In this context different materials have been employed as

conducting probes, including doped-silicon tips, Ag-, Au-, Pt-

and Ti-coated tips as well as B-doped diamond films,51 and

chemically functionalized tips.52 Taking into account primarily

the sharpness and the electrical conductivity, diamond tips

were found to be the most appropriate for conductivity

measurements on SiO2
30 while Au coated tips have been

usually employed on organic materials, mainly because of their

ability to chemisorb thiol-funtionalized molecules and because

of the high work function of Au that can in principle facilitate

low resistance contacts for p-conjugated organic systems

having a low-lying HOMO (i.e. close to the work function of

Au, around 5.1 eV).31,32 Another important issue that has to

be considered when performing C-AFM experiments is the

interaction between the conducting probe and the sample

surface: during I–V measurements there is a small ‘‘electro-

static load’’ on the junction in addition to the mechanical load

applied by the cantilever.43 Experiments carried out in air, in

inert gas environments and in low polar solvents highlighted

the effects of such a bias dependent adhesion force as well

as a repulsive electrostatic interaction between the charged

AFM probe and the contact-induced charge on an organic

monolayer.53,54

Overall C-AFM has proven to be a powerful tool for

electrical characterization of organic architectures, mainly

because of the combination of high spatial resolution imaging

and electrical measurements at given locations of the sample

surface. Many factors have to be taken into account when

performing such experiments, and future challenges should

surely be addressed towards a better understanding and

Fig. 2 (A) Scheme of the experimental set-up. (B) Current vs. substrate bias for three different sample preparations of carotene in an alkanethiol

SAM. Contact forces are 3 nN (# and 6) and 8.5 nN ($). The thick solid line is a best fit to a simple ohmic model (see ref. 46 for more details).

Reproduced with permission from ref. 46. Copyright 1999, American Chemical Society.
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quantification of the so obtained data. For instance, additional

understanding can be obtained performing studies of I–V

properties of nanostructures using different types of electrode

pairs.

Kelvin probe force microscopy investigations

Among all the different characteristics of functional materials,

their electronic properties are the subject of major interest and

studies in view of their widespread exploitation in micro- and

opto-electronics. For the specific case of organic materials, the

density of electronic states strongly influences various proper-

ties such as conductivity, photoluminescence and charge

mobility. Since this distribution is controlled both by the

primary molecular structure and by supramolecular inter-

actions, it is important to measure and correlate the

morphology and the electric potential of a material on

nanometric scales. Both Kelvin probe force microscopy

(KPFM) and its simpler analogue electrostatic force micro-

scopy (EFM) allow the mapping of a surface across a wide

range of length scales with a lateral resolution of a few nm and

a potential resolution of a few mV. In KPFM (also known as

KPM or SKPM), a conductive tip scans over the surface

interacting electrostatically with the surface under investiga-

tion (Scheme 1). An electronic feedback is used to match the

potential of the tip to that of the material under investigation.

When the potential of the tip exactly matches that of the

material, the tip–sample electrostatic interaction is nullified.

Under such condition, the potential of the material under

study can be obtained from the voltage applied to the tip.

If compared to other SPMs (such as C-AFM), the main

advantage of KPFM is that it is contact-less, which is an

important feature especially for studies of both soft organic

and biological samples. Furthermore, differently from C-AFM

no charges are injected during the measurements and therefore

KPFM measurements of working devices such as solar cells or

thin film transistors can be performed without perturbing the

operating device. We recently reported an extensive review on

the applications of KPFM on organic materials.55 Here we

focus in more detail on the potential of KPFM to study

dynamic physico-chemical properties and processes in very

thin and nanostructured organic layers, including the electro-

nic potential of well-defined molecular architectures at

surfaces, and the changes in this potential due to chemical

and electronic processes.56

Measuring the work function on nanometric scales

Typically, KPFM microscopy is employed to measure the local

contact potential difference (CPD) between a conductive tip

and a conductive sample. In this case the CPD corresponds to

tip–sample work function difference, given that the work

function (WF) of a solid is defined as the minimum energy

required to remove an electron from the interior of the solid

into vacuum, i.e. the energy difference between the vacuum

level and either the Fermi level, in the case of a metal, or the

most loosely bound electrons for a semiconductor or an

insulating material.57 A contact potential analysis performed

by KPFM is a powerful way to cast light onto the electronic

structures of a functional material. For a molecular assembly

on a surface, it is usually assumed that the Fermi level is

located in the gap between the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO).

