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Symbols

I current

s gap distance (A)
74 voltage

1) barrier height

The family of scanning probe microscopes (SPMs) have
revolutionary imaging capabilities on a range of materials.
For example, atomic resolution images of metal and semi-
conductor surfaces produced by the scanning tunnelling
microscope (STM) or images of individual biomolecules in
aqueous environments recorded by atomic force micro-
scopy (AFM) are now routine in the literature. Perhaps, less
well known, is the even greater potential of these and other
probe-based techniques to produce spatally resolved
spectroscopic information at the atomic or molecular level.
Following a brief introduction to the principal SPMs
available, this article will review as comprehensively as
possible the wide ranging applications of spectroscopic
SPM in semiconductor, material and life sciences.

Methods and Instrumentation

The term SPM encompasses a family of surface-sensitive
techniques, each based upon the interrogation at the
nanometre level of a specific physical property by a sharp
proximal probe. For example the original SPM, the STM
measures local conductivity and the AFM local surface
hardness. Figure 1 provides a summary of the operation
of the most popular types of SPM. Extensive discussions
on the operations of the various forms of SPMs can be
found in numerous reviews of the subject. Here we
briefly highlight the three SPMs most readily applied to
spectroscopic measurements, the STM, the AFM and the
near-field scanning optical microscope (NSOM).

STM

It was noted early in the use of STM that the appearance
of a surface, particularly at atomic resolution, often
changes dramatically with applied sample-tip bias vol-
tage. This phenomenon results since electrons tunnelling
between the tip and the surface do so between discrete

electronic states and these states change with applied
bias. In the extreme case of changes in tip bias polarity,
either occupied (tip positive) or empty states (tip nega-
tive) in the sample are responsible for image contrast.
Hence, it is possible to ‘image’ the location of specific
bonding and antibonding orbitals and, with care, identify
surface species by their electronic signature.

The first type of spectroscopy investigated by STM was
current (/) versus gap distance (s). Here the tunnelling
current is recorded as the metallic STM probe approaches
a sample surface. The local barrier height (¢) of the surface
can also be estimated from this 7— s data using, ¢ = 0.952(d
In 7/ds)* where s is in A (note that ¢ is a strong function of
tp shape, a generally unknown parameter). Electronic
structure has also been studied by ramping the tp bias
voltage (/) while recording the resultant tunnelling current.
This measurement can be carried out at a single point or at
each point in a topography scan, hence producing spatially
resolved spectroscopic data. Plotting d In //d In ¥/ versus V/
has been shown to be proportional to the density of states in
the low voltage limit (¢ > V).

AFM

Since its inception by Binnig et al. in 1986, AFM has
become an important and widespread tool for imaging
surface topography with nanometre resolution. AFM is
essentially a very sensitive profilometer, measuring sur-
face topography using a sharp stylus, or probe, mounted
on a soft spring, or cantilever (Figure 1). The ability of
AFM to image samples in ambient or aqueous environ-
ments 1s particularly attractive in biomolecular and
electrochemical studies.

By exploiting the local nature of an AFM probe and its
pico-Newton force sensitivity considerably more informa-
ton can be extracted from AFM than just surface topo-
graphy, for example local tribology and force probe—sample
separation spectra. During such force probe—sample mea-
surements the probe is moved towards the surface at con-
stant velocity untl it is brought into contact with the
sample up to a predetermined point of maximum load. The
direction of motion is then reversed and the probe is
withdrawn from the sample surface. As the probe is with-
drawn from the sample the probe may stick to the surface
due to interactions between the probe and the sample. The
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Figure 1 Schematic representation of the key components of a scanning tunnelling microscope (STM), a near-field scanning optical

microscope (NSOM) and an atomic force microscope (AFM). In an STM, an sharp metallic probe is brought into close proximity with a
conducting sample. A small bias voltage between probe and sample causes a tunnelling current to flow. This current is recorded as the
sample is scanned beneath the probe. In NSOM, the sample is placed in the near-field region of a subwavelength-sized light source. The
transmitted or reflected optical signal is used to form an image of the scanning sample. AFM microscopy relies upon the effect of
repulsive and attractive forces between the probe and sample to bend a supporting cantilever. The bending of the cantilever, and hence
the force, is extracted by monitoring the path of a laser beam reflected from the back of the cantilever.

magnitude of this ‘sticking’ force and its temporal evolution
can reveal details of the type and dynamics of the forces
occurring between probe and surface.

