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Recent Trends in Surface Characterization and Chemistry
with High-Resolution Scanning Force Methods

Clemens Barth,* Adam S. Foster,* Claude R. Henry, and Alexander L. Shluger*

The current status and future prospects of non-contact atomic force micro-
scopy (nc-AFM) and Kelvin probe force microscopy (KPFM) for studying
insulating surfaces and thin insulating films in high resolution are discussed.
The rapid development of these techniques and their use in combination
with other scanning probe microscopy methods over the last few years has
made them increasingly relevant for studying, controlling, and functional-
izing the surfaces of many key materials. After introducing the instruments
and the basic terminology associated with them, state-of-the-art experimental
and theoretical studies of insulating surfaces and thin films are discussed,
with specific focus on defects, atomic and molecular adsorbates, doping, and
metallic nanoclusters. The latest achievements in atomic site-specific force
spectroscopy and the identification of defects by crystal doping, work function,
and surface charge imaging are reviewed and recent progress being made in
high-resolution imaging in air and liquids is detailed. Finally, some of the key
challenges for the future development of the considered fields are identified.

1. Introduction

The family of scanning probe microscopy (SPM) methods
employing forces for studying surface properties has devel-
oped over the last 25 years into many versatile tools in surface
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physics and chemistry, as well as in nano-
science and nanotechnology. Phenomena
studied by these techniques include sur-
face topography; atomic structure; film
growth; measurements of adhesion and
the strength of individual chemical bonds;
friction and lubrication; work functions;
electrostatic, dielectric and magnetic
properties; contact charging; molecular
manipulation; and many others from the
micrometer to the subnanometer scale.
Different members of the force micros-
copy family specialize in different surface
properties and operate in different envi-
ronments and temperatures ranging from
low temperatures and ultra high vacuum
(UHV), to room temperatures and above,
in air and in liquids. In this paper, we
focus on the recent applications of two
of the most commonly used techniques,
non-contact atomic force microscopy (nc-
AFM) and Kelvin probe force microscopy (KPFM), to studying
surfaces of insulators and thin films with atomic or nanoscale
resolution. A major strength of these techniques is their lack
of material restrictions, and many of the breakthrough results
in high-resolution imaging have been achieved on surfaces
inaccessible to other imaging techniques. The requirement of
a conducting sample has long prevented studies of insulators
with scanning tunneling microscopy (STM) in particular and
the focus of this review on insulators has been directed by the
success of force microscopy in this area. Furthermore, these
materials have proven to be critical in many recent applications,
such as catalysis, sensors, microelectronics, and molecular
electronics.

In both nc-AFM and KPFM a sharp tip interacts with the sur-
face and a surface image is produced by scanning. However, the
forces dominating the image formation are different. In atomic
force microscopy (AFM) the control parameter is the total force
between the tip and sample, including the short-range interac-
tion providing the nanoscale and atomic image contrast. KPFM is
actually a suite of techniques implemented into nc-AFM, offering
the measurement of local work function changes on conducting
surfaces and the surface charge distribution on insulating sur-
faces. KPFM is dominated by long-range electrostatic forces, with
short-range forces contributing to atomic contrast. In both tech-
niques, information about the system under study is encoded in
a change of these forces as the tip scans along the surface. These
techniques belong to the much bigger family of SPM methods,
a number of which are briefly described in Table 1 for reference.
Providing a detailed description of each of these techniques is
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beyond the scope of this paper and the reader is referred to the
literature cited in the table for more information.

AFM imaging is often performed in the so-called contact
mode,!l where the tip is in constant contact with the surface, with
the short-range repulsive forces being balanced by the van der
Waals force or by the external elastic force of the cantilever. This
technique provides a wealth of information regarding surface
topography, nanotribology, and adhesion physics, but is often inva-
sive and unreliable for imaging with true atomic resolution.? It
has been demonstrated that one can obtain a much better sensi-
tivity in measuring force variations on the atomic scale and achieve
true atomic resolution by vibrating the cantilever at a certain fre-
quency above the surface.*?”] In this case, the elastic force on the
cantilever overcomes the van der Waals attraction of a tip to a sur-
face and prevents the so called “jump-into-contact”.>*! Since the
tip is then not in permanent direct hard contact with the surface,
this technique is often also called non-contact AFM (nc-AFM). A
detailed description of the technique can be found, for example,
in Refs. [5-7] and an overview of applications in Refs. [1,5,7-10].
Section 2.1 briefly summarizes the nc-AFM technique.

For a long time, the classical Kelvin probe[''2 has been used
to measure the work function of metal surfaces!’*" and also
surface-charge-related phenomena on insulating surfaces!!6-2%
with high precision in the meV range. Soon after the inven-
tion of AFM, many new scanning techniques based on meas-
uring the electrostatic forces were introduced, such as the large
family of electrostatic force spectroscopy (EFS) and electrostatic
force microscopy (EFM) techniques. Inspired by classical Kelvin
probe, 2?2l KPFM is probably one of the most important types
of electrostatic AFM. EFS, EFM, and KPFM differ in their func-
tion principle and are reviewed to some extent in Refs. [23,24].
In Section 3 KPFM is briefly summarized.

The rapid development and collaboration of nc-AFM and
KPFM over the last few years has made them increasingly rel-
evant for studying, controlling, and manipulating chemical spe-
cies and processes at surfaces.[#102>20 In this paper we review
the current status and discuss future prospects in applying
these methods in combination with other surface techniques
to studying individual defects, clusters, and molecules at sur-
faces and their interactions. We focus mainly on the recent
progress and emerging trends in applying nc-AFM and KPFM
in several areas of materials chemistry. In this review we
cannot completely cover all the existing excellent studies and
we refer an interested reader also to other recent reviews on
advances in AFM for the electrical characterization of semicon-
ductors,?¥ scanning probe microscopy of oxide surfaces,?°-31
AFM in ambient conditions,?” and controlled manipulation
of atoms and molecules.**l Although nc-AFM and KPFM are
strongly interrelated in terms of the underpinning forces, and
are increasingly applied together, we find it more convenient to
discuss them separately.

2. Non-Contact Atomic Force Microscopy

2.1. Instrumentation

Non-contact AFM was originally based on the amplitude
modulation (AM) mode,*¥ including tapping mode AFM, ]
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where the cantilever is excited at a fixed frequency with con-
stant amplitude (constant excitation mode). Upon approach to
the surface, the tip—surface interaction causes a change in the
amplitude and phase of the cantilever oscillations, providing
a measurable signal, which is used to regulate the tip—surface
distance. In practice, the response of the cantilever in this mode
was found to be rather slow for UHV applications,®l and it was
replaced by the frequency modulation (FM) model® in atomic
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Table 1. Key features of different high-resolution SPM techniques. Terms such as electrostatic modulation/contribution and 1st and 2nd harmonic
are explained in Section 3. More details about each technique can be found in the selected references. Note that the references are only a part of the
whole literature. For a complete understanding of the techniques, the reader should also study the literature, which is cited or cites the references in

www.advmat.de

the table.
Base Technique Mode Dynamic Characteristics/Notes Feedback for tip— Measured signals, Typical tip— Literature
surface distance images surface distance
(nm)
Scanning Tun- ST™M No Tunneling current Topography 0.6-1.0 [9, 326,
neling Microscopy 327]
Atomic Force Contact (c-AFM) No Cantilever deflection Topography, lateral short-range, [1,2,369]
Microscopy (normal force, Fy) force repulsive tip—
surface
interaction
Amplitude mod- Yes Constant excitation at Amplitude, A, or Topography, 1.0-5.0 [6, 7]
ulated nc-AFM constant frequency phase, ¢ dissipation
(AM nc-AFM)
Frequency modu- Yes 2"d oop for constant Frequency change, Af ~ Topography, 0.3-5.0 [5,6,7]
lated nc-AFM amplitude regulation dissipation
(FM nc-AFM)
Tapping mode Yes In principle, AM nc-AFM Amplitude, A, or Topography, Short-range, [35]
AFM with very large amplitudes, phase, ¢ dissipation repulsive tip—sur-
tip—surface contact face interaction
Constant height Yes/No  Can be applied either in None or very slow feed-  Fyy (c-AFM), Af (FM 0.3-5.0 [36, 37, 38]
mode AFM c-AFM or AM/FM nc-AFM back on Fy (c-AFM), nc-AFM), or A (AM
Af (FM nc-AFM), or A nc-AFM) + dissipation
(AM nc-AFM) in nc-AFM
Electrostatic Force  Spectroscopy Yes Dependence on voltage or No feedback, the tip nc-AFM signals (Af or 0.5-5.0 [370, 305,
Spectroscopy time or distance; Electro- is fixed above the A, dissipation) or 1% 314, 380]
(EFS) static modulation can be surface harmonic of the elec-
applied trostatic contribution
Electrostatic Force  Normal topog- Yes The image evolution is nc-AFM feedback Piezo elongation in z 1.0-5.0 [302, 370,
Microscopy (EFM)  raphy imaging in observed either in depen- (topography signal) 371,372)
nc-AFM; Single- dence on time or voltage,
pass method from image to image
Double-pass n.a. After a topography image No feedback Either detuning Af 10-100 [23,373]
mode or scanning line has been or phase, ¢, of the
obtained, the tip is placed cantilever resonance
at a distance of 10100 nm frequency or 1°t
above the surface for elec- harmonic of the elec-
trostatic force detection of trostatic contribution
the same surface area
Single-pass Yes Normal nc-AFM imaging + nc-AFM feedback 1%t and 2" harmonic 1.0-5.0 [374, 375,
mode electrostatic modulation of the electrostatic 376]
contribution
Scanning Polariza- ~ Single-pass Yes The 2"d harmonic of the 2" harmonic of 15t harmonic of the 1.0-5.0 [377, 378,
tion Force Micros- mode electrostatic contribution the electrostatic electrostatic contribu- 379]
copy (SPFM) is used for the tip-surface contribution tion and piezo elonga-
distance regulation (FM and tion in z (topography
AM nc-AFM) signal)
Kelvin Probe Frequency modu- Yes The frequency of the electro-  nc-AFM feedback + Tip—surface contact Normal distance: ~ [294, 296,
Force Microscopy lation, single- static modulation is much Kelvin loop potential difference 1.0-5.0 (atomic 297]
(KPFM) pass mode smaller than the cantilever resolution closer)
resonance frequency, typi-
cally <5 kHz
Amplitude Yes The frequency of the ac nc-AFM feedback + Tip—surface contact Normal distance:  [295, 296,
modulation, voltage is mostly put onto Kelvin loop potential difference 1.0-5.0 (atomic 297]
single-pass the 1°* harmonic of the can- resolution closer)
mode tilever oscillation (6.3 x canti-

lever resonance frequency)
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force gradient over particularly rough patches
on the surface result in oscillation instabilities
because the feedback electronics cannot react
quickly enough. Hence, the surface itself
must be relatively flat (almost atomically) and
“clean” for high-resolution scanning. Sput-
tering and annealing in controlled cycles
and in different conditions is often used on
metal and oxide surfaces to get rid of surface
contaminants and to prepare stoichiometric

Distance controller

or reduced surfaces. A majority of insulating

Bias voltage . surfaces can be prepared by cleavage, some-
Uge ;z Detuning Af times resulting in a high density of defects
1 Topography z and “rubble” on the surface, as in the case

Figure 1. Schematic setup of a frequency modulation nc-AFM, consisting of two independent
regulation loops. The amplitude/phase controller keeps the amplitude of the cantilever oscilla-
tion constant, whereas the distance controller adjusts the tip—surface distance by keeping the
detuning Af at a constant value. The damping or dissipation output reflects the energy required
to maintain a constant amplitude of the cantilever oscillation, and can also be used as an
imaging signal.B% Note that the drawing is only a simplified diagram of the function principle.

