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I. Introduction

Scanning probe microscopies are ideally suited for
isolating and probing nanostructures. Great difficul-
ties remain in interpreting both spatial and spectral
data from these probes. In this review, we focus on
attempts to couple nanometer-scale imaging with
spectroscopic techniques in order to understand what
it is that is “seen” with scanning probe microscopes
and to glean useful insight into the properties of the
nanostructures under study. Additional capabilities
unique to these microscopes are also discussed in the
creation and measurement of nanostructures.

We limit the nanostructures discussed to nanom-
eter-scale particles or distributed structures depos-
ited or created on surfaces. We exclude such single-
molecule measurements as single carbon nanotubes,
single DNA chains, or single antigen-antibody com-
plexes.

Nanostructures show great promise as materials
with chemical, physical, and electronic properties
that can be tailored and thus enhanced through
variations in composition, size, shape, functionaliza-
tion, and environment. A difficulty comes in deciding
which materials and forms to target among the
myriad variations possible. Current synthetic capa-
bilities typically do not allow facile creation of a
specific nanostructure in bulk. The approaches that
have been taken to characterize specific nanostruc-
tures include systematic syntheses of ranges of
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synthesis, modeling, and measurement of selected
fractions of nanostructure product distributions.

In this last category, scanning probe microscopy
uniquely allows the study of single, identifiable
particles.1,2 The heterogeneity of nanoparticle distri-
butions can be eliminated by studying them one at a
time with SPMs. Studying nanoparticles individually
also serves to make it difficult or impossible to verify
or to calibrate results by independent means. Trends
or specific spectral features can provide key insights
into the properties of nanometer-scale particles and
structures. By combining topographic and spectro-
scopic measurements, SPMs are ideally positioned to
elucidate these structure-property relationships.
This review will focus on current examples of such
simultaneous structural and spectroscopic measure-
ments. We also point out opportunities for other
combinations of measurements in areas where the
spectroscopies are now first being demonstrated.

After less than 20 years in existence, scanning
probe microscopies still remain very much under
development.3-7 Advances in measuring the proper-
ties of nanoparticles with scanning probe microscopes
(SPMs) have been hindered by our inability to
interpret the images and spectra obtained. To date,
most surface studies involving SPMs have focused
on morphology or have characterized systems with
known structures or spectra. As these measurements
become better understood and more routine, they will
be applied to nanoparticles and nanostructures.

Another unique aspect of scanning probe mi-
croscopies is their ability to manipulate atoms and
molecules so as to construct nanostructures for
study.8-16 We will describe several extraordinary and
revealing studies where SPMs were used to construct
the structures to be probed. In this sense, SPMs are
unique in being able to assemble what we shall call
“distributed nanostructures” in which the atoms need
not be bound directly to one another. Such efforts
have resulted in new abilities to explore and to
control the atomic-scale world. Such experiments can
serve to guide later synthetic or lithographic (or
other) efforts to create particular structures of value.

II. Required Elements of Scanning Probe
Microscopes

We first review the essential elements of all SPMs.
This will allow us to discuss the additional informa-
tion that can be obtained by collecting more informa-
tion while scanning or by interrupting scanning for
specific local measurements. Scanning probe micro-
scopes all have three elements in common. First, in
each, scanning is done by piezoelectric elements.
Second, a feedback mechanism and, third, a means
of recording are also required; the specifics of these
aspects will be sketched for each SPM next. As then
discussed in the sections below, additional capabili-
ties can be added by simultaneous acquisition of
multiple signals.

For scanning tunneling microscopes (STMs), the
feedback is based on keeping the tunneling current
constant. In vacuum, this current typically changes
by an order of magnitude for each ∼1 Å change in
probe tip-sample separation. In the most common

operating mode, recording is done by monitoring the
voltage supplied to the piezoelectric transducer to
maintain a constant current.

