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Presented here is an overview of the present
status and future prospects of scanning
tunneling microscopy. Topics covered include
the physical basis of the scanning tunneling
microscope, its instrumentation aspects, and its
use for structural and spectroscopic imaging—
on a scale which extends to atomic dimensions.
Associated experimental and theoretical studies
are reviewed, including several which suggest
potential applicability of this new type of
microscope to a relatively broad range of
biological, chemical, and technological areas.

1. Introduction

In the past several years, scanning tunneling microscopy
(STM) has developed into an imaging method with diverse
possibilities for real-space imaging on a scale which extends
to atomic dimensions. (Note: The designation “STM” is
subsequently used interchangeably to denote “scanning
tunneling microscopy” and “scanning tunneling
microscope.”) The original purpose of the work on the STM
was to develop a means of imaging the structure and
electrical properties of insulating layers thin enough to
permit electron tunneling [1]. Thus, the STM was meant to
be suitable for imaging not only the structure of such an
insulating layer but also its local conductivity. This local
probing capability, combined with its adaptability to various
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environments, and the tunable, low electron energies which
it utilizes, make it increasingly attractive for use in diverse
areas of science and technology, reaching beyond its initial
use in atomic-scale imaging. In many applications, its
primary role is to perform a local experiment in which
imaging is used primarily to select and define the location of
the experiment. In other applications, such as, for example,
local displacement monitoring, imaging might not be used at
all. Although most of the STM applications examined thus
far have dealt with structural microscopy, many others are
now in the exploration stage.

Historically, when electron tunneling was first proposed in
the late twenties [2], it was envisaged in connection with
vacuum barriers. Its first experimental realization, however,
was achieved with solid barriers about thirty years later [3],
vacuum barriers having been discarded as being impractical
[4]. Later attempts to perform vacuum tunneling per se and
in scanning configurations did not advance sufficiently to
allow the development of an operational STM [5]. Except
for the Topographiner, as developed by Young, Ward, and
Scire [5], the primary interest was in performing tunneling
spectroscopy in the absence of a native oxide barrier.

The papers in this and the next issue of the IBM Journal
of Research and Development are based on contributions
presented at the first workshop [6] on this subject. They
reflect the present state of the art and the increasing
applicability of the STM to diverse areas of interest. The
purpose of this paper is to provide an introduction to the
subsequent papers in this and the next issue of the Journal,
and to review the evolution of the STM and associated
studies carried out during the past several years.

2. Physical basis and modes of operation
The underlying physical basis of the STM is electron
tunneling. For its theory and applications in solid-state
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(a) Planar metal-oxide-metal junction (M|-O-M,). The current
density, indicated by the red lines, is uniform. (b) 1llustrative energy
diagram for a tunneling junction having a trapezoidal barrier (¢, ¢,)
of thickness s. As indicated, only electrons tunneling from states
between Ep(1) and Eg(1) = V in M, to unoccupied states between
Er(2) and ER(2) + Vin M, contribute to the tunneling current. The
current density (per unit energy) is highest at Er(1). (c) Calculated
current density distribution for tunneling from a tip to a corrugated
surface, assuming an effective barrier height of 2.41 eV, a tip radius
of 1.7 A.and s = 4 A (after [11)).

physics, we refer the reader to the vast amount of literature
on that subject [7-9]. Here, we summarize the essential
ingredients necessary for understanding the operation of the
STM and developing an appreciation of its key features.
Electron tunneling occurs between two conductors
separated by a sufficiently thin insulating layer or, in
physical terms, potential barrier. In the transfer-Hamiltonian
approach [10], the tunneling current / is a measure of the
overlap in the separating gap (or intervening insulator) of the
wave functions of the two electrodes. Therefore, I is a
function of the electrode separation and the nature of the
electronic states involved. The most common tunneling
junction consists of a planar conductor-insulator-conductor
sandwich in which the insulator is usually an oxide layer
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formed by oxidation of one of the electrodes [see Figure
1(a)]. For free electrons tunneling through a planar barrier at
small voltages V' << ¢, the current density, j, can be written

as[7]
J=(€1h) - (kf4x’s) -

where s is the effective tunnel distance in A, «, the inverse
decay length of the wave-function density outside the
surface, V the applied voltage in volts, and (@/n) =

2.44 . 107* Q7'; «, is given by the expression 2k, (A) =
1.025v¢(eV), with ¢ the effective barrier height