More details can be found, for example, in Ref. [39].

resolution studies. However, the AM mode and tapping mode
AFM have proven rather successful in air and liquids”! (see
Section 2.9). In FM mode, a nc-AFM cantilever is maintained
in oscillation at a constant amplitude via a feedback loop (con-
stant amplitude mode) and can be considered as a self-driven
oscillator (Figure 1). If there is an interaction (force) between
the tip and surface, the cantilever resonance frequency changes
from fy to a new frequency, f, which strongly depends on the
tip—surface distance. The detuning is therefore the main signal
in FM nc-AFM and is used for the tip—surface distance regu-
lation. The distance is mostly regulated upon changes in the
detuning, Af, which is kept constant on a pre-set value, Afyre.sets
by a second feedback loop, and the resulting topography map
provides the image of the surface. It is also possible to image
at quasi-constant height, where the change in Af provides the
imaging signal.26-38l

Traditional nc-AFM applications in surface science, such as
the research on surface structure analysis, surface reconstruc-
tions, surface growth, surface dynamics, and surface chemistry,
are carried out implementing the FM mode in UHV chambers
with pressures of less than 10~ mbar. Aside from the sensitivity
benefits for nc-AFM, this is mainly to keep the surfaces clean
for as long as possible. For biological applications, e.g., the
research of DNA and single cells, as well as for electrochemical
purposes, AFM can be operated under liquid conditions.[2540-48]
Until recently, operating in a non-UHV environment substan-
tially limited the spatial resolution. However, technical advances
in improving the sensitivity of AFMs provided by operating at
small cantilever amplitudes*’l have opened the door to mole-
cular and atomic resolution in liquids, air, and ambient gases*?!
(see Section 2.9).

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of Mg0(001).°” The main problem on insu-
lating surfaces (and on undoped semicon-
ductors) is localized charges at or near the
surface, resulting from cleavage, sputtering,
and/or formation of space charge. These
charges cause significant long-range electro-
static forces, making scanning more diffi-
cult by reducing the relative contribution of
short-range forces and increasing the possi-
bility of tip crashes. Reducing the effect of electrostatic forces
can be achieved by minimizing Af as a function of the applied
bias between the tip and a certain point on the surfacel'! or by
specific surface preparations techniques such as annealing.%>2
For conducting surfaces or insulating thin films, the applica-
tion of bias also compensates for the work-function difference
between the tip and surface by reducing long-range capacitive
forces. The role of bias in AFM will be discussed in more detail
in relation to KPFM in Section 3.

The tip is the most important element in high-resolution
AFM studies, yet tip preparation remains an art rather than sci-
ence. In most cases, the tip and cantilever are fabricated as a
single structure by etching silicon in very much the same way
as semiconductor chips. Since, regardless of the operating con-
ditions, the tip is exposed to the ambient atmosphere, it is orig-
inally oxidized and at least partially hydroxylated.3! It is pos-
sible to use these hydroxylated silica tips if great care is taken
during scanning, but this appears to give poor resolution due to
weak interaction with the surface.®* In some experiments sput-
tering and/or annealing are then used to attempt to clean the
tip. Another increasingly popular tip fabrication route is to use
a quartz tuning fork as the cantilever, separately glueing a tip to
the forkP>>%°! (see Section 2.9).

Regardless of the fabrication route chosen, for high-resolution
studies, it is the nature of the very end of the tip that is crucial.
To achieve control over the tip apex atomic structure, attempts
have been made to produce clean silicon tips,P”! even with spe-
cific orbital configurations at the apex,*®! but no images have yet
been produced with these tips on anything other than silicon
surfaces. Metal-coated and metallic tips have also been used
in numerous studies,’%%! but establishing the real structure

Adv. Mater. 2011, 23, 477-501
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of a tip apex remains challenging and evidence of real control
over tip structure is still lacking. In some cases the tip was
modified by controlled adsorption of molecules!®®®’! or even
carbon nanotubes, 7% but while these offer improvements in
stability for lower-resolution imaging, they have not yet been
routinely successful for high-resolution studies. Even if the
last atom of the tip can be identified, it has to be guaranteed
that the tip does not change during an AFM measurement. Tip
changes, however, appear regularly during scanning until the
chemical potential equilibrium between tip and sample is (at
least temporarily) formed. Therefore the chemical composition
of the last atoms of the tip is extremely difficult to control. This
is why tips are often purposely brought into contact with the
surface, in an attempt to facilitate establishing such an equilib-
rium, with the hope that a sensitive, but also stable, nanotip is
formed.

Recently, metallic tips functionalized by adsorption of Cl
atoms and CO molecules have been used successfully to resolve
the atomic structure of pentacene and other molecules adsorbed
on NaCl films on Cu(111).%4 This approach provides a potential
route to achieve a degree of control over the tip structure, but
it has been implemented so far only using a combined STM/
AFM instrument at low temperature in a system featuring thin
NaCl islands on a metal surface. This allowed picking up atoms
and molecules in a controlled fashion from the metal surface
using the instrument in the STM mode of operation. The appli-
cability of this technique to a wider variety
of substrates has yet to be demonstrated.

2.2. Methods and Challenges in Interpretation
of nc-AFM Images

The overall strength of the interaction
between tips and surfaces is mainly deter-
mined by long-range van der Waals and elec-
trostatic forces. However, the atomic contrast
in nc-AFM images is dominated by short-
range van der Waals, electrostatic, and cova-
lent interactions between the tip apex and the
atoms in the surface.”*7172 It is an over-sim-
plification to consider this to be equivalent
to a single atom at the apex interacting with
a single atom in the surface, although the
closest tip-surface pair often dominates the
interaction. The real interaction at every point
in an AFM scan will include all atoms in the
tip and surface, augmented by any associated
tip- and surface-atom relaxations. In practice,
this means that the contrast measured is very
sensitive to the nature of the tip.

As an example, in the FM nc-AFM
studies of the silicon surface,¥ the complex
reconstruction of the surface and the iden-
tical chemical composition of both tip and
sample initially prompted fairly straightfor-
ward interpretation of experimental images.
Assumptions that the contrast was mainly
determined by a silicon dangling bond at the

Adv. Mater. 2011, 23, 477-501
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tip apex interacting with silicon in the surface were qualitatively
confirmed in later theoretical and experimental studies.l”%7>76]
However, further investigations showed that this agreement is
not always valid and that, for example, an oxidized tip provides
a very different contrast pattern on silicon.’* The early Si tip
models were also shown to be too simplistic and more sophisti-
cated models were later proposed.’” In fact, silicon has become
the exception that proves the rule that interpretation in AFM
is not possible from a single experimental image alone. Most
samples of interest contain at least two different species and
assigning the measured contrast pattern, or patterns, cannot
be done by eye. It usually requires a systematic combination of
experiment and theory, the nature of this combination has been
very system dependent, and no universal approach has been
discovered yet.

Since AFM is very sensitive to short-range chemical inter-
actions, an obvious extension beyond imaging is to directly
measure the forces over specific sites on the surface, so-called
force spectroscopy (see Figure 2a,b). This proved to be extremely
challenging experimentally due to the necessity to greatly reduce
sources of noise in order to maintain the position of the tip over
a given site on the surface and measure the force to a useful
accuracy. Low-temperature AFM was introduced as a general
method for improving the sensitivity and controllability of exper-
iments,”7%! with operating temperatures down to below 10 K.
This proved to be the essential step in the development of force

b) 0.5

0.0

800
400 i

200 Sihill

Figure 2. a) High resolution nc-AFM image of a mixture of Sn, Pb and Si atoms on the Si (111)
surface and b) sets of force curves measured over Pb and Si atoms. The discrimination between
the different atomic species could be accomplished by comparing experimental and theoretical
force spectroscopy. c) 3D force spectroscopy of the graphite surface. Panels (a,b) reproduced
with permission.”l Copyright 2007, Nature Publishing Group. Panel (c) reproduced with per-
mission.”l Copyright 2009, Nature Publishing Group.
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spectroscopy and nearly all successful measurements were at
low temperature.”?7>7680-821 The recent introduction of atom-
tracking software, made obtaining force spectroscopy at room
temperature also possible, greatly increasing its accessibility, 384
with results demonstrating resolution comparable to the best
low-temperature studies.”?l Recent developments in controlling
drift of the tip offer the promise that similar levels of control can
also be achieved at room temperature in air®! and liquids.®®!

Having achieved force spectroscopy over specific surface
sites, it seems natural to attempt an atom-resolving, 3D imaging
mode (see Figure 2¢). This requires measuring densely spaced
force curves suitable for producing high-quality force maps
along any plane parallel or perpendicular to the surface. How-
ever, combining thousands of Af{z) curves to form a 3D data set
that allows the recovery of forces and energies is not straight-
forward. This requires long acquisition times and overcoming
problems of drift and tip stability. Since the first measurements
on the NiO (001) surfacel*##] significant progress has been
made in this area both in UHV®® and in solution.®¢

Force spectroscopy can greatly aid image interpretation
because it is relatively easy to calculate force curves over a few
sites in the surface for comparison to the measured curves,
even with state-of-the-art first-principle simulations.”*! To cal-
culate an image or 3D force map, tens of thousands of points
are often needed and significant approximations need to be
made in the calculation methodology to make the simulations
feasible. In contrast, simulations of several force spectroscopy
curves can be made with state-of-the-art quantum mechanical
calculations, leaving the main uncertainties in the nature of
the system itself. Early successes provided good agreement
between measured and calculated force curves,76818289 while
also highlighting, as expected, the sensitivity of the force curves
to the exact tip structure and chemistry. Comprehensive com-
parison between experimental and theoretical force curves,
and hence comprehensive interpretation, often requires calcu-
lating a large set of possible tip models, % measuring enough
experimental curves to provide meaningful statistics,”? or
achieving qualitative or semi-quantitative agreement in curve
characteristics.[’182]

For conducting samples, combining nc-AFM and STM offers
both current and force as local maps of the surface, reducing the
free parameters in interpretation. This can be particularly pow-
erful if contrast in one of the modes is already understood from
simulations and can be used as a reference for the other mode.
The approach was first used to study molecular adsorption on
TiO, (110),°1 then later with simultaneous force and current
measurements, again on TiO, (110),Z and also for detailed cur-
rent and force spectroscopy on graphite.”’] Recent studies of
molecular manipulation on metal surfaces have also used STM
for spatial characterization while FM nc-AFM provided force
measurements.®? In Section 2.5 an example illustrating how
the combination of AFM and STM, along with other approaches,
has been used to study the TiO, (110) surface is given.

