
Nanoscale Quantitative Measurement of the
Potential of Charged Nanostructures by

Electrostatic and Kelvin Probe Force Microscopy:
Unraveling Electronic Processes in Complex

Materials
ANDREA LISCIO,† VINCENZO PALERMO,†,* AND

PAOLO SAMORÌ‡,*
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C O N S P E C T U S

In microelectronics and biology, many fundamental pro-
cesses involve the exchange of charges between small

objects, such as nanocrystals in photovoltaic blends or indi-
vidual proteins in photosynthetic reactions. Because these
nanoscale electronic processes strongly depend on the struc-
ture of the electroactive assemblies, a detailed understand-
ing of these phenomena requires unraveling the relationship
between the structure of the nano-object and its electronic
function. Because of the fragility of the structures involved and
the dynamic variance of the electric potential of each nano-
structure during the charge generation and transport pro-
cesses, understanding this structure-function relationship
represents a great challenge.

This Account discusses how our group and others have
exploited scanning probe microscopy based approaches beyond imaging, particularly Kelvin probe force microscopy (KPFM),
to map the potential of different nanostructures with a spatial and voltage resolution of a few nanometers and millivolts,
respectively. We describe in detail how these techniques can provide researchers several types of chemical information. First,
KPFM allows researchers to visualize the photogeneration and splitting of several unitary charges between well-defined nano-
objects having complementary electron-acceptor and -donor properties. In addition, this method maps charge injection and
transport in thin layers of polycrystalline materials. Finally, KPFM can monitor the activity of immobilized chemical com-
ponents of natural photosynthetic systems.

In particular, researchers can use KPFM to measure the electric potential without physical contact between the tip and
the nanostructure studied. These measurements exploit long-range electrostatic interactions between the scanning probe and
the sample, which scale with the square of the probe-sample distance, d. While allowing minimal perturbation, these long-
range interactions limit the resolution attainable in the measurement of potentials. Although the spatial resolution of KPFM
is on the nanometer scale, it is inferior to that of other related techniques such as atomic force or scanning tunneling micro-
scopy, which are based on short-range interactions scaling as d-7 or e-d, respectively. To overcome this problem, we have
recently devised deconvolution procedures that allow us to quantify the electric potential of a nano-object removing the arti-
facts due to its nanometric size.
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I. Introduction

Kelvin probe force microscopy (KPFM),1,2 also known as Kelvin

probe microscopy (KPM) or scanning Kelvin probe microscopy

(SKPM), is a scanning probe technique based on dynamic force

microscopy mapping simultaneously both surface morphol-

ogy and electric potential of nano-objects with high spatial

and electrical resolution (Figure 1a).

KPFM is a combination of the macroscopic Kelvin probe

technique, introduced by Lord Kelvin in 18983 (using the

vibrating capacitance setup4), and atomic force microscopy

(AFM).5 It uses a conductive probe as an electrode to deter-

mine the work function, φs, of a metal substrate.6 This is

attained by measuring the local surface potential difference

(∆SP) between a probe with known work function, φp, and the

sample, ∆SP ) (φp - φs)/q, where q is the elementary charge.

In the case of semiconductor and dielectric samples, the

potential of the material depends upon surface charge, upon

dopant charges typically existing both on and beneath the sur-

face, and upon polarization effects.7

Over the past two decades, KPFM has become an impor-

tant instrument for studying the electronic properties of small

structures down to the nanometer scale. KPFM was success-

fully employed to investigate a wide range of systems,8

including inorganic9 and organic thin films10,11 as well as

proteins,12,13 over multiple length scales, from meso- to nano-

scopic levels. It has also allowed the measurement of the

charging and discharging processes of single, isolated mole-

cules.14 Of technological relevance, KPFM has proven to be a

viable tool for exploring the dynamic properties of working

electronic devices.15-21 Among others, it made it possible

both to map photocharge density variations in donor-
acceptor blends at surfaces16,22-24 and to directly measure

the potential drops for different source and gate voltages in

organic field-effect transistors (OFETs).15,17,25,26

Although the physical principle on which KPFM is based is

quite simple,27,28 the achievement of high spatial and poten-

tial resolution in a reliable and reproducible manner is not

straightforward. This Account aims at elucidating the physico-

chemical meaning of the measurements of the electric poten-

tial of nanoscopic objects, which can significantly differ from

that of macroscopic objects. To this end, we will provide exam-

ples of recent quantitative KPFM explorations of complex sys-

tems, phenomena, and devices mostly based on abiotic

systems.