The work function depends on the surface considered. For

example, in a tungsten crystal the WF depends on the crystal-

lographic plane investigated as proven by the work function

values of 4.63, 5.25 and 4.47 eV measured for the (100), (110) and

(111) surfaces, respectively.58 In the case of thin films, it has been

demonstrated that the work function strongly depends on the

surface of the material under study, which differs from its bulk

electronic structure.59 For KPFM measurements of films with a

few layers thickness, the CPD is not simply given by the

difference in work function since the contribution of the

interfacial states has to be considered.59 The contact potential

is also known as surface potential (SP), which underlines one of

the main features of KPFM: its surface sensitivity.

On the nanometric scale, the local variation of surface

potential can be measured by KPFM; this methodology

made it possible to visualize differences in local WF up to

250 meV between different crystallographic facets of small

inorganic60–63 and organic crystals.64 In general, a given

material can exhibit different SPs as determined by the

structure at the atomic and molecular level as well as by the

difference in charge carrier concentration. This has been

proven by detecting a 40 meV difference in work function

between amorphous and crystalline Ag–In–Sn–Te films used

as rewritable compact disks,65 or in the differences in SP (up to

400 meV) observed for different assemblies obtained from an

alkylated polycyclic aromatic hydrocarbon.66

The influence of changes in the chemical structure of a

surface, i.e. chemical functionalization, on its SP can be

determined by KPFM.67 For example, using SAMs chemi-

sorbed on a metal electrode, it is possible to tune the WF of the

surface. Kelvin probe measurements revealed a variation of

WF from 3.8 to 5.5 eV obtained by adsorbing on a silver

substrate either alkanethiols or perfluorinated alkanethiols,

respectively. Similarly, the WF of gold can be varied between

4.1 and 5.5 eV, improving in this way the charge injection at

gold–polymer68 or gold–nanotube69 interfaces. The WF of an

ITO substrate can be modified by chemically functionalizing

its surface with chlorosilanes,70 acids or organic molecules,71

or by physisorbing a doped polymer layer onto its surface.72

The very high sensitivity of KPFM to the surface chemistry

made it possible to map numerous processes such as the

variation of the WF of a silicon substrate upon adsorption of

a water layer from the humidity present in the air,73,74 the

corrosion phenomena in Al-based alloys on the microscopic

scale,75 and the in-situ operation of a chemical sensor of

pyridine vapor.76

One key aspect that has to be taken into account when

measuring the SP of ultra thin films by KPFM is the effective

contribution of the substrate. Given that KPFM relies on

long-range electrostatic interactions, the area of the surface

interacting with the tip (and thus affecting the measured

potential) can be expected to extend over several nanometers.77

Since the characterization of the electronic properties of

ultra-thin organic layers adsorbed on a solid substrate is of

great interest, the removal of the contribution due to the
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underlying macroscopic conductive substrate is of paramount

importance. Because of this reason, the most significant,

quantitative measurements are obtained on nano-patterned

surfaces, where two or more types of molecular architectures

are exposed on different areas of the same surface, so that

differences observed are ascribable to the adsorbed molecule,

and not to the substrate. The variation in surface potential

between the different areas is used to bestow information on

the adsorbate electrical dipole, chemical structure and density

of packing, as detailed below.

Measuring the electronic potential of monomolecular thick

self-assembled layers

Systematic measurements of the SP of self assembled mono-

layers (SAMs) have been performed by the groups of

Sugimura and Saito.78–83 In their studies, the silicon surface

was functionalized with different types of silanes, and the SP

measured by KPFM. Making use of mask patterning, the

potential differences between SAMs of different molecules

could be measured on the micron scale by direct KPFM

visualization (Fig. 3).