NSOM

NSOM represents one of the most promising optical
techniques that aims to overcome the Abbé barrier, and
yet retain most of traditional optical microscopy’s utility.
A NSOM typically illuminates a local area of a sample by
transmitting laser light through a subwavelength-sized
aperture, as defined by the end of a tapered metal-coated
optical fibre. An image is then formed by raster-scanning
the aperture close to the sample surface and collecting
either the transmitted or the reflected light (Figure 1). In
such a regime, it is the aperture of the NSOM probe that
determines the ultimate resolution.

Since NSOM utilizes optically based contrast it has
the potential to exploit optical spectroscopies with
resolution comparable to the probe dimensions, 1.e. tens
of nanometres. For example, steady state and time-
resolved fluorescence spectroscopy and Raman spectro-
scopy have been demonstrated with NSOM. Despite
some notable successes it is important to note that the
combination of the difficulty in the interpretation of
NSOM data and the often poor optical efficiency
of NSOM probes presently makes the application of
NSOM the most challenging form of SPM.

Applications of Spatially Resolved SPM
The breadth of applications of SPM for spectroscopic

measurements is considerable. In order to highlight key
examples, the discussion is classified by the nature of the



sample investigated, ranging from atomic scale studies on
semiconductors and metals to the study of biomolecular
interactions.

Semiconductors

The first atomically resolved scanning tunnelling spec-
troscopy (STS) data were obtained by Hamers et al
(1986) on Si(111)-(7 x 7), showing chemically inequi-
valent atoms within each unit cell. Since this time many
semiconductors have been studied by STS studies car-
ried out under ultrahigh vacuum. For example, d//dV
curves recorded from In atoms adsorbed onto the
Si(111)-(7 x 7) surface show that covalent bonding
between the In and Si surface states saturates the Si
intrinsic metallic states. STS studies of Li on p-type
Si(001) show strong negative differential resistance and
the related existence of thermally activated electron
traps. Spatially resolved STS has also distinguished
inequivalent sites on a roughened Si(001) surface. Spectra
recorded from terraces show bonding and antibonding
states at + 0.5 Vand — 0.5 V; however, Si atoms recorded
from a step show a marked metallic character. It should
be noted that a quantitative analysis of such spectra can
be problematic due to the generally unknown nature of
the tip’s electronic structure and the change in shape of
the tunnelling barrier with applied tip—sample voltage
bias. Nevertheless, such sensitivity has been very suc-
cessfully exploited for the study of semiconductor
surfaces.

Although many methods exist for the optical char-
acterization of semiconductor surfaces, when high spatial
resolution is required, for example with an inhomoge-
neous surface, new techniques are required. Here NSOM
has significant potential and has been employed to map
photoluminescence intensity simultaneously with topo-
graphy on quantum-well structures and hence local
carrier density. The data were shown to be consistent
with a diffusion-based model and the existence of short-
lifetime carriers at the quantum-well boundary. Low-
temperature NSOM at 4.2 K has been used to show a
vertical dependence of spectral shape in GaAs quantum
dots. NSOM has also been employed to acquire Raman
spectra from rubidium-doped regions of KTiO,PO4
sample, although along acquisition times and very small
signal levels have limited progress. Despite this, NSOM
Raman has also been successfully employed to map
residual stresses in silicon wafers associated with defor-
mation (Figure 2).

Metals

In comparison to semiconductor surfaces, metals display
smaller corrugations in their density of states due to very
delocalized bonding. Nevertheless, early STM studies
revealed relatively high atomic corrugations on Au(111).
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Figure 2 (a) Topography image recorded using NSOM

showing a scratch on a silicon wafer surface. Inset is an
enlargement of the area that was Raman mapped. The scale bar
is 1 um. An array of 26 by 21 spectra were recorded with step
sizes of 154nm and 190nm in the X and Y directions,
respectively. Each spectrum took 60s to acquire giving a total
image acquisition time of just over 9h. In (b) the value of centre
frequency of the silicon band was extracted and is shown as a
function of distance across the scratch; the lateral position of the
data points is shown on the topographic cross section (c).
Reprinted with permission from Webster S, Batcheldes DN, and
Smith DA (1998) Submicron resolution measurement of stress in
silicon by near-field Raman spectroscopy. Applied Physics
Letters 72: 1478-1480.

It has since been shown that this ‘super’ resolution results
from the nature of the electronic density of states on
face-centred cubic metal surfaces.

Elemental-specific contrast on metals using STS has
been demonstrated for copper on W(110) and Mo(110)
surfaces. Resonant tunnelling via surface and image states
provide elemental identification. Theoretical treatment of
elemental identification of adsorbates on metals indicates
that up to 2A peaks should be present in images of
electropositive elements on Pt(111) and that 035 A
depressions would result from electronegative oxygen
atoms.