What is the potential of a nanometric object and how can

it be measured with high precision? To explain this, we need

to consider the two extreme cases: (i) single-molecule layers

on metal surfaces and (ii) thick layers (hundreds of nanome-

ters).

On the one hand, the chemisorbed self-assembled mono-

layers (SAMs) are uniform organic adlayers. They can be

obtained by simply immersing a Au substrate in a solution of

thiol-functionalized R-SH molecules.29 Similarly, silica sur-

faces can be functionalized with organic SAMs using silane

chemistry. The chemical, physical, and electronic properties of

SAMs have been extensively studied, particularly in the field

of organic electronics where they are employed to modify the

electrode φ. In fact, SAMs are often used to modify the poten-

tial of the surface (SPsurf), which becomes the result of contri-

butions from both substrate and adsorbed monolayer:18

where µSAM is the effective molecular dipole perpendicular to

the substrate and ∆bond is the interfacial bond due to the rear-

rangement of electron density at the substrate-SAM interface.

In the case of thicker organic layers (d > 100 nm, for exam-

ple, active layers of OFET and solar cells), however, the influ-

ence of the underlying substrate is normally neglected.

Between these two extreme cases, at intermediate thick-

nesses, both the deposited material and substrate potentials

can contribute to the resulting SP. Moreover, in the case of

semiconducting films, charge density variations can be mea-

sured on increasing the film thickness due to band-bending.

The study of molecular films several tens of nanometers

thick is not only of fundamental scientific interest, but also

important technologically. For example, in OFETs the active

channel is confined to a few monolayers at the organic-
dielectric interface. If one wants to measure the true electric

potential of such thin layers, it is important to understand the

influence of the underlying substrate. In the case of organic

solar cells, despite the high thickness, which allows one to

neglect the substrate contribution, the organic films consist of

a phase-segregated blend of electron acceptor (EA) and elec-

tron donor (ED) materials having different HOMO-LUMO lev-

els. The exciton generated by light absorption diffuses toward

the interface between the two phases, leading to charge sep-

aration with the generation of electrons and holes. For opti-

mum performance, EA and ED should exhibit phase

segregation on the 5-10 nm scale, namely, the scale addres-

sable by scanning probe techniques.30 In particular, the charge

generation at the interface can be easily visualized and cor-

related with the morphology by KPFM.22,23 Spatial and volt-

age resolution are crucial for reliable observation of the

smallest features, because the typical EA/ED intermixing is

SPsurf ) SPsubstrate + µSAM ⁄ q + ∆bond (1)
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usually comparable to or even smaller than KPFM resolution.

In this way, the probe senses the potential of both materials

intermixed on the surface, yielding a potential that is the

weighted average of all the contributing potentials.

These remarks are not unique to the study of organic mate-

rials but are of importance for any structure featuring a verti-

cal or lateral size smaller than a few tens of nanometers.

Overall, the general questions addressed in this Account

are as follows:

(1) How can one determine the contribution of the substrate in

a work function measurement of an adsorbed organic

material?

(2) In the measurement of nano-objects, approaching the

KPFM resolution limit, is it possible to reconstruct the real

nanostructure potential by removing the influence of the

surrounding substrate?

Once these fundamental questions have been addressed,

we will show how KPFM can be successfully employed to

unravel complex electronic processes and phenomena in nat-

ural systems and in electronic devices.