2.3. Insulating Surfaces

For some systems, the surface symmetry permits the different
measured contrast patterns to be immediately attributed to
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Figure 3. Comparison of experimental (left) and simulated (right)
nc-AFM images of the CaF, (111) surface. The images show the contrast
for a positive (top) and negative (bottom) potential tip. A negative poten-

tial tip interacts most strongly with the Ca?" ions in the surface, resulting
in a disk-like contrast. A positive potential tip interacts with both F~ ionic
sublattices resulting in a triangular contrast. Top panels adapted with
permission.*l Copyright 2001, American Physical Society. Bottom panels
reproduced with permission.®>l Copyright 2002, Institute of Physics.

certain types of tips. This requires an initial simulation effort
to interpret the original set of contrast patterns, but then acts
as a reference for interpretation of all future experiments. The
first example of this is the CaF, (111) surface, where it has been
demonstrated that tips of negative electrostatic polarity give
disk-like contrast patterns with Ca?* ions as bright and tips of
positive electrostatic polarity give triangular contrast patterns
with F~ ions as brightl**%+%] (Figure 3). This understanding of
the contrast pattern was then used to interpret further AFM
experiments on molecular overlayers,*® water adsorption and
manipulation,””-1% thin films,'°! and force spectroscopy.®?
Other images of the CaF, (111) surface were obtained using
the qPlus sensor technique of nc-AFM with an etched tungsten
tip, and they exhibited the step edges and screw dislocations
expected following in situ cleavage in UHV.1%2I Another result
of this latter work was that the atomically resolved images
obtained using a small-amplitude mode with a tungsten tip also
exhibited disk-like and triangular contrast features. This indi-
cates that in both cases tips were terminated by polar clusters,
likely due to contamination by surface material. Si tips intention-
ally contaminated by surface material via hard contact with the
cleaved CaF, (111) surface were used to image a perfect surface
and point defects.””*l Again the two distinct types of contrasts
were observed, corresponding to two different tip polarities.
Based on the observed defect images and defect mobility the
authors concluded that the positively charged hydrogen ion of
the H,0 molecule occupying a Ca®* site in the surface is likely
to be the point defect observed in the study (Figure 4a,b).
Similar studies have been carried out on the CeO, (111) sur-
face, which has the same structure as the CaF, (111). CeO, (111)
is used in a variety of industrial applications, such as catalysis,
fuel cells, and oxygen sensing, due to its high oxygen transport
and storage capacities and studying surface defects is vital for
understanding these properties. However, contrary to initial
expectations, the atomically resolved images of the CeO, (111)

Adv. Mater. 2011, 23, 477-501



. ADVANCED
M oS MATERIALS

www.advmat.de

www.MaterialsViews.com

where two contrast patterns gave rise to an
unambiguous interpretation. The reason for
this difference is still unclear and may have
to do with the way CeO, contaminates Si tips
upon repeated contact. However, unlike the
CaF, (111) surface, CeO, (111) proved to
be a playground for a wide variety of point
defects that are stable at room tempera-
ture.[103.105.106108] playsible models have been
suggested for chemical identities of image
features and defects; these have been used to
understand the interaction of water with the
surfacel'®1%] (Figure 4c) and the structure of
steps at surfaces observed with atomic resolu-
tion[19+106] (Figure 4d). However, full under-
standing of the surface chemistry and inter-
pretation of images remains a challenge.
More generally, the improving ability of FM
nc-AFM for studying a wide variety of insu-
lating surfaces in high resolution can be seen
in recent successes in resolving long-standing
issues in structural characterization, particu-
larly on those materials inaccessible to other
surface probe techniques (Figure 5). Some
pertinent examples include diamond, !
and binary oxides, such as MgO (001)!1¥
and bulk o-Al,O; (0001).11516] There has
also been recent progress in imaging polar
oxides, such as ZnO (0001),1**17] and min-
Figure 4. Examples of nc-AFM images with atomic resolution. The CaF, (111) surface and a  erals, such as mica, >8] antigorite,'* and
point defect imaged with a) a positively terminated and b) a negatively terminated tip. The CeO,  calcite (10-14).111%
(111) surface c) slightly reduced and d) with a small surface island formed during annealing.
Panels (a,b) adapted with permission.I®l Copyright 2007, Institute of Physics. Panel (c) adapted

with permission.['3 Copyright 2007, American Physical Society. Panel (d) adapted with permis- 2 4. Doping Samples
sion.1% Copyright 2008, American Institute of Physics.

As discussed in Section 2.2, the interpreta-
surface, obtained by many sputter/anneal cycles of crystalline  tion of chemical atomic contrast is never straightforward. It
samples, exhibited predominantly disk-like contrast.'%>1%] Only  is particularly difficult for binary insulators, such as NaCl or
occasionally have other types of contrast, e.g., a honeycomb pat-  MgO, where the cations and anions are arranged in equiva-
tern, been observed.'"”] This made the chemical identification  lent cubic sublattices on the (001) surface. In this case, images
of image features more difficult than for the CaF, (111) surface, ~ with atomic resolution exhibit the same type of contrast, which

Figure 5. nc-AFM high-resolution images of a) MgO (001) (inset shows the atomic resolution on flat terraces), b) bulk a-Al,03 (0001), c) potassium
carbonate islands on mica, d) ZnO (0001), and e) antigorite ((Mg,Fe, Al) (Si, A)O(OH)). Panel (a) adapted with permission." Copyright 2003,
American Physical Society. Panel (b) adapted with permission.'"!l Copyright 2009, American Physical Society. Panel (c) adapted with permission.''
Copyright 2009, American Chemical Society. Panel (d) adapted with permission.['"* Copyright 2008, American Physical Society. Panel (e) adapted with
permission.['" Copyright 2010, American Mineralogical Society.
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is nearly always composed of round bright and dark disks,
independent of the composition of the tip.'2%-123 Identi-
fying these contrast features requires extensive experimental
and theoretical effort, such as comparison between experi-
mental and simulated images or force spectroscopy (see
Section 2.2).

A very promising approach to interpreting images of such
crystal surfaces is to dope them with known impurities, which
is a general experimental method that has been used effectively
for studying defects in bulk crystals for many decades.['?+-126]
The adsorbates or impurities present on the surface are likely
to exhibit different atomic contrast in comparison to the rest of
the surface ions,?”] hence identifying an impurity aids signifi-
cantly in also identifying all other types of ions at the surface.
This labeling was shown by early experiments on surfaces of
mixed KCly¢KBry, crystals.l'?2l Despite the similarity of formal
charges, the CI~, Br, and K" ions could be identified.

However, doping crystals with aliovalent impurities has
more advantages because such impurities exhibit a clear dif-
ference in the atomic contrast with respect to all other regular
ions.?7] A benefit is that the inclusion of aliovalent impurities
may lead to a restructuring of the ions locally in the bulk and
also on the surface. A new phase can be created with a different
crystal lattice, which is usually accompanied by the introduc-
tion of vacancies or interstitials compensating for the adifferent
charge of the aliovalent impurities.l'?8! For instance, if an alkali
halide crystal is doped by a relatively large amount of divalent
metal ions (1-10%), the impurities and cation vacancies aggre-
gate into the Suzuki phase.'?”l The main characteristic of the
Suzuki phase is that the lattice vectors of its cubic structure
are twice as long as those of pure NaCl and that the phase is
formed from ordered cation vacancies and impurities.12%-131 In
doped NaCl crystals, the Suzuki phase can be found in large
precipitates, which have a cubic shapel'*?l and are almost per-
fectly embedded into the NaCl matrix. Cleaving and additional
annealing in UHV leads to the segregation of impurities and
vacancies to the surfacel'*¥l and to a complete reconstruction of
the surface.'3 The (001) surface, which is called a Suzuki sur-
face in the following, is nanostructured such that the two types
of atomically flat surface regions coexist: pure NaCl regions and
Suzuki phase regions!'34 (Figure 6a).

The surface of a Suzuki precipitate can be terminated either
by a layer of pure NaCl (Figure 6¢) or by a defect-rich NaCl
layer, which includes the Na* vacancies and impurity ions
(M%) in a highly ordered arrangement (Figure 6b). The results
obtained on NaCl:Mg (001) surfaces!'*! demonstrate that each
single ionic species can be identified directly in the image due
to the different atomic sublattices of the Suzuki structure,
which all have different geometries. A recent quantitative com-
parison between experiment and theory strongly supports this
identification of all ions on the (001) surfaces of NaCl:Mg?" and
NaCl:Cd?** crystals.3%1 This identification can be done inde-
pendently of the tip-surface distance and despite differences in
surface termination. It does not depend on the chemical nature
of the divalent impurity ions inside the Suzuki structure.'3¢!

This work opens up an interesting prospect for controlling
surface chemistry by the choice of impurity. For instance, the
Suzuki phase is known to be formed in NaCl by other divalent
ions (e.g., Mn?*,[137138] Fe2#(130)) a5 well as in other host lattices,
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Surzuki

Figure 6. The (001) Suzuki surface of NaCl-doped crystals. a) Large-
scale image representing the nanostructured Suzuki surface. The sur-
face is composed of pure NaCl regions and precipitates condensed in
the Suzuki phase (NaCl:Cd?"). b) Experimental image of the NaCl:Mg2*
surface, terminated by the layer including all impurities and vacancies.
c) Experimental image of the NaCl:Cd?* surface, terminated by a pure
NaCl layer. In both experimental images, all ions can be identified due
to the individual sublattices formed either by the CI~, Na*, Mg?"/Cd?, or
vacancies (V) (compare with drawings). For a detailed description of the
atomic contrast see Refs. [134-136)].

such as LiCl (:Mg?", V2, Mn?),l139 LiF:Mg?",[140l MgO:Mn**,
and NiO:Mn*4L1#2 - An interesting challenge would be to
create a Suzuki phase incorporating magnetic impurities, such
as Mn?" and Fe?*!'¥”]; magnetic ordering in these structures
could be studied by magnetic exchange force microscopy.l®’l
Another application of this approach could be in nanocatalysis,
where oxides such as MgO, are used as supports for metal
nanoclusters.*>1*1 As MgO:Mn*'*11 and NiO:Mn*" crystals!!*2
exhibit Suzuki precipitates, such systems could allow both iden-
tifying the surface ions and tailoring catalytic properties.