For atomic force microscopes (AFMs), feedback is
based on the force vs separation characteristic of the
tip and sample surface. As this function goes through
a minimum close to where the tip makes contact with
the surface, the AFM can operate in two basic
modes: in and out of contact with the surface. In
contact, the AFM uses the repulsive force between
the probe and sample surface but may disturb the
sample under study. The force varies rapidly with
changes in separation, and feedback is thus straight-
forward. Other related methods, such as “tapping
mode”, try to minimize contact and thus damage but
still rely on the in-contact time to dominate the
feedback signal. Out of contact, the AFM uses the
more weakly varying attractive force between the tip
and sample but has much less chance of unintention-
ally changing the sample surface. Recording in AFMs
requires that the deflection of the probe tip cantilever
(in the most common geometry) be measured. This
can be done by tunneling to it, by monitoring inter-
ference fringes from reflecting light off it, by monitor-
ing the deflection of light reflected from it, or by
making the cantilever itself into a sensing element
by incorporating piezoresistive elements into it.
These latter two recording methods allow an ad-
ditional valuable measurement of lateral and/or
shear force to be made in a straightforward way. This
can be measured by monitoring the twist of the can-
tilever while scanning. This can be used to measure
the attractive, adhesive, and/or frictional forces be-
tween the tip and sample while recording images.

For near-field scanning optical microscopes
(NSOMs), the feedback mechanism is most typically
based on the force felt by the probe. This is often the
shear force which varies as the probe approaches the
sample.17 This is analogous to AFM feedback de-
scribed above, but the vibration of the optical fiber
probe laterally reduces the resolution of force images
simultaneously obtained. Variations in probe geom-
etry may allow NSOM with more conventional AFM-
style feedback.

With each of these techniques, one can do more by
recording additional signals simultaneously or by
freezing the feedback loop with a sample-and-hold
circuit and then by doing local measurements. Syn-
opses of selected additional capabilities for scanning
probe microscopes are given below. It is these ad-
ditional capabilities that are sure to impact the
selection, measurement, and thus usefulness of nano-
structures in the coming years.

III. Scanning Tunneling Microscopy

A. Scanning Tunneling Spectroscopy
The simplest and earliest spectroscopy using STM

focuses on measuring the local electronic spectra of
the sample.18 The tunneling electron energies are
varied simply by changing the bias voltage applied
between STM tip and sample. Both filled and empty
electronic states can be probed since at positive sam-
ple bias electrons tunnel from the tip to empty states
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of the sample and at negative sample bias electrons
from filled sample states tunnel to the probe tip.

STM images are convolutions of the electronic and
topographic structures of the surfaces under study.
Recent reviews have addressed the theoretical inter-
pretation of STM images of molecular adsorbates.19-21

While this complicates the interpretation of images
and can hamper unambiguous identification of fea-
tures, it gives the chemically relevant view of the
surface-energy-resolved local electronic structure. It
is this that mobile atoms and molecules “see” as they
traverse the surface. By selecting one or more par-
ticular energies for study, we are able to view the
same electronic surface experienced by mobile reac-
tants or intermediates.16,22-24

Spectroscopic information can be obtained by re-
cording multiple images at different bias voltages as
in Figure 1 for a Ni3 cluster on MoS2.16 Alternatively,
spectra can be acquired at one or more selected
locations or at each imaged point by holding the probe
tip still and sweeping the bias voltage. In this way,
spatial variations of the electronic structure can be
mapped with exquisite detail.

The electronic properties of nanoparticles vary with
size, composition, and structure. Scanning probe
microscopes are uniquely able to determine aspects
of all of these properties simultaneously. Banin et al.
have used a low-temperature STM to elucidate the
electronic properties of individual semiconductor
nanoparticles.25 They were able to correlate the
detailed structure in the measured tunneling spectra
they measured with photoluminescence spectroscopy
of ensembles of such particles.

Electron scattering can be observed from many
surface features including adatoms, impurities, step
edges, and grain boundaries. Eigler, Avouris, and
their co-workers have observed long-range oscilla-
tions in the electronic surface structure from ada-
toms, step edges, and vacancy islands.9,26-30 An
example is shown below in the discussion of distrib-
uted nanostructures.