II. Description of the KPFM Technique

KPFM measures the electrostatic interactions between the

sample and a vibrating conductive probe mounted at the edge

of a cantilever, whose swing is induced by an alternating bias

(VAC) with frequency ω (Figure 1a). Starting from two elec-

trodes, probe and sample with a given φ (Figure 1b), upon

contact during measurement their Fermi levels align causing

an electrostatic force that depends on the SP difference (Fig-

ure 1c). The ω-term of the electrostatic force (Fω) depends on

the ∆SP giving Fω(t) ) (dC/dz)(VDC - ∆SP)VAC sin(ωt), where C

is the probe-sample capacitance. This Fω force causes the

oscillation of the probe, which is detected by a photodiode. In

electrostatic force microscopy (EFM), Fω is directly measured

using a lock-in amplifier to isolate the ω-frequency signal. If

both probe and sample are grounded (i.e., VDC ) 0), Fω is pro-

portional to ∆SP, but its value cannot be determined exactly

because calculating the dC/dz term would require a detailed

knowledge of system properties and probe-sample geome-

try. This limitation disappears in KPFM measurements, where

a further VDC is applied to the probe by a feedback circuit to

nullify Fω and thus obtain VDC ) ∆SP (Figure 1d,e). Hence, by

scanning the probe over the surface, one can obtain a 2D map

of the SP of the sample. The above-described principle is com-

mon to all KPFM instruments, although different modes are

employed. A detailed discussion of these methods is avail-

able in ref 31.

In KPFM measurements of conductive samples, probe-
sample interaction is due only to Fermi level alignment; thus

the measured ∆SP is simply the probe-sample φ difference.

But what is the physical meaning of KPFM measurements of

nonconductive nanostructures, in which charges are trapped

on the surface or within the substrate?

The description employed for conductive samples includes

metals and highly doped semiconductors (Figure 1d, flatband

case). Conversely, for samples with decreased doping levels

and for dielectric samples, other terms have to be consid-

ered.32

In general, the local SP is due to the charge density on the

sample surface as expressed by the Poisson equation. The SP

depends on the presence of surface or bulk charges, on sur-

face dipoles, and on the interfacial electronic states in the het-

erostructures (Figure 1e).

In general, the effect of surface SAMs is modeled as an ori-

ented dipole, to be added to the substrate SP, which could, in

principle, be calculated from the dipole of the single mole-

cules and on their density in the SAM.33 In the case of thicker

layers, however, a precise orientation of the molecular dipoles

can no longer be assumed; the SP changes smoothly with

layer thickness, due usually to the presence of band-bend-

ing. The SP varies until the thickness is smaller than the semi-

conductor space charge layer depending on the charge

density of the material. For greater thicknesses, the SP can be

considered as the bulk value and as independent of the sub-

strate. It was experimentally observed that the φ of a C60 film

on metal electrodes varies with the thickness in the space

charge layer, becoming completely independent in fairly thick

(higher than 100 nm) films.

One of the main sources of experimental artifacts is ascrib-

able to the finite size of the probe and its shape, which limit

the maximum achievable resolution of KPFM causing an

underestimation of the measured potential with respect to the

real value. KPFM measurements sense a data set of electro-

static forces between the scanning probe and the area of the

sample below. Due to the long-range nature of electrostatic

interactions, the area of the sampled surface in such a mea-

surement expands to several tens of nanometers beyond the

area beneath the probe tip. Moreover, the surrounding part of

the conical probe and the oscillating cantilever also contrib-

ute to the interaction. This artifact is mainly due to the ω-sig-

nal, which depends on both the tip-sample distance and the

capacitance gradient. Lee et al.34 proposed correcting the arti-

facts due to sample roughness (i.e., topographical effects) by

separating the ω and 2ω terms of the cantilever response.

With nanoscale objects, their size is comparable to that of the
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probe and the contribution of the substrate, as well as the sur-

rounding structures, plays an important role.

Here, we focus upon these artifacts showing that they are

strongly correlated with the KPFM measurement itself and

their evaluation is necessary to study the surfaces of nano-

structured systems.