Using the Suzuki surface for identifying ions in nc-AFM
images could also help in studying deposited nano-objects,
such as molecules and metal clusters. A possible scenario is
that ions in the Suzuki structure and the polarity of the tip are
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first identified. This information can then be
used to characterize the chemical contrast of
supported nano-objects and to provide a clear
system setup for numerical simulations. A
further benefit is that the impurity ions and
vacancies can serve as anchoring sites for the
nano-objects.

From a more general perspective, the
example of the Suzuki surface clearly shows
that doping may become one of the standard
procedures in nc-AFM. Indeed, a recent
application using nc-AFM spectroscopy for
identifying dopants in the Si(111) surface
(see Figure 2) demonstrates the feasibility
of this approach.’3] Further evidence that
doping becomes an important procedure can
be seen in recent measurements on oxide
surfaces, such as TiO, (110),1*5146] where
high-resolution images offer some insight
into the role of dopants in photocatalytic
processes on the surface.

2.5. Combining STM and nc-AFM: the TiO,
(110) Surface

The importance of titanium dioxide (TiO,) in
a wide variety of applications ranging from
photocatalysis to biomedical implants!'47-130]
has led to a considerable research effort to
understand its surface properties.'>!l The
most stable (110) rutile surface is character-
ized by rows of oxygen atoms bridging tita-
nium ions. Although in principle it is an
insulator, TiO, has a small band gap (3 eV for
the stoichiometric surface) and is thus acces-
sible to both STM and AFM. Atomic resolu-
tion has been achieved on the (110) surface
in both STM['52 and AFM.['53154 Eor STM,
the contrast in images was understood through extensive coop-
eration between theory and experiment, identifying Ti atoms
as the bright sites.'>” In AFM, images of the TiO, (110) sur-
facel®215314 were initially interpreted based on the concept
that the force between the tip and sample was largely element
independent, and therefore the protruding oxygen rows should
appear as bright because they are closer to the tip. However,
the tip proved to be the key to understanding and interpreting
experiments on the TiO, (110) surface. The early AFM simu-
lations using a hydrogen-terminated, one-atom Si tip!"* sup-
ported the interpretation of oxygen as bright in images, but
more extensive works, considering three different tip models
interacting with both the ideal and vacancy-defective surfaces,
predicted strongly tip-dependent imaging.">¢-18] Indeed, the
experimental contrast pattern could be reproduced with a
larger silicon tip, as well as with both O- and Mg-terminated
MgO tips. For the O-terminated tip, the contrast was reversed
with respect to the other tip models and the titanium ions were
imaged as bright. Although these calculations confirmed the
belief that oxygen vacancies would be seen as dark on bright

Adv. Mater. 2011, 23, 477-501

O vacancy

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MATERIALS

www.advmat.de

Single hydroxyl Double hydroxyl

Figure 7. Comparison of experimental (a) and simulated (b) nc-AFM images of vacancies and
hydroxyl species on the TiO, (110) surface. The triangular icon indicates the electrostatic poten-
tial of the tip. For a positive-potential tip the bridging oxygen rows are imaged as bright rows,
while vacancies and hydroxyl groups are imaged as dark spots on the rows. For a negative-
potential tip, the in-plane titaniums are imaged as bright rows and vacancies and hydroxyl
groups are imaged as bright spots in-between the rows. Adapted with permission.l>% Copyright
2006, Institute of Physics.

oxygen rows for a silicon tip, this was not a general result for
all tips.

A much more complete picture was found by using the
knowledge of water chemistry on the surface provided by
STMI% as a background for FM nc-AFM studies. This estab-
lished that the surface is always partially reduced after prepara-
tion, but soon, even in UHYV, ambient water molecules begin to
dissociate at the oxygen vacancies resulting in hydroxyl groups.
Extensive AFM experiments could clearly distinguish three
statistically significant defect species in atomically resolved
images,[>% and these defects could be seen in two reproducible
imaging modes (Figure 7). One mode, called “hole”, resolved
the defects as dark spots on bright rows, while the other mode,
called “protrusion” resolved the defects as bright spots in-
between rows. Simulations showed that both of these modes
could be explained by the apex of the AFM tip exposing either a
positive or negative termination. They unambiguously defined
the ionic sublattices and revealed the exact positions of oxygen
vacancies and hydroxyl (OH) defects on the TiO, (110) surface.
In an extended study,'®!l a third, and rarer, “neutral’ mode
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was introduced, which appeared to image the physical topog-
raphy of the surface and defects. This contrast pattern was sug-
gested to be due to a clean silicon tip. Understanding of AFM
imaging of the TiO, surface was further expanded by a detailed
comparison of experiments and first principles calculations,
which showed that it was even possible to see both bridging
oxygens and surface titaniums as bright in images with the
appropriate tip.[162!

In contrast to the trend of using STM understanding to aid
in interpretation of AFM on TiO,,"9215415] combined STM/
AFM studies'®® actually used the interpretation provided by
AFMI to understand STM images. In these latter studies,
the experiments were regulated on the frequency change of
the oscillating cantilever (nc-AFM), while the average current
during an oscillation was measured (STM). This means that the
tip was much closer to the surface than in conventional STM
experiments and played a much more significant role in con-
trast formation in both the topography and current channels. A
wide variety of experimental images were observed, with bright
contrast in STM and AFM both in-phase, i.e., on the same
atomic rows, and out-of-phase. Regardless of whether the tip
was imaging in hole, protrusion, or neutral AFM modes, there
was no general correlation between the contrast observed in
the nc-AFM and the STM modes. The exact state of the SPM
tip must therefore be determined for each specific case. This
was achieved by carefully evaluating the STM contrast from a
fairly large library of SPM tips and linking it to the appropriate
nc-AFM imaging mode. For each set of experimental images,
the tip was clearly defined by an exclusive match to paired AFM
and STM contrast patterns and the contrast in AFM and STM
was fully understood.'%3] Although the initial study provided
only qualitative agreement between simulations and experi-
ments, this was later extended to quantitative agreement by a
careful consideration of the exchange-correlation functional
used in calculations and inclusion of the effects of tip—surface
relaxations and impurities.!'64

The power of this approach was further demonstrated by its
ability to resolve and interpret an event that neither technique
could manage alone.l'®] Time-resolved nc-AFM images showed
the disappearance of a single hydroxyl species during scanning.
However, the average current channel showed that the signal
from hydroxyl had not disappeared and had
just changed slightly in position and appear-
ance. Using the library of reference tips from
earlier studies,l'®®l simulations were able to
identify a suitable tip to match the AFM and
STM contrast. This was then used to prove
that the hydroxyl group had been manipu-
lated into a subsurface site, completely
screening it from detection via force, but
remaining a perturbation in the electronic
structure and the corresponding tunneling
current. The study of the TiO, (110) surface
demonstrates that combining STM with
AFM and extensive simulations adds extra
strength to these local techniques. The recent
success in high-resolution KPFM studies!'%!
shows that this approach can be expanded to
a wider selection of SPM flavors.
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2.6. Thin Insulating Films on Metals

Another system class accessible to both STM and nc-AFM is
of ultrathin insulating films grown on conducting surfaces.
Thin-film systems are used in different technologically impor-
tant fields, such as catalysis, spintronics, and molecular- and
microelectronics.'”-1% The simplest thin-film systems are
alkali-halide films, which can be studied by STM[7*74 and
nc-AFM, 04651211751 or CaF, films.%1 More relevant systems
for catalysis are thin oxide films, which have been extensively
characterized. A particularly well-studied example is MgO
(STMI76177) and nc-AFMI178-180324))

For all types of thin-films, the collaboration of AFM and
STM is quite fruitful, and this can be best seen in the case of
ultrathin Al,O; films due to their interesting nanostructuring.
Two types of Al,O; films have been studied extensively but, so
far, separately by STM and nc-AFM. The first type of film is
grown on NiAl (110),18! whereas the second type is grown on
the Ni;Al (111) surface.' The atomic structure of Al,0;/NiAl
(110) films has been studied first by STM,[!83184 but recently
also by nc-AFM.[®318] The combination of structural informa-
tion obtained from STM and from DFT calculations facilitated
the determination of the true atomic structure of this film.['84
The results from nc-AFM strongly supported the model so that
an overall complete picture of the atomic structure could be
obtained.[®?]

On the AlO;/NiAl (110) surface defects are randomly dis-
tributed, resulting in an irregular array of clusters, which have
a broad size distribution.!'®”] Contrary to this film, the surface
of alumina on Ni3Al (111) is nanostructured in a way that pro-
motes growth of a regular array of metal nanoclusters with a
sharp size distribution.['®! On the clean Al,03/Ni;Al (111) sur-
face, STM reveals two hexagonal superstructures with the lat-
tice parameters of 4.1 and 2.4 nm, which are observed at two
specific bias voltages and which can be observed, for example,
within two separate images.®”] On the contrary, nc-AFM shows
these two superstructures coexisting in one image, suggesting
that their origin is not a purely electronic effect (Figure 8).[18%189
Images reveal that the top-most atomic layer is modulated with
periods corresponding to the two superstructures observed ear-
lier by STM. The origin of this modulation has been attributed

Figure 8. The ultrathin Al,O5 film on the Ni3Al(111) surface. a) An FM nc-AFM damping image,
which represents the unit cells of the two superstructures. b) Self-correlation taken from an
atomically resolved image (see Ref. [188]). It represents the geometric relation between the
two superstructures. ¢) STM image with atomic resolution at the two different surface sites
that form the two superstructures. Panel (c) reproduced with permission.l"l Copyright 2006,
American Physical Society.
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to a pinning of the oxide film lattice on a supermesh, which is
in coincidence with the atomic lattice of the Ni;Al substrate.['88!
Quite recently, it has been shown that STM achieves atomic
resolution on the film. STM images show that the nodes of the
4.1 nm lattice correspond to holes in the film.'*! Although this
interpretation is supported by DFT calculations,!'!l it has not
yet been proven that the proposed film structure is the most
stable one.

The examples of alumina films demonstrate yet again
how collaboration between STM and nc-AFM aids the under-
standing of surface structure by providing different, but com-
plementary, information. For the Al,O3;/Ni;Al (111) film, a
combination of STM and nc-AFM in a QPlus sensor setupl>>°l
could be used in the future to finally resolve the true atomic
structure. The combination of STM and nc-AFM provides a full
set of images (topography, current, detuning, and damping)
containing different types of tip—surface interactions to aid the
atomic-structure analysis of the film. This combination is not
restricted to alumina films, but can certainly be used for wider
variety of thin insulating films on metal and semiconductor
substrates, opening new avenues in the atomic-structure anal-
ysis of thin-films.