[=(¢, + #,)/2}. In the following, the factor 1.025 is replaced
by 1, distances and energies are given in units of A and eV,
respectively, and voltage (in volts) or energy (in eV) are
designated as V. The effective barrier height of a vacuum gap
between the two electrodes is, to a first approximation, the
average of the two respective work functions; most often a

V . exp(—2«,s), (D

Schematic of a scanning tunneling microscope and its operation. The
tip T of the microscope depicted in (a) is scanned over the surface of a
sample S with a piezoelectric tripod (X, Y, Z). The rough positioner L
brings the sample within reach of the tripod. A vibration filter system
P protects the instrument from external vibrations. In the constant
tunneling current mode of operation, a voltage V, is applied to the Z
piezoelectric element by means of the control unit CU depicted in (b)
to keep the tunneling current constant while the tip is scanned across
the surface by altering V, and V,. The trace of the tip, a y-scan, gener-
ally resembles the surface topography Electronic inhomogeneities
also produce structure in the tip trace, as illustrated on the right above
two surface atoms having excess negative charge.

VOL. 30, NO. 4, 1986, REPRINT

IBM J. RES. DEVELOP. VOL. 44 NO. 1/2 JANUARY/MARCH 2000



few eV. Oxide barrier heights are considerably smaller,
usually below 1 eV. Figure 1(b) shows an energy-distance
schematic of a typical metal-oxide-metal tunneling junction.
At higher voltages, the effective barrier height in (1) becomes
a function of ¥ {7]. In the case of non-free electrons and
non-planar barriers, the total current / can no longer be
expressed in such a simple and closed form. Nevertheless, we
still have essentially an exponential dependence of I on some
effective tip-surface separation and barrier height. But the
prefactor is altered because of density-of-state effects. The
electrons close to the Fermi level E¢(1) [in conjunction with
the empty states at E.(2) + V] contribute most effectively to
the tunneling current since they experience the smallest
effective barrier height. The resulting energy selectivity is
reflected in the current-voltage characteristic, and is of prime
interest in the classical type of electron tunneling
spectroscopy which is performed on conductor-insulator-
conductor sandwich junctions [8, 9]. Tunneling spectroscopy
thus gives access to the density of both occupied and empty
states.

Basic to the operation of the STM is the extreme
sensitivity to tunneling distance of the tunneling current. If
one electrode is formed into the shape of a tip, the tunneling
current is confined to a filament between the apex of the tip
and the surface or object under investigation [see Figure
1(c)]. The tunneling current decreases by roughly an order of
magnitude for every distance increase by 1 A, and the
effective diameter of the filament, L., can become
extremely small for a pointed tip. In the case of a single
atom at the apex, L_; decreases to a magnitude of atomic
dimension. By using vacuum, gas, or a liquid as the
tunneling barrier between tip and surface, the tip and thus
the tunneling current filament can be scanned freely across
the surface. A possible STM, which uses a piezoelectric
tripod for fine-positioning of the tip, is depicted in Figure
2(a). By adjusting the z-position of the tip, to keep the
tunneling current constant, contours of constant tunneling
current can be obtained, as illustrated in Figure 2(b). On a
surface with uniform electronic properties, this procedure
yields an image of the surface topography, folded with the
instrumental resolution. As an example, in Figure 3 we show
an STM image of a clean Au(100) surface exhibiting
atomically flat terraces with monolayer step lines [12]. On an
electronically inhomogeneous surface, the change which
occurs in the tunneling current upon moving the tip laterally
depends not only on the topography but also on the local
electronic structure. The central problem in taking and
understanding an STM image is, then, how to disentangle
the richness of information it contains into its topographic,
chemical, and electronic features.

This imaging process is quite similar to Stylus
Profilometry [13]. The stylus, carried by a cantilever beam,
traces the sample surface with a constant loading force. The
result is a topographical image in the 1000-A lateral and
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STM image of a clean Au(100) surface obtained at a constant tunnel-
ing current of 1 nA, showing flat terraces and monolayer step lines.
The wavy structure is real and can be resolved into individual atomic
rows. The divisions on the axes correspond to spacings of 5 A. (From
[12], reproduced with permission.)

10-A vertical resolution range, provided the mechanical
surface properties are uniform. Hardness inhomogeneities,
for instance, have an effect on the topographical image of the
stylus which is analogous to that of electronic
inhomogeneities in STM.