The surface area of the sample interacting with the probe

is defined as the effective area.35 The local potential of the

whole surface within this area contributes to the measured

SP. The estimation of the highest lateral resolution (LR)

attainable by KPFM is strictly related to the quantification of

the effective area. The AFM technique is governed by van

der Waals interactions having a short range of a few nano-

meters (the attractive force is proportional to d-7, where d

is the distance between the two interacting bodies); this

assumes that only the probe apex interacts with the sam-

ple surface. On the other hand, KPFM measurements are

governed by long-range Coulombic interactions propor-

tional to d-2; thus the contribution of the probe and the

cantilever cannot be neglected. This problem is common to

other scanning probe techniques relying on long-range

physical properties, such as EFM or magnetic force micro-

scopy. When the size of the nanostructures is smaller or

even comparable to the LR of the instrument, measurement

of the true nanostructure potential is not straightforward.

Moreover, LR is not an unambiguous definition, being

strictly connected to the morphology of the system stud-

ied. According to Rayleigh’s criterion, it can be defined in

two different ways: (i) the minimum detectable distance

between two distinct objects or (ii) the apparent measured

size of the minimum detectable isolated structure.

Both LR and the effective area can be parametrized using

a transfer function (Γ), also called point spread function, a

mathematical representation of the relation between the

input (the real SP profile, SP0) and the output (the measured

SP profile) signals. The output is given by a convolution

between SP0 and Γ, which contains all the electrical and

geometrical details of the probe-sample interactions (Fig-

ure 2), and its description becomes the main issue of KPFM

measurements.

This problem was approached in two different ways: (i)

by using an analytical algorithm describing the probe as a

well-defined geometrical structure (a sphere, a truncated

cone, etc.) to model its interaction with the sample36,37 or

(ii) by simulating with finite-element analysis the effective

force.38

In previous work,39 we showed how deconvolution arti-

facts and the effects of finite probe size can be accounted for

by combining AFM and KPFM data obtained over the same

area to quantify the measured volume, independent of nano-

structure size. This procedure was tested on a real system

(P3HT nanofibers of different size), as detailed below.

FIGURE 1. (a) Scheme of the principle of KPFM on nano-objects. (b,
c) Schematic of Z-direction energy bands for the probe-surface
syste: (b) probe (blue) and semiconductor sample (red) have
different Fermi levels (EF), which (c) are aligned when the two
materials are electrically contacted. (d) When VDC ) ∆SP is applied,
the two vacuum levels (VL) align, nullifying the work-function
difference (i.e., the flatband case). (e) In the real case, several terms
contribute to ∆SP including band-bending (Vbb), the interface dipole
(∆bond), and the SAM dipoles (µSAM).
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III. Application of KPFM to the
Measurement of Real Nano-objects
In the case of well-defined nanostructures, it is possible to

reconstruct Γ by comparing the broadening of the SP profiles

directly from the measured KPFM images.35,39,40 Polymer net-

works having weak interactions with the substrate are qua-

si-1D systems ideal for testing this approach because they

form well-defined, highly reproducible fibers on the substrate

of varying nanometric sizes.

We recently studied the self-assembly of regioregular

poly(3-hexylthiophene) (P3HT) fibers deposited on flat sur-

faces from CHCl3 solutions.39 Figure 3 shows the topographic

AFM and corresponding KPFM images of P3HT deposited on

highly oriented pyrolytic graphite (HOPG), muscovite mica, and

silica. The different lamellar packing can be principally

ascribed to the different solvent wettability of the substrates.

All the substrates exhibit darker areas in the potential image,

whereas the fibers are brighter. For the sake of simplicity, all

the P3HT SPs are referred to the potential of the uncovered

substrate areas (SPsubstrate ) 0), larger than the effective area,

amounting to ∼150 nm for the setup used. The correlation

plots are between the measured SPs and the corresponding

fiber sizes for all three substrates (Figure 4a). The decrease in

the P3HT SP with the width of the architecture is a purely geo-

metrical artifact due to the above-mentioned convolution

effects. The measured P3HT SP is an average of both fiber and

substrate potential, because the widths of the bundles are

smaller than the effective area. Similarly, a monotonic trend

of the HOPG SP is measured with the increasing size of the

uncovered area with an asymptotic value tending to zero (Fig-

ure 4b).