2.7. Imaging Metallic Nanoclusters

Interest in studying metallic nanoparticles has increased rap-
idly in the last decade, particularly due to the discovery of
their surprising chemical activity when adsorbed on insulating
substrates.[143144167.192] Thege nanocatalysts remain a topic of
intense research, with many questions over the mechanisms of
their reactivity still open. Since the insulating nature of many
of the relevant substrates prevented the use of STM in most
cases, AFM has become a common tool for local characteriza-
tion of these systems.

Almost as soon as the technique became available, nc-AFM
was also applied in studies of adsorbed nanoclusters: Au on
alumina,'%3 TiO,,1%4 NaCl,1%! KBr,[190-201 RDBI,%] mica, 202

www.advmat.de

MoS,,2¥1 poly-L-lysine coated mica,?%! Si[204  nSb,20
graphitel?%l and gold;?%! Ag on graphite?’! and quartz;?%! Cu
on alumina;?%21% Pd on aluminal?%2!1l and MgO(001);12!2 Ni
on alumina;?'3 Fe on NaClL*'“l Fe/Pt on NaCl;*'*2%] InAs on
GaAs;?% Si on CaF, (111);2' and Ge on Si.?7218 In terms
of resolution, many of these studies offered little benefit over
contact AFM measurements,?1°224 but the extra sensitivity
improved the reproducibility of the measurements and reduced
unintentional surface damage. Nanoclusters have been success-
fully manipulated with nc-AFM,?2-204225] but manipulation
in the dynamic modes of AFM remains difficult and prone to
oscillation instabilities due to the large forces involved.

One of the main aims of nc-AFM studies of nanoclusters on
surfaces is to provide high resolution of both the cluster and
the surface and ultimately to offer atomic scale details about
sizes, shapes, and adsorption sites of the clusters. Efforts in
this direction have generally focused on the relatively easy
to prepare model systems, such as Au nanoclusters on alkali
halide surfaces.[37:196:197,200201,226227] ‘Thege studies often pro-
vided atomic resolution on the insulating substrate.[196-200]
However, at close approach nanoclusters are imaged only as
fuzzy hemispheres,1°¢2% hiding their true geometric shapel!*?!
(Figure 9). This is mainly due to the convolution of the tip with
the nanocluster.196228229] For small, nanometer-sized clusters
the tip apex is effectively much larger and the shape of the tip
apex is what is mostly imaged.[%®! Significant improvements in
the resolution of nanoclusters can be achieved by imaging in
the constant height mode,®”] where the tip convolution effect is
greatly reduced (Figure 9b-d). An extensive experimental and
theoretical study of Pd nanoclusters on MgO (001) showed that
the real shape of the clusters could be seen in constant height
mode, independent of the shape of the tip.*¥] None of these
studies have demonstrated real atomic resolution of a nano-
cluster, although careful approach to a nanocluster pinned at a
step-edge has revealed some internal structure.'®

Future studies will certainly push the resolution limits but,
perhaps more importantly, an early success combining nano-
cluster and molecular deposition!'*’! suggests that experiments

Figure 9. Imaging clusters with the nc-AFM. a) A gold cluster on KBr (001) imaged in the topography mode. Top: topography image, bottom: the
corresponding image showing contrast in Af. The cluster has a size of a few nanometers, comparable to the tip radius, so that the tip, rather than the
cluster (fuzzy object), is imaged. Only if the tip is close to the cluster, can a few details of the top facet of the cluster be imaged. Constant-Aftopography
image (b) and constant-height image (c) of the same palladium clusters on MgO (001). The tip—surface convolution, which appears in the topography
image, is greatly reduced if the clusters are scanned in the constant-height mode. d) A constant-height image of copper clusters on bulk o~Al,05 (0001)
exemplifying the improvement in resolution. Panel (a) reproduced with permission.[® Copyright 2004, Institute of Physics. Panels (b,c) reproduced
with permission.® Copyright 2008, American Institute of Physics. Panel (d) reproduced with permission.'% Copyright 2008, American Chemical
Society.
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will soon be able to look at products of molecular reactions
on nanoclusters in atomic detail. Combined with the ability
to look at charge transfer and polarization via KPFMI'*! (see
Section 3) and the use of STM for nanoclusters on thin insu-
lating films,23% SPM offers a very powerful toolbox for studying
these key systems.

2.8. Adsorbed Molecules and Atoms

The adsorption of atoms and molecules on insulating sur-
faces is central to understanding catalysis, designing molec-
ular electronics devices, and studying molecular magnetism.
Through imaging topography, scanning probes can determine
adsorption sites and the geometry of an adsorbed species and
hence provide the understanding of their binding to a surface.
Temperature-controlled measurements can give information
regarding diffusion rates of adsorbates and their interaction
with surface defects. Tip-induced manipulation can produce
new structures and initiate chemical reactions. All these prop-
erties have been studied on individual atoms and molecules at
conducting surfaces using STM.12*!l However, success ful appli-
cation of nc-AFM in this area came much later. Since individual
formate ions on the TiO, (110) surface have been imaged using
FM nc-AFM some 15 years agol"®® and the combined STM/
AFM studies of porphyrins on copper, 23323 high-resolution
studies on individual well-separated atoms and molecules are
still rare. Theoretical calculations and experimental measure-
mentsl103232235] indicate that the tip-sample separation is usu-
ally significantly smaller during atomic-resolution imaging
with nc-AFM rather than with STM. Hence, the interaction of
the tip with weakly adsorbed atoms or molecules can change
their position and configuration or cause the adsorbate to be
removed Dby the tip.*® This makes atomically resolved nc-AFM
imaging of individual species, as well as their controlled manip-
ulation at surfaces, technically very challenging.

Determining the chemical adsorption site of a molecule
usually requires simultaneously resolving both the adsorbed
molecule and the atomic structure of the substrate. This is
a challenge for both STM and AFM studies and requires the
preparation of stable and sharp tips. Polar or metallic tips
facilitate atomic resolution on ionic surfaces,””! but such tips
can also interact strongly with an adsorbed molecule and thus
prevent stable imaging. To obtain reproducible, high-resolution
imaging of both a surface and an adsorbed molecule, the tip
should interact strongly with the surface atoms but not with
the adsorbed molecule. Further, to determine an adsorption site
from an experimental image, one needs to chemically identify
the positions of individual surface atoms. Here, one possible
strategy is to first identify the ions or atoms of the surface in
atomically resolved images, e.g., whether a bright spot in an
image is a surface Na* or CI” on NaCl (001), and then identify
the adsorption site. This can be done by experimental observa-
tions (see Section 2.4) and/or theoretical modeling of the tip—
surface interaction (see Section 2.2). An alternative approach is
to solve the inverse problem: one can use a theoretically pre-
dicted adsorption site of an adsorbant (e.g., molecule or metal
atom) and the image to chemically identify surface ions or
atoms.
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An example of the first approach is the determination of
the adsorption sites of Au atoms on the alumina film grown
on NiAl (110)."®] The measurements were performed using a
combined nc-AFM/STM and metallic tip at 5 K. In this case the
low symmetry of the alumina film helped to determine that Au
atoms preferentially bind to surface Al atoms located above an
Al atom of the NiAl substrate. Earlier studies used a combina-
tion of nc-AFM and KPFM to establish three different adsorp-
tion sites of Pt atoms on the TiO, (110)-(1x1) surface.?**l More
recent studies used the earlier understanding of the contrast
patterns of the substrate to establish the adsorption sites and
configurations of cytosine on the CaF, (111) surface,?*”! and
perylene derivatives!?3® (Figure 10a) and terephthalic acid?*% on
the TiO, (110) surface.

The second approach has been used in nc-AFM studies of
individual molecules of Co-Salen (Figure 10b), a small chiral
paramagnetic metal-organic Schiff base complex, on the NaCl
(001) surface using Cr-coated tips at 30 K.2*0241 The obtained
images simultaneously exhibit both the position and the orien-
tation of the adsorbed molecules and the atomic structure of
the surface, enabling the determination of the exact adsorp-
tion site. Density functional theory calculations were used to
identify the ionic sublattice resolved with the Cr tip and also to
confirm the adsorption site and orientation of the molecule on
the surface. Imaging molecules at room temperature is more
challenging. Custom-designed syn-5,10,15-tris(4-cyanophe-
nylmethyl) truxene molecules were imaged with atomic and
molecular resolution at room temperature using nc-AFM at the
nanoscale structured KBr (001) surface.?*?l The molecules were
observed rapidly diffusing along the perfect monolayer step
edges and immobilized at monolayer kink sites. Extensive ato-
mistic simulations elucidate the mechanisms of adsorption and
diffusion of the molecule on the different surface features. The
results of this study suggest methods of controlling the diffu-
sion of adsorbates on insulating and nanostructured surfaces.

A different approach has been used to image pentacene with
atomic resolution using nc-AFM/STM on patches of ultrathin
NaCl layers deposited on Cu (111) at 5 K. In this system, tun-
nelling is still possible and suitable tips could be prepared on
the bare metallic substrate in the STM mode using standard
procedures to transfer certain atomic or molecular species
from the surface to the tip apex.?*} Such well-controlled pro-
cedures currently do not exist for pure nc-AFM measurements,
particularly not on bulk insulating surfaces. A tip functional-
ized with a CO molecule in this manner was then used in the
nc-AFM mode to image pentacene molecules adsorbed on the
NaCl islands with submolecular resolution (Figure 10c-h).
Modeling played a vital role in determining the mechanism of
submolecular resolution resulting from the interaction of the
CO-terminated tip and pentacene, with the authors concluding
that Pauli repulsion is the main source of atomic contrast in the
molecular image. This approach has been later used to provide
a detailed chemical model for a previously misassigned mole-
cule, cephalandole A.2*Y Similarly, nc-AFM investigations of
adsorbed molecules on mica and TiO, surfaces?*>24?! combined
with theoretical modeling suggest that the repulsive regime
of contrast formation can be identified and controlled by ana-
lyzing origins of contrast inversion in images. This goes beyond
the common perception that the best and most non-invasive
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Figure 10. nc-AFM images of a) perylene adsorbed on TiO, (110), b) Co-salen adsorbed on NaCl and pentacene adsorbed on thin NaCl films on copper
using different tip terminations. c,d) CO molecule, e) Ag, f) CO, g) Cl, and h) pentacene. Panel (a) reproduced with permission.[?3”l Copyright 2009,
American Physical Society. Panel (b) reproduced with permission.?4%l Copyright 2009, Institute of Physics. Panels (c-h) reproduced with permission.[4l

Copyright 2009, American Association for the Advancement of Science.

contrast can be achieved in the attractive regime of tip-surface
interaction.