The molecules had very different dipole moments

and orientations, being based on either linear alkanes, or

fluorinated alkanes, or molecules containing amino or chloride

groups. KPFM measurements of the patterned surfaces clearly

showed the differences in surface potential due to the different

dipoles present in the SAM. By calculating the dipole moment

using ab-initio methods and comparing it to the measured

surface potential, it was possible to estimate the density of

molecules adsorbed on the surface.78

The measured SP depends not only on the molecular dipole,

but also on the length of the molecule forming the SAM, i.e. the

thickness of the SAM. By adsorbing on the same substrate

alkanes with different lengths, a clear increase of the potential

with the number of CH2 units was found, although differing

values of SP increase of 9 mV per CH2 unit84 and 14 mV per

CH2 unit85 were reported in two independent studies. In

another experiment, by adsorbing an alkanethiol, i.e.

CH3(CH2)9SH, either perpendicular or flat on gold, SAMs

with SP differences up to 150 mV were obtained.86

Due to the versatility and simplicity of KPFM, chemical

modifications of SAMs could also be followed nearly in real

time. The microscope tip can be employed to reversibly oxidize

and reduce amino groups (NH2) exposed on a SAM to nitroso

(NO) moieties by simply inverting the SP,83 forming lines

and patterns on nanometric scales on the SAM (Fig. 4).

Alternatively, the decomposition of an organosilane SAM can

be induced by UV irradiation, and monitored with KPFM.81,82

On the macroscopic scale, Kelvin probe measurements

make it possible also to map reversible reactions such as the

Fig. 3 (A) KPFM images of binary organosilane SAMs patterned by photolithography. These SAMs, terminated with different functional

groups, were prepared on n-type silicon substrates by chemical vapor deposition from n-octadecyltrimethoxysilane (ODS: H3C(CH2)17Si(OCH3)3),

heptadecafluoro-1,1,2,2-tetrahydrodecyl-1-trimethoxysilane FAS: F3C(CF2)7(CH2)2Si(OCH3)3), n-(6-aminohexyl)aminopropyltrimethoxysilane

(AHAPS: H2N(CH2)6NH(CH2)3Si(OCH3)3) and 4-(chloromethyl)phenyltrimethoxysilane (CMPS: H2ClC(C6H4)Si(OCH3)3). (B) Molecular

structures and dipole moments for the ODS, FAS, AHAPS and CMPS molecular models. Both images are reproduced with permission from

ref 78, Copyright 2002, John Wiley & Sons, Ltd.
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photo-isomerization of azobenzenes SAMs on gold,87,88 and

the complexation of bipyridine (PhBP) derivatives with

palladium atoms on gold (Fig. 5).89 The different contrast of

the diverse self-assembled species is determined by their

different electric dipole moments.

In the case of single component and thicker layers, differ-

ences in SP can be due to the presence of crystalline domains,

which strongly affect the charge transport in the layer.90 Even

when no current is passing through the material, a SP

difference is observed at grain boundaries in pentacene layers

(Fig. 6).91 The cause of this potential drop has been attributed

to the selective adsorption of water and oxygen. In another

experiment, high and low packing density phases of a LB film

of hexa-peri-hexabenzocoronene molecules could clearly be

distinguished by their different SP.92

Most interestingly, KPFM is a viable tool to explore

dynamic properties of functional materials ‘‘in action’’, i.e.

incorporated in a working device. The flat source–drain

architecture of organic transistors can be suitably explored

by the KPFM while the transistor is operating by monitoring

the effect of different source and gate voltages.93–98 A seminal

work in this field has been reported by Bürgi et al.:93 KPFM

has been used to unveil the charge transport properties of the

active polythiophene layer in a working transistor. In another

set of experiments, KPFM was used to explore the density of

states (DOS) of a molecular solid deposited as a thick film used

in a transistor architecture. Sharp peaks and broadening of the

DOS were observed in this system as a result of doping.94 A

limiting factor in organic transistors, which can be easily

quantified with KPFM, is the presence of potential drops at

Fig. 4 Chemical structures of p-aminophenyltrimethoxysilane (APhS,

H2N(C6H4)Si(OCH3)3) SAM in (A) reduced, (B) partially oxidized and

(C) oxidized states. (D) Multiple drawing on APhS-SAM. 100, 80, 60,

40 and 20 mm2 square regions were oxidized or reduced, in that order,

by AFM probe scanning at a bias voltage of 22 or +2 V, respectively,

as indicated. A time for completing each square drawing is indicated as

well. The graph at the lower left shows surface potential values of the

probe scanned regions with respect to the potential of the un-scanned

region, namely, the as-prepared region, on the APhS-SAM. Images

reproduced with permission from ref. 83. Copyright 2004, The Japan

Society of Applied Physics.