Photons produced by tunneling electrons provide
another source of information about the species in
the tunneling junction. Both the integrated intensity
and emission spectra provide more interpretable
forms of local information, with subnanometer spatial
resolution. Photons are produced by inelastic pro-
cesses. Tunneling electrons excite species or plas-
mons in the tunneling junction, and the excitation
decays via photon emission in a process similar to
cathodoluminescence. The first reported work on
photon emission scanning tunneling microscopy
(PESTM) was done by Gimzewski and co-workers
and Alvarado and co-workers, both of the IBM
Research Division.31-33

Many nanostructures have very similar topo-
graphic features, typically appearing as protrusions.
Emitted photons provide an additional channel of
information, interpretable in analogy to UV-vis
spectroscopy. Such spectral information has been
used to differentiate between nanoparticles of differ-
ent composition. Downes and Welland used the
threshold voltage, the minimum bias voltage mag-
nitude required for photon emission, to differentiate
between Au and Ag nanoparticles.34 The threshold
voltage is dependent on the tip and the sample
material, for Au and Ag samples with a W tip the
threshold voltage was found to be Vsample ) +2.1 and
+3.3 V, respectively. An example of reaching this
threshold bias voltage is shown in Figure 2 in which
emission from nanoparticles occurs at the higher
magnitude of the bias voltage shown in the lower
frames (B). Photon emission can also give insight into
the local chemical environment. Varying the func-
tionalization capping a nanoparticle can induce vastly
different efficiency in photon emission.35 One of the
strengths of SPMs is also the extremely high spatial
resolution. McCarty and Weiss found strongly en-
hanced photon emission from asperities on Au nano-
particles as shown in Figure 3.35

As for electronic spectra, the SPM tip can be
positioned over a particle of interest and the local
optical spectrum and/or the photon emission ef-
ficiency vs bias voltage can be recorded. By monitor-
ing the local optical emission spectrum, Lindahl et
al. observed Stark shifts in the photon emission
spectra for InP quantum dots.36

Other scanning tunneling spectroscopies have re-
cently been developed that show great promise for
measuring nanoparticles and nanostructures but
have not yet been applied for this purpose. We bring
them up here because these techniques are certain
to have an impact in this field.

Inelastic electron tunneling spectroscopy (IETS)
enables direct chemical identification of adsorbed
species via vibrational spectroscopy with the full
lateral resolution of the STM. Ho and co-workers
have demonstrated this for small molecules on metal
surfaces at low temperature.37 This spectroscopy is
analogous to the sandwich tunneling junction mea-
surements done over the last 30 years.38 Observing
excitations in this way may allow the identification
of more complicated adsorbed species and complexes,
but the spectroscopy has not yet developed to this
point.

Figure 1. Three STM images of a Ni3 cluster adsorbed
on the basal plane of MoS2 at 4 K. All three images show
the same 60 Å × 60 Å area of the surface. The images were
acquired with sample biases of +2 (A), +1.4 (B), and -2 V
(C). Adapted from Figure 3 of ref 16.
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B. Constructing and Probing Structures with the
Scanning Tunneling Microscope

Scanning probe microscopes have the unique ca-
pability of changing the structure probed.39 This has
been used to build structures that could not be
formed by any other means. One aspect of this is the
ability to build “distributed nanostructures” in which
atoms or molecules are positioned with atomic preci-
sion.

Nanostructures can literally be built atom by atom.
Figure 4 shows an example where a single Ni atom
is being purposefully dragged across the basal plane
of MoS2.16 Weiss and Eigler rearranged Xe atoms on
Pt{111} by this means.39 Eigler and co-workers
positioned 48 Fe atoms in a circle on a Cu{111}
surface to build a “quantum corral” as shown in
Figure 5.9,26,27 The surface state electrons of the Cu-
{111} substrate surface scatter off the iron adatoms,
producing interference patterns as shown in the
figure. Other structures were built as well to under-
stand the effects of multiple scattering and of the
shape of the distributed nanostructure.26

Hashizume and co-workers have made nanostruc-
tures by a novel STM-based method.40 First, they
used the technique developed by Lyding employing
energetic electrons from the STM tip to remove

selected H locally from H-terminated Si(100) sur-
faces.41 They then examined the electronic structure
of these one-atom-wide bare Si lines and measured
the resulting electronic wave functions using the
STM.

IV. Atomic Force Microscopy

A. Measuring Nanoparticles and Nanostructures
Using the Atomic Force Microscope

Despite many opportunities for simultaneous mea-
surements, only limited measurements providing
new insight have been done with the AFM. Among
the measurements likely to be useful are the chemical
functionalization of the probe tip42 and the ability to
measure specific forces such as magnetism.43 More
progress has been made in constructing nanostruc-
tures and then probing their properties, as described
in the section below and in section VI.