Low-temperature ultrahigh-vacaum STM has been
used to perform atomically localized spectroscopic
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measurements on single Fe atoms adsorbed onto the
Pt(111) surface. Using d//dJ) spectra a resonance was
found to occur in the adatom local densities of states that
1s centred 0.5 eV above the Fermi energy. This feature had
a width of approximately 0.6 eV, and occurred only when
the tip was within angstroms (laterally) of the centre of an
Fe adatom. Following on from this work it was found that
Fe adatoms strongly scatter metallic surface state electrons
and hence are good building blocks for constructing
atomic-scale barriers to confine electrons. ‘Quantum cor-
ral’ barriers constructed by individually positioning Fe
adatoms using the STM dp reveal, via STS, discrete
resonances inside the corrals, consistent with size quanti-
zation (Figure 3).

Superconductors

Cryogenic STS is an ideal tool for studying the elec-
tronic nature of superconductors and has produced local
d//dV spectra at the BiO cleavage planes of a bismuth
cuprate superconductor at 4.2 K. The spectra confirm a
large gap parameter associated with an apparently gapless
density of states on the uppermost layer. Spatial varia-
tions of the gap parameter on a 100 A scale were attrib-
uted to variations in BiO metallicity with two
characteristic d//dV spectral shapes over regions of
metallic and nonmetallic BiO layers. Low-temperature
STS has also been employed to probe the local effects of
magnetic impurities on superconductivity. Tunnelling
spectra obtained near magnetic adsorbates reveal the
presence of excitations within the superconductor’s
energy gap that can be detected over a few atomic dia-
meters around the impurity at the surface. These exci-
tations are locally asymmetric with respect to tunnelling
of electrons and holes. A model calculation based on the
Bogoliubov—de Gennes equations can be used to under-
stand the details of the local tunnelling spectra.

Polymers

New higher throughput NSOM probes have permitted the
recording of Raman spectra from polystyrene spheres
labelled with different dyes and adsorbed on silver sub-
strates. No significant differences in near-field and far-field
Raman spectra were observed with the NSOM data, clearly
demonstrating true chemical identification. Nonresonance
Raman spectra of polydiacetylene crystals (Figure 4)
demonstrate the feasibility of acquiring spatially resolved
Raman spectra despite very low signal levels.

NSOM has also been used to probe the excitonic
transitions in J-aggregates of 1,1'-diethyl-2,2-cyanine
iodide grown in poly(vinyl sulfate) thin films. Fluores-
cence spectra recorded as a function of the NSOM tip
position along individual aggregates show only slight
variations and are very similar to the bulk aggregate
spectrum. The absence of spectral broadening is assigned

as evidence for a uniform, well-ordered molecular
structure within the aggregates.

Biological Systems

NSOM fluorescence spectrographs  of
recombinant FEscherichia coli cloned to produce green
fluorescence protein (GFP) show a difference in fluor-
escence distribution within individual bacteria. Fluores-
cence activity of GFP can thus be used as a convenient
indicator of transformation. Improvements in NSOM
probe—sample distance control have facilitated the
fluorescence imaging of thick biological specimens, such
as neurons, astrocytes and mast cells, which also fluoresce
in the far-field and hence would normally reduce optical
resolution. NSOM has also been used to provide high-
resolution information on iz situ interactions between
proteins in biological membranes, in particular human
red blood cells invaded by the malaria parasite, Plasmo-
dium falciparum. During infection, the parasite expresses
proteins that are transported to the cell membrane. Host
and parasite proteins were selectively labelled in indirect
immunofluorescence antibody assays, and simultaneous
NSOM  dual-colour excitation fluorescence maps
produced.

Karyomes of human metaphase chromosomes are
used to detect genetic defects like deletions or translo-
cations, where the chromosomes are treated by the
trypsin—Giemsa protocol, to produce a typical banding
pattern and imaged by optical microscopy. Because of the
diffraction limit in optical microscopy, even the smallest
visible band contains around 1 million base pairs.
Improved resolution has been demonstrated using
fluorescence NSOM on the treated chromosomes com-
pared to conventional light microscopy.

image and

Single Molecule Studies

Spatally resolved STS has been used to characterize the
electronic structure of Cy molecules on a range of sub-
strates including Au(001), Au(110), Au(111) and Al(111).
Due to a lattice mismatch between the overlayer C4o and
the substrate Au(100) surface, a uniaxial stress is applied
resulting in several types of oblique lattices and modified
electron charge density around the Cgo molecules. Charge
transfer from the substrate to the molecules and inter-
molecular bonding under stress were observed in STS
data. STS also clearly differentiates inequivalent adsorp-
tion sites on Au(111) and Al(111). The STM tip has been
used to locally excite single Cyy molecules to luminesce
with an emission spot size of 0.4 nm. Fullerenes have been
employed as STM tips, showing improved performance
when studying graphite surfaces.