Fig. 5 Optimised structures of the PhBP derivatives. (A) PhBP thiol and (B) its complex with PdCl2. Red arrows indicate electric dipole moments.

(C) Surface potential variation during cycles of complexation and de-complexation in monolayers as measured by KPFM. (a) As prepared and (b)

after coordinating with PdCl2 (concentration: 3 mM) and rinsing. (c) After washing with ethylenediamine (EDA). (d) After coordinating again with

PdCl2 (concentration: 3 mM) and rinsing. (e) After washing again with EDA. (D) Schematic illustration for SAMs of PhBP on Au(111) in the

de-complexed and complexed form. Grey arrow indicates a dipole moment induced in the PhBP–PdCl2 complex. Inset illustrates the orientation of

bipyridine ring to understand the tilt angles of h and Q. The rectangle indicates the plane of the bipyridine ring. All images are reproduced with

permission from ref. 89. Copyright 2006, American Chemical Society.
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the organic–metal interface.96,97 In general, by measuring the

potential decay in the source–drain gap, the conductivity of the

material can be quantified.93 The measured SP profile drop

revealed a high resistance at the electrodes interface emerging

as a potential drop.97 Moreover the existence of high resistance

within the layer due to domain boundaries in the 2D poly-

crystalline structure can be highlighted by the presence of steps

in the SP decay along the transistor channel.90 Furthermore,

both the charge mobility and the DOS of the material can be

measured by varying the voltage applied.93,94 The presence of

electrical traps (about 200 meV lower than the neighboring

sites) can also be inferred by changes in the surface potential.96

By and large, making use of a single technique it is possible to

obtain an extensive characterization of many physical proper-

ties of the material used in the transistor.

An even more fascinating physical process which can be

mapped by KPFM is the photovoltaic effect, in which charges

are not injected from external electrodes but are generated

directly in the material as a result of the absorption of photons.

Also in this case, the material can be characterized directly

when it is incorporated in real solar cells although, due to the

vertical geometry of solar cells, the top electrode has to be

removed to perform the KPFM measurement, thus the device

can be studied only in the open circuit configuration. In this

way, the generation of charges due to photovoltaic effect has

been observed in different types of acceptor/donor organic

blends including fullerene/PPV,99 F8BT/PFB polyfluorenes,100

S,S-dioxide oligothiophene/polythiophene (Fig. 7),64 and

TiO2/phtalocyanine–perylene composite.101

A major limitation of KPFM is that it relies on long-range

electrostatic interactions to map a surface, thus both its lateral

and vertical resolution are lower than those obtained using

other SPM based techniques. For this reason, the charge

transfer in photovoltaic blends can be observed only when the

two materials composing the blend are phase-separated on the

tens of nanometers scale. An increase in lateral resolution can

be achieved by decreasing the tip–sample distance, although

the induced polarization on the sample surface then prevents a

direct and quantitative measurement of the work function.

Albeit quantitative measurements on nanometric scale are

difficult, nano-objects having different potential can anyhow

be qualitatively resolved by KPFM, and in some cases the

effective potential can be estimated by modeling of the

experimental KPFM data.77

Fig. 6 (A) Lateral force microscopy and (B) surface potential maps of

a small region of a pentacene monolayer on SiO2, displaying potential

wells at the grain boundaries. The corresponding topography image

(not shown) is featureless. (C) Surface potential line section traced

along the dashed line in (B). The arrows indicate the grain boundary

potential wells. The measured depth of the wells averages between

ca. 25 and 210 mV over several samples. Images reproduced with

permission from ref. 91. Copyright 2006, Wiley–VCH.

Fig. 7 (A) Topographical image of a blend of S,S-dioxide oligothiophene and polythiophene acting as electron acceptor and donor, respectively,

and (B) surface potential images of the same region recorded (B) in the dark and (C) under illumination (61 mW cm22). While the acceptor crystals

become negatively charged upon light irradiation (dark contrast), the amorphous polymeric matrix becomes positively charged. The arrows

indicate a polymeric crystalline domain that upon light irradiation becomes positively charged, i.e. it becomes electronically leveled to

the amorphous matrix. Z-scale: (A) 207 nm, (B) 167 mV and (C) 158 mV. Images reproduced with permission from ref 64. Copyright 2007,

Wiley–VCH.
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Measuring the potential of biological molecules

A very attractive yet still poorly explored field of application

of the KPFM technique is the measurement of the electric

potential of biological molecules such as proteins.