B. Constructing and Probing Structures with the
Atomic Force Microscope

An atomic force microscope with a conducting probe
tip is able to measure currents on samples that are
not accessible to a STM. In this section we highlight
three uses to which such instruments have been put.

Figure 2. Two PESTM images of Au nanoparticles showing the onset of photon emission. Photon emission turns on at a
bias voltage of 1.8 V. (A, left) STM image 2000 Å × 2000 Å, Vsample ) 1.7 V, Itunnel ) 2.2 nA. (A, right) Simultaneously
recorded photon emission map. (B, left) STM image 2000 Å × 2000 Å, Vsample ) 2.0 V, Itunnel ) 2.2 nA. (B, right)
Simultaneously recorded photon emission map.
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A key advantage is that a sample can be imaged for
which most or all is insulating. Then current, surface
potential, or other measurements can be made on the
areas where possible, but no dc current is required.
Likewise, such an instrument can be used to apply
an electric field to a film in an area selected using
the AFM.

The SPM probe tip can be used to oxidize locally
as a means to fabricate nanoscale structures.44,45

Many conducting and semiconducting materials have
been patterned using direct oxidation. The simulta-
neous ability to test during fabrication enables
creation of devices with exquisitely tailored electronic

properties. Snow and Campbell have oxidized areas
of Ti films to produce precise metal-oxide-metal
junctions.44 Avouris and co-workers have oxidized
areas of a Si surface to produce thin oxide films for
use as gates in nanoscale devices.45 The high electric
fields between SPM tip and sample oxidize Si with
nanometer resolution in all three spatial dimensions.
The ability to control oxidation has allowed model
electronic nanostructures to be built and explored.
Both reduced size conventional devices and compo-
nents can be built and novel structures explored.
Study of these nanostructures has already revealed
several key concerns to address before nanoscale
electronic devices will be viable, including current
density limitation within the device.

Gimzewski and co-workers constructed an “elec-
tromechanical amplifier” by positioning a single C60
molecule under the tip of a probe microscope.46 At
low bias voltage, the resistance of the C60 molecule
decreased as it was compressed. The separation
between the tip and sample could be varied by
changing the amount of current passing through the
C60 molecule.

A number of groups have poled ferroelectrics locally
with conducting AFM and then have followed the
surface charge or patterned ferroelectric with AFM
measurements.47,48 An example is shown in Figure
6, which shows the local poling of a copolymer
ferroelectric ultrathin film.48 A conducting AFM
cantilever was used to pole the pattern into the film
by orienting the polymer using an applied electric
field. Here the topography shows no variation in a
film which has been locally poled, and yet complex
structures can be written by orienting dipoles within
the film and read back using the AFM.

V. Near-Field Scanning Optical Microscopy
The development of the near-field optical micro-

scope (NSOM) enabled optical spectroscopies with
subwavelength lateral resolution. By using force
feedback, the NSOM combines topographic informa-
tion and local optical spectra. The gains in resolution

Figure 3. Photon emission comes exclusively from an
asperity on a gold nanoparticle adsorbed on a mercapto-
ethylamine-functionalized Au{111} terrace. Topography
acquired by STM (top) and simultaneously acquired photon
emission map (bottom). Image size 180 Å × 180 Å, Vsample
) -2.0 V, Itunnel ) 5.0nA.

Figure 4. (A) STM image showing the manipulation of a
Ni adatom by the probe tip at 4 K (30 Å × 95 Å image
area, Vsample ) 1.5 V, Itunnel ) 100 pA). Images are acquired
line by line, from the bottom to the top as shown here. Data
were collected as the tip moved from left to right in this
image, and the tip was quickly moved back to the start of
the next line. (B) Tip-sample separation during Ni motion
is plotted. The line is indicated by the two arrows in A.
The motion of the tip indicates that the Ni adsorbate hops
to neighboring lattice sites owing to an attractive interac-
tion with the STM probe tip. (Reprinted with permission
from ref 16. Copyright 1998 American Chemical Society.)