A number of groups have employed NSOM to record
fluorescence spectra from single dye molecules. Fluor-
escence spectra taken in the near-field showed no
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Figure 3 Perspective views of a 60 atom Fe ring recorded at tunnelling current of 1 nA and tip bias voltages of (a) 10mV and (b)

—10mV. The quantum interference patterns inside the ring change with energy. The energy dependence of the lowest density of states
at the centre of the ring is illustrated by the d/dV spectra in (c). The sharp peaks in the spectra indicate sharp resonances in the lowest
density of states. These data match theoretical results based upon the particle-in-a-box model very closely. Reprinted from Physica D

83: Crommie MF, Lutz CP, Eigler DM, and Heller EJ, Quantum corrals, pp. 98—108, 1993 with kind permission of Elsevier Science — NL,
Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands.
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Figure 4 (a) A pre-resonant near-field Raman spectrum of a
polydiacetylene microcrystal taken using 633 nm excitation,
approximately 150 nm aperture and a 60s exposure.

(b) A 3 um x 2 um near-field Raman image of the polydiacetylene
microcrystallites. A Raman spectra as in (a) is obtained at every
point in the image, and the intensity of any peak may be chosen
to produce a grey scale image, in this case the 1485cm™"
feature. The vibration mode responsible for this line is shown.

broadening due to long-range inhomogeneities as are
apparent in far-field spectra. Using picosecond light
pulses, time-resolved near-field fluorescence images of
single sulforhodamine 101 dye molecules and rhodamine
6G have been recorded. Since metal surfaces near
radiating dipoles influence fluorescence lifetimes, the
fluorescence decay of single molecules is dependent on
the relative position of the tip and the molecule. Polar-
ization-sensitive NSOM has been used to resolve meso-
scopic spectral inhomogeneities in small crystals of the
dye 1,1-diethyl-2,2-cyanine iodide, where the crystals
showed strong absorption perpendicular to their long axis
and no absorption in the two orthogonal directions.
The sensitivity of fluorescence resonance energy
transfer (FRET) has been extended to the single-mole-
cule level by measuring energy transfer between single
donor and acceptor fluorophores linked by a short DNA
molecule using NSOM. Dual colour images and emission
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Figure 5 A spatially resolved force adhesion map recorded
using an AFM probe coated in biotin on a 90% biotin-blocked
streptavidin surface. Biotin—streptavidin are a ligand—receptor
pair with very high affinity (10'®M ~) often employed as a model
system for molecular recognition studies. The contrast on the
image corresponds to the amount of adhesion felt by the probe at
the surface. Light areas represent high levels. If the biotin-coated
probe contacts the surface in a region where free binding sites
exist (i.e. streptavidin unblocked by free biotin) then adhesion
based on the biotin—streptavidin specific molecular interaction
would be expected. Position X in the image corresponds to an
area of adhesion and Y a typical area of no interaction. Hence, X
marks the spot of an open streptavidin binding pocket.
Reproduced with permission of Gordon and Breach Publishers
from Roberts CJ, Allen S, Chen X, Davies MC, Tendler SJB, and
Williams PM (1998) Measurement of intermolecular forces using
force microscopy: Breaking individual molecular bonds.
Nanobiology 4: 163—-175.

spectra combined with photodestruction dynamics have
been used to determine the presence and efficiency of
energy transfer. In contrast to ensemble measurements,
dynamic events on a molecular scale are observable in
single-pair FRET measurements because they are not
cancelled out by random averaging.

The ability of AFM to directly measure discrete
intermolecular forces as low as 10 pN was high-lighted as
long ago as 1993. Since then, a number of groups have
exploited this ability, using AFM to determine the forces
required to separate individual receptor-ligand mole-
cules including avidin-biotin, cell adhesion proteogly-
cans, antibody—antigen and hydrogen bonding between
nucleotide bases. In addition, the potential for mapping
surface groups by their functionality using AFM has been
exploited to spatially locate the adhesive and frictional

interactions between hydrophobic and hydrophilic
organic monolayers and biotin—streptavidin  (see
Figure 5).