Controlled manipulation of atoms and molecules with
nc-AFM tips is now becoming a reality.!% 33 Significant suc-
cess has been achieved at semiconductor surfaces since the
earliest publications.?*’~2%] Despite several theoretical studies

Figure 11. Examples of atomically resolved nc-AFM experimental images
in liquid. a) 2D and b) 3D images of the mica surface in water. c) Calcite
(10-14) surface in water. d) Dipalmitoylphosphatidylcholine (DPPC) lipid
bilayer in a phosphate buffer saline (PBS) solution. Panel (a) adapted
with permission.[?Z Copyright 2010, American Physical Society. Panel (b)
adapted with permission.®l Copyright 2010, American Physical Society.
Panel (c) adapted with permission.?”2l Copyright 2009, American Chem-
ical Society. Panel (d) adapted with permission.?”¥l Copyright 2007,
American Physical Society.
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suggesting that manipulating atoms at insulating surfaces
should be feasible, %252 experimental breakthroughs proved
much more difficult to achieve. Tip-induced displacements of
atom-sized defects on a CaF, (111) surface at room temperature
have been observed and similar results have been obtained
on the KCI (100) surface.?>l In these studies, the defects were
dragged by the nc-AFM tip along the slow-scan direction at
given threshold tip—surface distances. However, achieving con-
trolled manipulation still requires achieving much better con-
trol over the tip structure and the balance of forces between the
tip, the surface, and the manipulated species.

2.9. Imaging in Air and Liquids

Although many of the recent success stories of AFM have
been achieved in UHV conditions, for most applications this
is not a particularly relevant environment, e.g., studies in air
or ambient gases would be more relevant for catalysis!*3l and
studies in liquid would mimic the physiological conditions
relevant to biological systems.[*8] Furthermore, controlling the
environment offers the possibility of damping van der Waals
interactions and removing capillary forces.”>* Of course, the
first AFM studies were in air?>>2%% and some early high-resolu-
tion studies were in water.*! In these studies, AFM is operated
in contact mode and suffers from similar problems to studies
of systems in UHV in contact, i.e., the imaging process is inva-
sive and the large lateral tip—surface forces damage or deform
the sample. Recent contact studies have improved on this,!?”]
but it is particularly a problem in organic or biological systems,
where molecules are often only physisorbed to the surface by
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weak van der Waals interactions. Imaging these systems is pos-
sible if the molecules are firmly attached to the surface or form
a crystal structure,[°%258-263 byt even for high-resolution studies
on predominantly flat surfaces,*!l in contact mode it is very dif-
ficult to understand whether AFM really sees the surface or just
a convolution of surface, tip, and liquid molecules.

A natural route to reduce the lateral forces experienced by
the sample is to reduce the amount of time the tip spends in
contact by introducing vertical cantilever motion.*¥ Instead of
contacting the surface throughout the scan, the tip only con-
tacts the surface gently at the closest approach of the oscil-
lating cantilever. A mode of AFM operation using amplitude
modulation (AM) (see Section 2.1) is known as tapping mode
or intermittent contact.?4 It has proven very successful for
imaging samples in liquid,”?%>-2¢7 and its capability for high-
resolution studies in physiological conditions has led to AFM
becoming the tool of choice for the investigation of biological
systems.*8268] However, its ultimate resolution is limited to the
nanometer level by the low quality factor of the cantilever reso-
nance in air and liquid environments causing high noise.[3*2%]
The same problem prevents conventional FM-AFM in air and
liquids from offering comparable resolution to that commonly
seen in UHV. For a standard microfabricated silicon cantilever,
the Q factor is 10 000-200 000 in vacuum, 300-600 in air, and
1-20 in liquid; molecular resolution is estimated to be pos-
sible down to Q values of around a few hundred.*’”) Despite
reduced viscosity, imaging in inert gases offers similar quality
to imaging in air, with a Q value of about 500 using conven-
tional amplitudes.l?’!]

It was recognized fairly early in the development of FM-AFM
that stiffer cantilevers and small amplitudes could offer dramatic
increases in the signal-to-noise ratio and Q. Generally, low-
amplitude, stiff cantilevers are fabricated from quartz tuning
forks and appropriate tips are glued to the end of a beam, 555627
but stiff metal cantilevers have also been used.?’® Despite
increased difficulty in preparation, low-amplitude studies have
been very successful in UHV atomic-resolution studies of sev-
eral insulating surfaces and thin films,[01102178.277.278] and have
also been used to study water nanoclusters on mica in air.l?”’l
Even conventional silicon cantilevers can be operated at low
amplitude and this has proved to be a breakthrough in high-
resolution imaging in liquids.270?732802811 Using ultrasmall
amplitudes of tenths of a nanometer, the low Q outside UHV
is compensated and lateral resolution of a
few hundred picometers was achieved in d)
water on molecular crystals,?8%281] mica,[?7?]
and a lipid bilayer (see Figure 11).274 Refine-
ments in sensitivity offer the potential for an
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again increases sensitivity and has been successfully applied to
studies in liquids.?®*! Most recently, small-amplitude AM-AFM
has demonstrated high resolution of a wide variety of substrates
in liquid conditions.!?”]

In the future, molecular and atomic resolution in air and lig-
uids is certain to become almost routine and greater efforts will
be made in interpretation and understanding the influence of
the environment on both the measurement and the sample. In
this direction, combining SPM techniques will again be a pow-
erful approach, with the capabilities of the electrostatic map-
ping that KPFM would offer in characterizing biomolecules in
physiological conditions being particularly promising.

3. Long-Range Electrostatic Forces in AFM

As discussed above, one can rarely determine the chemical
nature of surface atoms or supported nano-objects from
imaging the surface topography alone. In most cases, a com-
bination of experiment and theory (see Section 2.2), doping
crystals with known impurities (see Section 2.4), or deco-
rating surface sites with known adsorbates (see Section 2.8)
are needed to achieve unambiguous chemical identification. It
has long been realized that measuring the long-range electro-
static forces may assist chemical identification. As illustrated
in Figure 12, nano-objects of different chemical composition
(metal or insulating films, ions, molecules, etc.) change the
local electrostatic surface potential by changing the local work
function of a metal surface.?8*2°21 Such nano-objects also
change the local electrostatic potential when supported on an
insulating surface. Measuring the local work function or elec-
trostatic potential of a surface by AFM with a resolution in the
mV range and at the nanometer scale could be used for chem-
ical identification of surface species. Apart from other electro-
static AFMs like electrostatic force microscopy (see Table 1 and
references therein), this can be achieved using KPFM, which
has become a well-established surface science tool in many sci-
entific disciplines.[23:24293]

KPFM is a very effective technique for directly measuring
the contact potential difference between the conducting tip and
conducting surface.???l In such a measurement, a direct cur-
rent (dc) (Uy) and an alternating current (ac) voltage (U, with
frequency f,. are applied between the tip and surface. Owing to

order of magnitude improvement in resolu-
tion(?82l and the use of small cantilevers could
improve this further. Recent developments
in speed and control mean it is possible to
perform 3D imaging in water, and this was
applied to obtain unprecedented resolution
of the structure of water layers on mica.l®!
Beyond FM-AFM, phase modulation can
significantly improve the imaging speed in
liquids?®}] and oscillating the cantilever lat-
erally in torsional resonance model?8+2%%]

Metal 1
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Insulator Dipole Charge

Insulator

Figure 12. Objects of different chemical compositions exhibit differences in the local work
function on the surface (metal) or in the electrostatic surface potential (insulators), which can
be used for the chemical identification in AFM.
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the modulation of the electrostatic force by the ac voltage, the
electrostatic contribution, oscillating at frequency f,. and also at
2f.., can be extracted (first and second harmonic). The first har-
monic includes a term with Ug. + Ucpp, in which Ugpp is the
contact potential difference between tip and surface. By varying
the dc voltage such that the first harmonic becomes zero (Uy. =
—Ucpp), the total electrostatic tip-surface interaction is mini-
mized at each point on the surface. The contact potential differ-
ence between the tip and surface is then given by Uy, =-Ucpp =
(Psample — Piip) /€ WheTe @emple and @y, are the work functions of
the sample and tip, respectively and e is the electron charge. At
two different locations on the surface (positions 1 and 2), the
difference (Udc,posl - Udc,posz) €= ((Pposl - (Ptip) - (quosZ - (ptip) =
Ppos1 — Ppos2 = A@ yields the work function difference between
these locations.

In most cases the Kelvin modulation technique is applied
during normal nc-AFM topography imaging. Depending on
the ac frequency, one distinguishes between frequency-2>4
and amplitude-modulated?””! KPFM (see also Refs. [296,297]).
An independent feedback loop regulates the dc voltage so that
Uge = —Ucpp is achieved at each point on the surface. Both
topography and a so-called Kelvin image of Uy. = —Ucpp are
obtained at the same time in one measurement, where the
Kelvin contrast corresponds to local variations of the surface
work function. If insulating surfaces are imaged, fixed charges
or dipoles, which change the local electrostatic surface poten-
tial, determine the contrast in the Kelvin image.2%3%) In the
literature many different aspects of the Kelvin technique can
be found.[21-23:294-297.301-303] Below we present several examples
of recent KPFM applications, which deal with metal-insulator
interfaces and defects at insulating surfaces.