Our model allows separation of P3HT and substrate con-

tributions, reproducing the measured monotonic trend of the

HOPG SP (red line in Figure 4b). After deconvolution, the bun-

FIGURE 2. The measured SP image is described as the convolution between the real potential of the sample and the transfer function of
the microscope.

FIGURE 3. AFM topography and corresponding KPFM images of P3HT fibers deposited on (a,d) HOPG, (b,e) mica, and (c,f) silica. Z-ranges
were (a) 9 nm, (b) 6 nm, (c) 6 nm, (d) 120 mV, (e) 60 mV, and (f) 50 mV. Reproduced with permission from ref 39. Copyright 2008 Wiley-
VCH.
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dles and substrate SPs are independent of the sizes (blue dots

for HOPG). More details on the deconvolution procedure

employed can be found in ref 39.

The electronic properties of a solid depend on its structure

at the atomic scale. One of the most impressive examples is

given by the allotropic forms of carbon, which can be con-

ducting (HOPG) or insulating (diamond). Similar behavior has

been observed on supramolecular assemblies. Molecular-ar-

chitecture SP depends on the interaction between adjacent

molecules, as seen in eq 1 for the case of a SAM. Brédas et

al.41 showed that, especially in the case of conjugated mole-

cules, the change in the intermolecular stacking distance of a

few angstroms can cause shifts in the HOMO and LUMO of up

to 1 eV. Thus, the conduction-valence band of a nanocrys-

tal or nanofiber made of stacked molecules can differ signif-

icantly from the HOMO-LUMO levels of the free molecule.

The effects of different intermolecular stacking upon the φ

of a nanostructure was investigated by comparing the SP of

crystalline assemblies of perylene-bis(dicarboximide) (PDI)

with architectures obtained from perylene-bis(dicarboximide)-

functionalized poly(isocyanopeptide) (P-PDI) polymers. In P-PDI,

the perylene units tend to stack over each other, but because

of the presence of the central backbone, their molecular stack-

ing differs from that in the monomeric PDI crystal.42,43 Such

a different packing and thus different overlap of the π-orbit-

als was found to lead to a difference in φ of 70 ( 15 mV as

measured by KPFM between P-PDI fibers and PDI nanocryst-

als, despite their very similar HOMO and LUMO levels.44

IV. Direct Exploration of Dynamic Complex
Electronic Processes and Phenomena
In photovoltaic blends, the processes of photon adsorption

and exciton splitting and the presence of opposite charges in

the EA and ED phases lead to local changes in SP, which is

called surface photovoltage (SPV ) SPlight - SPdark). Studies

performed on bulk heterojunctions showed a strong correla-

tion between SPV and morphology on the sub-

micro-scale,16,22,23 providing evidence that the presence of

local heterogeneities, large-scale phase segregation, and

defects reduces the photovoltaic performance of the

donor-acceptor system. KPFM does not directly map exci-

ton splitting and charge generation because the characteris-

tic nanosecond time scales of these processes are beyond the

time resolution of the technique.

KPFM maps the photoactivities under steady-state condi-

tions, detecting the photocharges continuously generated and

transferred into the EA LUMO and ED HOMO, respectively,

which accumulate in different areas of the substrate. In gen-

eral, the substrate plays an active role in the measured SP dif-

ferences between EA and ED phases, which are usually

ascribed to interface dipoles22 or to band-bending due to dif-

fusion of substrate charges into organic assemblies.45

In organic materials, the photogenerated excitons have a

typical diffusion length of ca. 10 nm. KPFM can quantitatively

monitor the substrate potential as well as the generated

charges on such a scale as shown on thin blends of the ED

(P3HT) with either monomeric PDI24 or polymeric P-PDI46

deposited on silica from CHCl3 solutions.