Figure 5. Spatial image of the eigenstates of a quantum
corralsa distributed nanostructure made of a 48-atom Fe
ring constructed on the Cu(111) surface. (Adapted from ref
9.)
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from far-field microscopies are not great but for some
samples can be significant. Where isolated particles
can be spaced apart at will, near-field measurements
are not required to obtain individual particle spec-
tra.49 Many nanoparticle studies fall within this
category. Other samples require the extra resolution
possible with the NSOM. Examples are biological
membranes with included nanostructures and semi-
conductor materials with inclusions such as dopants
whose density determines the overall material prop-
erties. Several reviews of far-field single-molecule
measurements address this issue.50-52

Figure 7 shows an NSOM image of light-harvesting
complexes in a photosynthetic membrane recorded
by Xie and co-workers.53 The brighter spots are
assigned as the light-harvesting complex on the basis
of their fluorescence spectra. Simultaneously ac-

quired shear force images (not shown) correspond to
the topography and to the feedback signal discussed
in section II.

Relatively few studies have compared images or
spectra of the same nanometer-scale features using
scanning probe microscopes and other techniques.
Natan, Stranick, and co-workers have done this for
Au colloid monolayers using AFM, NSOM, and
electron microscopy.54 Many more such studies will
be required to work out the limits, advantages, and
idiosyncrasies of the various scanning probe tech-
niques.

Recently, NSOMs have been developed capable of
vibrational infrared and Raman spectroscopies.55,56

Near-field Raman scanning optical microscopy yields
extremely small signals but useful chemical informa-
tion.55 Near-field microscopy has now also been
accomplished in the vibrational infrared. Extension
of the spectral range to this chemical fingerprint
region will certainly soon find application in nano-
structures.56

VI. Hybrid Devices
By using aspects of SPMs, such as cantilevers and

interaction force measurements, new high-sensitivity
and high-specificity detectors have been created. As
discussed above, an AFM tip can be functionalized
with specific chemical groups to measure interactions
with molecules or biological species on a surface.57,58

Colton and co-workers, to describe the chemistry of
a surface, modified an AFM tip with oligonucleotides.
Colton and co-workers have taken AFM cantilever
arrays and set them up as detectors using specific
antibody interactions. Gimzewski and co-workers
have worked along similar lines to create large
parallel and independently addressable arrays of
such hybridized cantilevers as sensors.59

SPMs cannot only study nanoscale structures, but
also build them. Hartmann and co-workers have
positioned individual nanoparticles between elec-
trodes using an AFM tip as shown in Figure 8.15 They
then used these devices to measure the electronic
properties of the electrode-nanoparticle-electrode
junction as a function of temperature and bias.
Construction and identification of this system de-

Figure 6. Local piezoelectric effect of a locally poled
ferroelectric ultrathin copolymer film is imaged by applying
an oscillating electric field between the conducting canti-
lever of an AFM tip and a conducting substrate. The
resulting vibration of the piezoresistive cantilever is re-
corded and displayed here. The imaged area is 8 µm × 8
µm. This pattern was previously made by poling the
ferroelectric film by applying a potential to the area shown.
Simultaneously acquired topographic AFM measurements
(not shown) indicate no disruption of the film morphology
(from ref 48).

Figure 7. Fluorescence emission near-field scanning
optical microscope image (1.3 µm × 1.3 µm) of the light-
harvesting complexes within a photosynthetic membrane
fragment. (Reprinted with permission from ref 53. Copy-
right 1994 American Chemial Society.)

Figure 8. Single-particle device fabricated by AFM-
assisted manipulation of a 20 nm sized Au nanoparticle
between two metallic leads. Image size: 400 nm × 400 nm
(from ref 15).
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pended upon their AFM measurements. While this
may not be a general fabrication technique, it does
allow us to glimpse now into the future world of
nanometer-scale electronics and devices. As with
materials properties, we can then target desired
structures for construction by faster parallel methods.

VII. Prospects and Directions
While scanning probe microscopes enable access to

single nanoparticles, our ability to interpret the
information that we obtain remains primitive. It is
only through developing means to gain simultaneous
complementary information on the single nanopar-
ticle or nanostructure under study that we can hope
to realize the full potential of materials at this scale.
The first steps on this path have been taken. Many
more spectroscopic and other probes are certain to
be developed for SPMs and applied to nanoparticles
and nanostructures.

An additional capability sure to be exploited fur-
ther is our ability to construct or to modify or simply
to position structures for study. By making system-
atic changes in the structures studied, we expect to
make rapid progress in elucidating the critical as-
pects determining the properties associated with
those structures. The first such studies have already
been done,9,15 and more are sure to follow.
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