3.1. Thin Insulating Films on Conducting Surfaces

A convenient way to study insulating surfaces is to prepare a
thin insulating film on a conducting support. On such films,
charging experiments can be performed, where charges can
be created by different methods with the tip: contacting the
tip with the surface, by corona discharge from the tip, or by
inducing tunneling of electrons from the conducting sup-
port into the thin-film or vice versa. Most experiments of this
type were done in air by EFS and EFM on SiO,,3%4 Si,N;,13%%]
Aly0,,306307 GaN B%] and PMMAPB®! films and also on nano-
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clusters embedded into or supported by thin SiO, films.[310-313]

In UHV, such experiments can be more precise, such that
single electron processes can be studied.2%%314

An important application of KPFM is to measure work func-
tion changes of conducting supports induced by adsorbed thin
insulating films, which can be best realized under the clean
conditions of UHV. In most cases, thin insulating films are
prepared in such a way that they only partially cover a con-
ducting surface, so that the work function difference between
the conducting support and the film can be directly imaged
by the Kelvin microscope (Figure 13). Spectroscopic measure-
mentsPP3Y] and theoretical calculations!?89-290292318] demon-
strate that NaCl, KBr, or MgO thin-films lower the work func-
tion of metal substrates. This work function change has been
quantitatively measured at the nanoscale by KPFM for LiCl,
NaCl, KCl, and RbCl films on Au (111);%!% for NaCl and KBr
films on Cu (111);*% for KBr films on Ag (111);324 and for
MgO thin-films on Ag (001).8%324 The lowering of the sur-
face work function has also been found on semiconductor
substrates, e.g., in the case of KBr (001) thin-films on InSb
(001)'[322,323]

A very important issue is whether KPFM on thin insulating
films can achieve high lateral resolution and accurately measure
a work function difference between a film and a conducting
support. Although a change in the surface work function at a
film—support boundary can be observed with nanometer resolu-
tion, 2% the work function plateaus only at very large distances
from the boundary. In fact, in most cases work function dif-
ferences are correctly measured at distances of 50-100 nm
from the boundary.[?7:319320323] Ag the electrostatic tip-surface
interaction is of long-range character, the size of the whole tip
apex is then responsible for the accuracy of the work function
measurements. The importance of this effect has been clearly
demonstrated on one-layer-thick MgO (001) islands grown on
Ag (001); the effective radius of the tip apex is often larger than
the 5-10-nm-large islands and the work function difference has
much smaller values than expected.3?* However, tip changes
occur quite frequently in such experiments, which leads occa-
sionally to a sharp, neutral nanotip at the apex and, in turn, to a
better representation of true work function differences.*87

Insulating thin-films are also important buffer layers in
molecular electronics, where molecules are electronically
decoupled from the conducting support by the thin-film.
Since the coupling between the conducting support and the

Figure 13. KPFM on thin-films. a—c) NaCl films on Cu (111) (topography (a) and corresponding Kelvin image (c)). The drawing in panel (b) shows
the different layers of NaCl (0: Cu, 1-3: 1-3 ML NaCl). d,e) Perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA) on 1 and 2 monolayer (ML)
KBron Ag (111). If PTCDA is located on TML KBr, clusters and rods are formed (topography image (d)). On 2ML KBr, a closed regular film is formed.
Both types of molecular films exhibit large differences in the work function of the Ag (111) surface (see Kelvin image e). Panels (a—c) reproduced with
permission.?20 Copyright 2009, Institute of Physics. Panels (d,e) reproduced with permission.2l Copyright 2006, Institute of Physics.
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molecules varies with the thickness of the insulating film, the
electronic properties, such as the work function, of such heter-
ostructures can be tailored. This effect has been quantitatively
imaged using KPFM for PTCDA and Alq; molecules adsorbed
on the KBr (001)/Au (111) surface.??3%] These measurements
exhibit clear differences in the surface work function if mol-
ecules are supported either on the gold surface or on one- or
two-monolayer-thick KBr (001) islands (Figure 13d,e).

The recent progress in nc-AFM using functionalized tips
and a combination of STM and nc-AFM on molecules sup-
ported on thin-films shows that each atom of a molecule can be
imaged.l®! Besides the atomic structure, the electronic proper-
ties of a molecule are also important. By scanning tunneling
spectroscopy, the electronic states close to the Fermi level can
be probed.1??63%71 On the other hand, inelastic tunneling spec-
troscopy is able to measure vibrational properties of the mol-
ecule.3?6327] Here, KPFM measurements could provide addi-
tional information on the local surface work function at the
molecule and on the presence of extra charges or dipoles inside
the molecule.

In the case of metal nanoclusters on ultrathin films, KPFM
could be used to image directly charge transfer between the
conducting support and nanoclusters, which has been pre-
dicted by theoryl290:292318328] and experimentally observed by
spectroscopy methods and STM on MgO thin films.[318381]
Furthermore, the tip can be used to intentionally charge single
nanoclusters and to afterwards observe the charge evolution
from the cluster into the support as a function of time, which
is important for applications in nanotechnology and surface
chemistry.

3.2. Individual Defects on Bulk Insulating Surfaces

Defects of atomic size, such as vacancies, play an important
role in the chemistry of insulating surfaces. As most of these
defects are chemically active, their characterization can only be
done in UHV. One can attempt to identify defects by combining
nc-AFM and KPFM as follows: the surface and defects are first
imaged with high- or even atomic-resolution by nc-AFM, then
Kelvin microscopy is performed at the same position on the
surface. Images with atomic resolution supply information on
the atomic structure of the surface, whereas the Kelvin images
yield information about the charge state (sign and strength) of
the surface defects. With this, and the knowledge of the mate-
rial's properties, it is possible to determine the electronic state
and, under specific circumstances, the chemical nature of the
considered defects.

Defect identification by KPFM has first been demonstrated
on semiconductor surfaces. For instance, topography images of
the UHV-cleaved p-WSe, (0001) surface exhibit a very faint con-
trast of small defects on the terraces, whereas corresponding
Kelvin images show a bright or dark Kelvin contrast at these
places.3?°l Due to the Kelvin contrast, such defects can be iden-
tified as negative (bright) and positive (dark) dopants, which
would not be possible to conclude from the topography images
alone. Similar observations have been made on p- and n-type
doped SiO, films on Si (111),3%% on UHV cleaved n- and p-type
doped GaAs (110), and on p-type doped GaP (110) surfaces.[33!l
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On the latter surfaces, large differences in the Kelvin contrast
at steps have been observed and assigned to a downward and
upward band bending due to localized charged dopants.

Recently, it has been shown that KPFM can also yield valu-
able information for the identification of defects at surfaces of
bulk insulators, such as the (001) surfaces of bulk alkali-halide
crystals. An important question is what KPFM is actually meas-
uring on an insulating surface. In KPFM, an external poten-
tial is applied between the tip and the metallic sample holder
and the electrostatic field penetrates the insulator. The Kelvin
microscope measures then the contact potential difference
between the tip and the sample holder, which is modified by
the insulator between the tip and sample holder.[?l The valence
and conduction bands of the insulator are usually positioned
such that the Fermi level of the metallic sample holder is in
the band gap of the insulator.33¥ However, because the (001)
surfaces of alkali-halide or MgO crystals are mostly prepared
by in situ cleavage,’” a significant region below the new sur-
face is damaged due to the large uncontrolled stress that is
applied during the cleavage. This produces defects in the bulk
and especially at the surface, many of which are charged. As a
result, the sample is charged, strongly influencing the Kelvin
voltage,l'® and shifts of tens of volts have been measured by
KPEM.[50.52,333]

Surface charging after cleavage hampers imaging with high
resolution.”%°2333 To avoid this, in situ cleaved alkali-halide or
MgO crystals are usually annealed at high temperatures prior to
AFM experiments to remove most of the charge. After achieving
an equilibrium charge state by annealing, a faint contrast at the
defects is observed in KPFM images due to residual charges
on the surface.P? In the case of alkali-halide surfaces, bright
patches at steps correspond to a more negative surface poten-
tial in comparison to the neutral and stoichiometric terraces.
At each patch, nc-AFM imaging with atomic resolution reveals
single atomic-sized defects, which are located at kinks and cor-
ners of stepsi*®l (Figure 14). In fact, such measurements are in
perfect agreement with the model of the surface double layer
(Debye-Frenkel layer),33*3331 where alkali-halide surfaces have
a negative net surface charge at room temperature.?3¢-33% The
negative charge is due to the negative cation vacancies at kinks
and corners,?* which locally change the electrostatic surface
potential. A similar mechanism can be found at dislocations,
which are also reservoirs of positive or negative defects.*!
Recent KPFM and atomic-resolution imaging on KBr (001) have
proven the existence of charged vacancies at dislocations and an
identification of the defects could be madel®*!l (Figure 15).

A net negative surface charge was also observed at Suzuki pre-
cipitates on Cd?*- and Mg?*-doped NaCl crystal surfaces, 13413
resulting from the negative cation vacancies inside the Suzuki
structure. On MgO (001), the net surface charge was found to
be negative,212] contrary to the expected presence of positive F*
or F* centers on the MgO (001) surface.}*23*3 Despite an occa-
sional dark Kelvin contrast at some places on the surface due to
the possible presence of F centers, it was concluded that most
of the F centers have probably reacted with the residual gas in
the UHV, forming negative species such as charged O, or CO~
radicals at low coordinated surface sites.[328]

These few examples show that KPFM helps in identifying
charged surface defects, which is not possible from nc-AFM
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Figure 14. The surface double layer (Debye-Frenkel layer) on ionic crystal
surfaces. The topography image (a) shows a step, at which bright patches
can be seen in the Kelvin image (b). Atomic-resolution imaging in the
constant height mode (c) reveals a kink at each bright patch (compare
positions 1-3). The bright patches in the Kelvin image are a result of
negative cation vacancies, which are located at the kinks and which pro-
duce a more negative surface potential with respect to the perfect and
neutral terraces. The images were recorded on the NaCl (001) surface.
Reproduced with permission.2% Copyright 2006, American Chemical
Society.

topography images alone. The sensitivity of KPFM is suffi-
ciently high to detect charges with an equivalent amount of less
than one electron.2%8:390.344 This provides the possibility to use
a combination of nc-AFM and KPFM also on other surfaces.
Candidates for the future are ionic crystal surfaces like the
(111) surfaces of fluorites, oxide surfaces, and even more com-
plex surfaces. A challenge is to apply nc-AFM and KPFM on
surfaces where atomic resolution has not yet been well under-
stood. For instance, the (111) surface of CeO, exhibits a variety
of point defects, which still urgently need identification.!!%?]