Molecular dynamics has been used to model the
disruption of biotin—streptavidin as it occurs in force
adhesion experiments and to relate these forces to
molecular structure and conformation. The force 1s
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calculated from the steepest slope in the free energy
profile along the unbinding pathway. Interestingly the
calculated rupture forces show a similar spread in values
as 1s found in experimental data, suggesting that this
spread is due to heterogeneity in the reaction pathway of
biotin—streptavidin.

AFM has also been used to measure inter- and intra-
chain forces in DNA nucleotides. The interaction forces
between complementary 20 base pair lengths of single-
stranded oligonucleotides (ACTG)s and (CAGT)s) and
the forces required to stretch and break polydisperse
homopolymers of inosine were measured. AFM has also
been employed to study the interaction between d(T),,
(dT = 2'-deoxyribosylthymine) and poly(dA) oligonu-
cleotides (dA = 2’-deoxyribosyladenine). As before, rup-
ture forces after binding were measured; however, the
dependence of the rupture force with time of contact
between the probe and sample was also observed. After
30s contact, only low adhesion was observed. A max-
imum probe sample adhesion was observed after 2 min.
This incubation-time dependence was interpreted as
slow reorientation of partially hybridized oligonucleotide
strands into more stable structures and was suggested as a
means of studying double-helix annealing processes.

Single-molecule force spectroscopy on dextran fila-
ments linked to a gold surface has been carried out using
AFM by vertcal stretching, the applied force being
recorded as a function of the elongation. At low forces the
entropic deformation of dextran dominates and can be
described by the Langevin function with a 6A Kuhn
length. At elevated forces the strand elongation was
governed by the twist of bond angles. At higher forces the
dextran filaments underwent a distinct reversible con-
formational change. This ability to stretch and relax
long-chain molecules has also been exploited to unfold
individual domains of the giant sarcomeric protein of
striated muscle, titin (Figure 6). At large extensions, the
restoring force exhibited a sawtooth-like pattern. Mea-
surements on recombinant titin immunoglobulin seg-
ments of two different lengths exhibited the same pattern
and allowed the discontinuities to be attributed to the
unfolding of individual immunoglobulin-like domains.
The forces required to unfold individual domains ranged
from 150 to 300 pN and depended on the pulling speed.
Upon relaxation, refolding of immunoglobulin domains
was observed.
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Figure 6 Three typical force extension curves obtained by stretching titin molecules. The curves show periodic structure on the retract
portion of the data consistent with the unfolding of individual titin domains. Reproduced with permission from Rief M, Gautel M,
Oesterhelt F, Fernandez JM, and Gaub HE (1997) Reversible unfolding of individual titin immunoglobulin domains by AFM. Science 276,
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Future Trends

The resolution and adaptability of scanning probe tech-
niques are increasingly being exploited to carry out
spectroscopy measurements, particularly for electronic
and optical surface properties. In addition, new variants
of traditional scanning probe spectroscopic methods
continue to be developed. For example, STM spectro-
scopy performed with magnetic probe tips has yielded
new information about the spin-resolved nanoelectronic
properties of magnetic nanostructures. Also, an adaption
of STM to allow the probing of surface acoustic waves is
proposed that reaches submicrometre resolution for the
quantitative evaluation of elastic constants and studies of
nanoscale structures. In AFM, measuring the oscillation
amplitude of the probing AFM tp and phase-shift
between the cantilever response as a function of the tip—
sample distance allows the analyses of the dynamic
interaction of the AFM tip with the sample surface. This
has been termed dynamic force spectroscopy and has
been proposed as a new method of rapidly mapping
probe—sample interactions. Advances in NSOM spec-
troscopic applications are presently centred on improv-
ing the optical efficiency of the probe, either through
more precise control of fibre-optic probe geometry or
through the development of semiconductor-based tips
not dissimilar to those in use in AFM.

Other SPM technologies for specific applications are
also being developed. For example, magnetic resonance
effects have been studied using modified AFMs. The
sample 1s mounted on an AFM cantilever in a magnetic
field gradient and exposed to a radiofrequency field
which drives the spins into precession. The resultant
periodic force is sensed in the normal way from the
flexure of the AFM lever. This technique has also been
extended to spatially map magnetic resonance data and
to detect NMR effects. These data exemplify the reason
for the continued rapid growth in SPM applications. The
adaptability of the technique to address problems from a
range of scientific disciplines and its ability to operate
under conditions of vacuum to liquid from 4K to 1000 K
will ensure this pace of SPM advancement continues for
the foreseeable future.
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