For PDI, to unveil the role of the reciprocal space positions

of the EA crystals and ED amorphous aggregate, a particular

film was prepared with crystals of the EA either in direct con-

tact with or distanced by several hundreds of nanometers

from the ED aggregate (Figure 5a). All the PDI clusters, above

50 nm (Figure 5b), exhibit the same SP values before illumi-

nation (Figure 5c), whereas on illumination with white light

(Figure 5d), only the clusters in contact with P3HT islands

show a negative shift (SPVPDI < 0). The isolated PDI and the

substrate behave as spectators, because their potentials

FIGURE 4. (a) Measured SP values corresponding to the different P3HT structures on HOPG (2), mica (9), and silica (O) having different
widths. The variation of the measured SPs of the nano-objects is calculated by using the convolution procedure, and the asymptotic SP
values are displayed (dashed line) for each substrate. (b) Dependence of measured (9) and simulated (s) SP on the size of the uncovered
HOPG surface area. The asymptotic SP values are reported using blue dots. Reproduced with permission from ref 39. Copyright 2008 Wiley-
VCH.
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remain approximately the same (SPVPDI ≈ SPVP3HT ≈ 0),

whereas the P3HT SP increases (SPVP3HT > 0).

The negative (positive) shift in SPV corresponds to an

increase in electron (hole) density. Hence, only the EA aggre-

gates in contact with the ED receive electrons compared with

the pristine blend without illumination. The driving force for

exciton splitting and charge separation derives from the dif-

ferent electron affinity of the EA and ED phases; because of

this, significant charging was observed only for the PDI crys-

tals in contact with the ED material (Figure 5e,f).

Taking into account the effective area, the SPV of PDI clus-

ters in contact with P3HT amounts to -50 ( 11 mV due to

the presence of photocharges amounting to only very few

electrons (ca. 10).

Different behavior was observed when P3HT was blended

with P-PDI. The two fiber-forming polymers assemble into

interpenetrated bundles having a nanophase segregated char-

acter and featuring a high density of contact points (Figure 6a).

The two phases and the substrate can be easily distinguished

in the KPFM measurements without (Figure 6c) or with (Fig-

ure 6e) illumination, where the acceptor (black arrow) and

donor (white arrow) properties are directly correlated with the

material potential. The SP difference between the two phases

increases when the sample is illuminated as in the PDI/P3HT

FIGURE 5. (a) Cartoon of illuminated P3HT/PDI blend. (b) AFM topography and the corresponding KPFM images under (c) no illumination
and (d) illumination. PDI agglomerates are isolated (white arrows) or in contact (black arrows) with P3HT islands. (e) AFM topographic image
shows in greater detail the PDI clusters marked by the dotted contours in panel f, the KPFM image. Z-ranges were (b) 20 nm, (c) 60 mV, (d)
37 mV, (e) 17 nm, and (f) 63 mV.24

Measuring the Potential of Charged Nanostructures Liscio et al.

Vol. 43, No. 4 April 2010 541-550 ACCOUNTS OF CHEMICAL RESEARCH 547



blend, with a further SP negative shift of the substrate being

observed (SPVsilica ≈ -150 mV).

For this “all-polymer” system, interconnectivity is much

more extended than for the case of PDI/P3HT; consequently

a more uniform charging of both EA and ED phases is

observed, with the SP of P-PDI and P3HT being almost con-

stant over different surface areas.

The different SP behavior of silica cannot be ascribed to

experimental artifacts, showing once again the strong inter-

action existing between the electrical and the morphological

properties at the nanoscale.

A very attractive yet still poorly explored field of KPFM

application is the electric potential measurement of biologi-

cal systems. Proteins, DNA, and biological systems in general,

have relatively much larger sizes (from tens of nanometers up

to several micrometers), as well as possessing well-defined

structures; their biological activity relies upon the presence

and creation of highly localized charges within their structure,

making them good candidates for KPFM analysis.