A further important challenge is achieving atomic resolu-
tion in KPFM. A few examples already exist where atomic
resolution could be obtained, and reasonable understanding
has been achieved for ideal ionic**-3*’1 and more complex
surfaces.*83% Moving beyond this to understanding high-
resolution images of defects, thin films, molecules, and
clusters still requires significant efforts. However, these
efforts are strongly motivated by the demonstrated poten-
tial of KPFM to capture electrostatic changes due to local-
ized charging and chemical reactions in a wide variety of
systems.[350:351]

3.3. Metal Nanoclusters on Insulating Surfaces

Another major challenge of KPFM is characterizing supported
nano-objects, such as metal clusters. Metal nanoclusters on
insulating oxide surfaces play a particularly important role in
catalysis by promoting many chemical reactions;1431# a marked
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example is the oxidation of CO on Au/TiO,.*>? Recently it has
been realized that a support can change the electronic and,
therefore, the catalytic properties of the clusters.'*] This has
been shown to be crucial, for example, in the case of ultrathin
MgO (001) films,289-291:353354381] where supported gold clusters
become charged by the metal support beneath the insulating
film. Since charge transfer modifies the electronic structure
and related properties, such as the work function of large clus-
ters, KPFM is a promising technique for studying charging
of individual clusters with nanometer resolution. In the fol-
lowing, large clusters are defined as those containing at least
1000 atoms. For such clusters the ionization potential equals
the work function of the bulk material.[35]

Simple surfaces demonstrating KPFM works quite efficiently
are conducting surface systems (e.g., metal clusters or films on
metal surfaces), which have been studied in air3'?3°6-35% and
also in UHV.295:2942%] KPFM can accurately probe work func-
tion differences between large clusters and a substrate surface
with a lateral resolution at the nanometer scale and with the
energy sensitivity in the mV range. This has been tested by
growing gold clusters on graphite.?%l or on silicon.?*! Such
work function measurements can even reveal an alloying
between the substrate and the clusters, as has been observed on
Au/InSb(001)205]

On the surfaces of bulk insulators, KPFM has been mainly
used to study metal clusters on alkali halide and MgO crystal
surfaces. In such experiments, the bulk insulator separates the
clusters from a conducting support (metallic sample holder),
so that no conducting channels exist between the clusters and
the support. This aspect is important especially when charge is
transferred between a cluster and the tip during contact. The
charge stays for a very long time on the cluster and electrons can
be transferred only to the neighboring clusters located at nano-
meter-scale distances from the charged cluster!'®! (Figure 16a,b).
When clusters are neutral on the insulating surface, KPFM
measures the work function difference between the insulator
on the conducting sample holder and large clusters.?'?l How-
ever, in most cases, the clusters are influenced by the insulating
support, which has be observed for gold clusters on alkali-halide
surfaces, %! palladium clusters on MgO (001)1?!! (Figure 16c), or
even for single platinum atoms on the TiO,(110) surface.[236:360]

The resolution in KPFM images of large clusters is greatly
enhanced and provides a more accurate measure of the
cluster work function in comparison with that of thin insu-
lating films (Figure 16d,e))?!2 This is because the tip is usu-
ally several nanometers away from the insulating surface when
placed above a cluster (this distance is close to the height of
the cluster), so that the electrostatic tip—surface interaction is
mainly due to the tip—cluster interaction.

The few existing examples demonstrate that KPFM can
indeed image the electronic properties of cluster—surface sys-
tems at the nanometer scale. One can thus perform KPFM
studies on many other cluster—surface systems, including
deposited molecules.?’!) An important challenge is to study
very small nanoclusters (e.g., deposited gas-phase clusters),
which contain only up to a hundred atoms. Such clusters
exhibit strong variations in the ionization potential, which
changes drastically if only one atom is added to or removed
from the cluster.*+3%] Differences in the electronic properties
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Figure 15. Dislocations on the KBr (001) surface studied by KPFM
(a: topography, b: Kelvin image). The topography image (a) shows a
string of shallow hillocks emerging from the surface. At the end of one
hillock, atomic resolution imaging (c) reveals an edge dislocation, which
Burgers vector is represented by the circuit drawn on (c) representing
the direction [1-10] and magnitude of the vector (N2a/2). Thanks to
the bright Kelvin contrast (b), the defects could be identified as nega-
tive defects. Reproduced with permission.3*!l Copyright 1995, American
Physical Society.

amongst such small clusters can also be expected if the clusters
are supported on a surface, which could be verified by high-
resolution KPFM.

As discussed above, a big benefit of AFM in general, is that
the tip can be used to explicitly charge metal clusters and then
to study the charge state with electrostatic AFMs. The reliability
of controlled charging by the AFM tip has been already shown
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in EFM experiments, 319313 but KPFM should be able to achieve
further progress in such experiments due to its much higher lat-
eral resolution and better energy sensitivity. Due to the charge
sensitivity of the KPFM down to an equivalent charge of one
electron and below3%3%] and to the capability to inject a single
electron into a single atom,['”! controlled charging experiments
of clusters via the AFM tip and characterization by KPFM are
within reach.

The biggest promise of KPFM is related to surface chem-
istry because the classical Kelvin probe already allows one
to follow chemical reactions on surfaces by monitoring
changes of the surface work function.''*] Preliminary
results obtained on Pd/graphite demonstrate that the KPFM
is indeed chemically sensitive.[3*!l For instance, the contami-
nation of the clusters by constituents of the residual gas at
1071% mbar can be followed on a time scale of some hours
(Figure 17, upper panel). Immediately following preparation,
the Pd clusters exhibit a bright Kelvin contrast (Figure 17,
middle panel), which is due to their higher work function
with respect to HOPG. On a timescale of one week, the work
function of the Pd clusters drops below the value of HOPG
(dark contrast) because of a chemical reaction with the
residual gas in the UHV. A high-temperature anneal of the
contaminated Pd clusters in oxygen cleans the Pd clusters so
that they again exhibit their initial work function (Figure 17,
bottom panel). Although the clusters are quite large, size and
site effects can be already observed: smaller clusters are more
reactive than larger clusters and edges or facets of clusters
exhibit a different potential than the top facet of the clusters.
These KPFM measurements strongly motivate the use of
KPFM as a standard local probe technique for work function
measurements of cluster-surface systems of interest in sur-
face chemistry.

4. Outlook

Advances in STM have long allowed insight into the mecha-
nisms and rates of adsorption, diffusion, and reactions on
conducting surfaces by directly observing the motions of the
individual atoms and molecules involved. However, it is only
recently that nc-AFM started catching up with its sister tech-
nique in this part of its application spectrum. With rapid

Figure 16. a,b) Gold clusters on NaCl (001) after a contact of the tip with one of the clusters (see arrow in panel (a)). Due to the small cluster—cluster
distance of 2.8 nm, charges propagated along cluster rows in an area of 300 x 300 nm. In both the Kelvin image (b) and the topography image (a)
a strong contrast could be observed due to a strong Coulomb interaction with the tip. c) Kelvin image of Pd clusters on MgO (001). The increased
contrast at the clusters shows that groups of clusters exhibit different contrast due to different possible charge transfers between the clusters and the

substrate. d,e) Similar Pd clusters grown on MgO (001). The lateral resolution is approximately 5 nm. Panels (a—c) reproduced with permission.

[195]

Copyright 2006, American Institute of Physics. Panels (d,e) reproduced with permission.[2'2l Copyright 2004, Institute of Physics.
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Chemical reaction with gas from UHV
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Figure 17. Chemistry of Pd nanoclusters on the HOPG surface. Top:
Mean tip—cluster contact potential difference as a function of time. The
CPD decreases within hours in an 2 x 107'% mbar environment due to
chemical reactions between the clusters and the residual gas in the UHV.
Middle: Each pair of images represents one Kelvin measurement (left:
topography, right: Kelvin image). The Pd clusters were left in UHV for
6 days (pressure =2 x 107'° mbar). Bottom: Pd clusters left for 4 days in
UHYV after their preparation and then annealed in an oxygen atmosphere
(pressure =8 x 107'% mbar) at 500 °C for 30 min. HOPG was prepared by
cleavage in air and annealing in UHV at 500 °C for some hours. The Pd
clusters were created by evaporation of Pd from a Knudsen cell onto the
HOPG surface (3 monolayers of Pd, 400 °C).1361]
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advances in high-resolution imaging in UHV and in solution,
nc-AFM is now moving beyond its adolescence and becoming
an accomplished and reliable instrument. However, despite the
great progress, significant challenges remain. Studies of real
chemical processes at surfaces are severely limited because
scanning probes are generally slow both in terms of moving
from A to B and recording rapid changes in force or current.
Using stiff cantilevers with high resonance frequencies, like
tuning forks, holds some promise in this area.”® Such canti-
levers are good candidates for high-speed nc-AFM, as in the
case of contact AFM.B% Certainly, the constant-height mode
will play an important role in this regard, since relatively high
scanning speeds of up to 60 Hz can be used already for com-
mercial 300 KHz cantilevers,”) opening the door for nc-AFM
at video frequencies. More generally, the understanding and
interpretation of atomically resolved images is still a major
challenge and this limits the uptake of the technique, in spite of
the growing sophistication and power of modeling techniques.
The problem is of course inherent to all AFM-based techniques
because the chemical contrast is directly determined by the
chemical composition and structure of the tip apex. Therefore,
preparing, controlling, and characterizing tip apices is one the
most pressing issues in high-resolution nc-AFM and is solved
only for a few special systems (see Section 2.8). Here again the
partnership of nc-AFM with STM and, increasingly, with KPFM
helps in understanding the structure and properties of imaged
surfaces by complementary deconvolution of the tip from the
measured signals.

As we have tried to emphasize, the strength and driving force
of AFM is in versatility of different methods and applications.
For example, the variation of the work function at individual
clusters as a function of adsorbate coverage can be monitored
by KPFM. This offers the possibility to measure rates of catalytic
reactions at individual nanoclusters. Indeed, for a Langmuir—
Hinshelwood mechanism the reaction rate is proportional to
the adsorbate coverage. It will then become possible to follow
the evolution of the reaction rate and to correlate it with the pos-
sible evolution of the cluster shape at a single cluster during a
reaction. Also, the development of FM-AFM techniques for high-
resolution imaging in solutions (see Section 2.9) are comple-
mented by new methods for studying solid-liquid interfaces in
electrolyte environments. In particular, a new design for an elec-
trochemical scanning probe microscope for studies at the solid—
liquid interfaces has been recently proposed,i*®3l while another
design of an electrochemical AFM uses a tip-attached redox
mediator.3%* This latter technique can be particulatly suitable
for probing the activity of slowly functioning nanometer-sized
active sites on surfaces, such as individual enzyme molecules. A
trend in optical spectroscopy has emerged that makes use of the
interaction of an AFM tip with a sample in an external optical
field. Special attention has been devoted to tip-enhanced Raman
spectroscopy and to the manipulation of molecules and particles
with simultaneous fluorescence. A recent study employing tip-
enhanced Raman scattering®®! showed that the signal-to-noise
ratio of the method is good enough to obtain base-specific
spectra from a single nucleic acid strand.%®! These and other
similar studies hold great potential for applications such as
DNA sequencing, but their application to studying individual
chemical species at inorganic surfaces remains in the future.
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The application of force microscopies to technological prob-
lems is also expanding and often requires the combination of
several methods. In particular, scanning capacitance micro-
scopy (SCM) and scanning spreading resistance microscopy
(SSRM) are used for implant mapping, whereas conductive
AFM (C-AFM) is used for the analysis of thin dielectrics and
KPFM is used to study the potential distribution across active
electronic devices.’®’] AFM can be also used as a part of nano-
optomechanical device, where mechanical changes on the
nanometer scale control the optical properties of artificial struc-
tures. In a recent study of a gold bow-tie nanoantenna with var-
iable feedback, the gap was tuned by nanomanipulation with an
AFM tip and the optical resonances were measured with dark-
field scattering spectroscopy.l*%8!

We hope that this paper demonstrates that the field of force
microscopy is very much alive, and new techniques and appli-
cations are developing rapidly. New material and environment
combinations are being included into the realm of SPM high-
resolution imaging on a regular basis. Combined with advances
in the speed of scanning and chemical identification, the future
will see many diverse fields and applications opened to this
powerful suite of techniques.
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