KPFM experiments have been performed on PS I, a

chlorophyll dimer existing in many green plants, responsible

for their photosynthetic activity. This robust supramolecular

system can be extracted, immobilized on a substrate and

visualized by SPM. The changes in potential due to illumina-

tion can be visualized with good lateral resolution by KPFM

and thus the reaction centre of PS I responsible for the

photosynthetic activity can be localized into the supramole-

cular structure.102,103 Another application of KPFM on

biological systems involved bacteriorhodopsin, a 248 amino

acid integral membrane protein found in the purple membrane

of Halobacterium salinarum. It acts as a light-to-chemical

energy transducer by pumping protons across the cell mem-

brane in response to sunlight. Making use of a modified

KPFM, the photoinduced surface potential change of bacter-

iorhodopsin was measured at different pH values, allowing

the study of the mechanism of photocharge generation on the

external side of the Halobacterium cellular membrane.104 The

same membrane was studied by KPFM by Knapp et al., who

were able to deposit planar fragments of the Halobacterium

cellular membrane on graphite and to measure their potential

under a controlled humidity atmosphere. The membrane lied

on the graphite exposing either one of its two different faces

(cytoplasmic face and extracellular face), which could be then

distinguished on the basis of their different roughness and their

surface potential (Fig. 8).105

Conclusions and outlook

In this Feature Article we have introduced and discussed

different AFM based approaches to study electrical and

electronic properties of nanoscale structural motifs under

ambient conditions, as a valuable alternative to measurements

performed under more expensive and technologically less

relevant ultra-high vacuum environments. The direct informa-

tion provided by these techniques is fundamental for the

optimization of functional materials and opens up a large

range of nanoscale applications.

One major challenge in the field is the improvement of

spatial resolution for all the modes presented above. In this

context, improvements can be pursued by fabrication of

sharper tips for better resolution, or enhanced electronics

(e.g. faster scanning) or new detection modes. It is also

important to develop models and viable computational

procedures to extrapolate quantitative information on proper-

ties down to a 1–10 nm scale. Furthermore, in both C-AFM

and KPFM, controlled gas atmospheres can be employed to

avoid the influence of water vapor adsorbed on the surface.

Through real-time mapping of the electrical and electronic

characteristics of complex systems, AFM based approaches

can be employed in the future to unravel supramolecular

reactions and phenomena occurring at various interfaces,

including assembly–disassembly processes, the switching

between different self-assembled motifs controlled by external

stimuli, and the self-healing of supramolecular arrangements.

The combination with AFM imaging does not only open the

routes towards the comparison of the electrical or electronic

properties with the surface topography, but it also paves the

way towards the simultaneous use of nanoscale characteriza-

tion of the mechanical properties of molecular species, such

as single molecule-based multichromophoric arrays.106,107

The time evolution of the electric potential can also provide

important information on dynamical processes, especially if

used with stimuli modulated in time.108 One can also envision

future SPM-based electrical measurements performed at high

speed, where the time resolution limit is given by contact

quality (in the case of C-AFM) and by tip oscillation dynamics

for KPFM.

Nanoscale electrical and electronic characterization of

functional materials is still in its infancy. New developments

can be foreseen and will be strictly related to the fabrication of

more and more complex systems whose dynamic properties

can be unveiled also under the effect of different external

stimuli, e.g. light irradiation. Achieving a full control over the

properties of supramolecularly engineered functional materials

will represent a milestone in the development of the emerging

field of nanochemistry and nanoscale science. In particular

AFM based methodologies can be fundamental in the years to

come to research activity at the interface between biology and

nanotechnology, paving the way towards the design and

fabrication of artificial biohybrid machines.

Finally, unraveling the nanoworld is not only fascinating by

itself, but it opens interesting perspectives for nanotechnolo-

gical applications, in particular in the fields of molecular

(opto)electronics, catalysis, sensors, and nanomedicine.
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