By analogy with the aforementioned KPFM studies of pho-

tovoltaic materials, KPFM was employed to study the photo-

synthetic activity of single photosystem I (PSI) reaction centers,

that is, one of the molecular components of green plants,

immobilized both on gold and on patterned glass substrates.47

The adsorbed light triggers electron-transfer reactions across

the reaction center complex, generating a voltage, which pow-

ers the energetically uphill reactions of photosynthesis. Both

the PSI size (45 nm) and the voltage shift (∼1 V) are suitable

for real-time KPFM mapping of biological activity. A major

issue in measuring these kinds of proteic nano-objects is their

high electrical anisotropy, with charges moving from one side

of the PSI to the other upon illumination. Thus, to obtain reli-

able and reproducible measurements, the orientation of the

PSI on the substrate must be controlled. This can be done by

functionalizing the gold substrate with mercaptoethanol, which

results in a preferential adsorption of the PSI with electron

acceptor side up.

KPFM studies of the biological activity of micrometric

assemblies are typically performed on dry samples.48 This rep-

resents a major problem since it is crucial to maintain such

biosystems in a wet environment, that is, at least with a thin

water layer between probe and sample. Experimental artifacts

due to water polarization induced by the charged probe can-

not be neglected, but a complete description of this water con-

FIGURE 6. (a) AFM topography image of P-PDI/P3HT blend on silica and the corresponding KPFM images under (c) no illumination and (e)
illumination. Panels b, d, and f are measured (black lines and circles) and simulated (red lines) profiles obtained by tracing the arbitrary lines
in the corresponding images. Z-ranges were (a) 32 nm, (c) 120 mV, and (e) 120 mV.46
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tribution to the measured SP is still lacking and the

improvement of models and viable computational procedures

to extrapolate quantitative information in wet systems is nec-

essary. Stuart and co-workers49 measured the SPV change of

bacteriorhodopsin at different pH values, allowing the study of

the mechanism of photocharge generation on the external

side of the Halobacterium cellular membrane and paving the

way toward possible applications for optically coupled FETs,

high-speed photodetectors, and artificial retinas.

V. Conclusions and Future Perspectives

KPFM is a very powerful tool for real space exploration of the

correlation between structural and electrical/electronic prop-

erties of a wide range of systems, ranging from working nan-

odevices to processes in biological structures. Such

information will be fundamental for the optimization of func-

tional materials and will open up a large range of nanoscale

applications.

Despite the high lateral and voltage resolution of KPFM,

one major challenge is to develop models for describing

probe-sample interactions and viable computational proce-

dures to extrapolate quantitative information on electrical and

electronic properties down to the 1-10 nm scale. Further

improvements in KPFM include enhancement of the time res-

olution, which would allow the study of dynamic properties

and system response under the effect of different external

stimuli, such as light irradiation or mechanical stress.

Nanoscale electrical and electronic characterizations of

functional materials are continuously improving. In the light of

its applicability to a wide range of sample types, this tech-

nique promises a decisive contribution to the design and fab-

rication of hybrid nanosystems and nanodevices.
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40 Liscio, A.; Palermo, V.; Müllen, K.; Samorı̀, P. Tip-Sample Interactions in Kelvin
Probe Force Microscopy: Quantitative Measurement of the Local Surface Potential.
J. Phys. Chem. C 2008, 112, 17368–17377.

41 Brédas, J. L.; Calbert, J. P.; da Silva, D. A.; Cornil, J. Organic Semiconductors: A
Theoretical Characterization of the Basic Parameters Governing Charge Transport.
Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 5804–5809.

42 Schwartz, E.; Palermo, V.; Finlayson, C. E.; Huang, Y. S.; Otten, M. B. L.; Liscio, A.;
Trapani, S.; Gonzalez-Valls, I.; Brocorens, P.; Cornelissen, J. J. L. M.; Peneva, K.;
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