Electronic and chemical surface properties manifest
themselves primarily in the voltage dependence of the
tunneling current. They appear as specific features in the
local I-V, V-5, or I-s characteristics. In practice, electronic or
chemical images are obtained by recording dI/dV or dI/ds
while scanning and controlling the gap width by keeping the
average current constant. Depicted in Figure 4 is an example
of such scanning tunneling spectroscopic (STS) imaging [14].
(Note: The designation “STS” is subsequently used
interchangeably to denote “scanning tunneling
spectroscopic” and “scanning tunneling spectroscopy.”) In
(a), the strong peak at 0.8 V is attributed to surface nickel
oxide. In (b), the surface is imaged with respect to that
spectroscopic feature (top) and I = constant (bottom).
Whereas the STS images differ dramatically, the STM
images remain unchanged. Because of the usually close
relation of the tip-to-sample spacing at / = constant with the
topography, of dI/dV with the local density of states, and of
dl/ds with the local barrier height (or work function),
associated images are often referred to as topographical or
STM images, spectroscopic or STS images, and work-
function profiles, respectively. However, there are other ways
to image a surface or object with the STM.

An important aspect of the STM is its apparent
nondestructive nature, viz., no perceptible irreversible
damage occurs as a result of its use. Reversible local changes
on the surface induced by the vicinity of the tip or by the
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Spectroscopic and structural imaging of NiO on a Ni(100) surface.
Shown in (a) is dI/dV vs. V from an oxide-covered region. The strong
peak at 0.8 V is characteristic of NiO. The STS and STM images
shown in (b) were obtained at indicated bias voltages of 0.8 and 1.3 V.
An oxide island to the left is evident in the STS image obtained at 0.8
V. Spatial separations in units of the NiO lattice spacings are indi-
cated at the left. The oxide island is hardly noticeable in the STM
images. The divisions on the y and z axes correspond to spacings of
5 A. (From [14], reproduced with permission.)

high local electrical fields cannot be ruled out [15]. Their
influence can be estimated by measuring at different currents
or voltages. No evidence of appreciable reversible local
disturbances exists in experiments reported so far. In
addition, STM can be performed without appreciably
altering surface electric fields. This simply requires
application of a tunneling voltage which is equal and
opposite to the contact potential [¢, — ¢, in Figure 1(b)}. On
the other hand, the STM can be used to intentionally induce
permanent local structural or chemical modifications.
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Possibilities range from spurring chemical processes
selectively by appropriate choice of electron energy or field
strength to producing structural alterations caused by impact
of the tip on the surface. Finally, the STM can be used as a
local position-control or displacement-monitoring system.
Before presenting some specific imaging and non-imaging
examples, we briefly discuss some aspects and problems of
STM instrumentation.

3. Instrumentation

The major instrumental problems to be overcome in an
STM are those associated with the sharpness and the
physical and chemical stability of the tunneling tip, and
those associated with the mechanical stability of the width of
the tunneling gap. Tip sharpness is the primary factor which
determines the lateral resolution. The overall stability of the
gap determines the vertical resolution and the quality of the
tunneling spectra which are obtained. Considerations
regarding gap-width stability are discussed in more detail by
Pohl elsewhere in this issue [16]. The status and prospects of
fabricating ultrasharp and stable tips are treated by Fink
[17].

The gap-width stability is mainly limited by vibrations
transmitted to the tunneling unit or created in the scanning
process itself. Particularly detrimental are vibrations which
can excite mechanical eigenmodes of the unit or parts
thereof which affect the path connecting the tip with the
sample. The influence of external vibrations is reduced by
use of a vibration-isolation system; that of internal vibrations
is reduced by mechanical rigidity and an electrical low-pass
filter in the tip-position control loop limiting tip motion to
frequencies below the lowest mechanical eigenfrequency.
The latter obviously also limits the imaging speed on rough
surfaces. Smooth surfaces with corrugation amplitudes less
than the average tunneling distance can also be imaged by
recording the tunneling-current deviations instead of the
z-displacement of the tip [18). The imaging speed is then
limited by scanning speed and other factors related to the
electronics of the system or the data-acquisition rate.

The photographs in Figure 5 depict the development of
STM instrumentation in our laboratory. In the first-
generation instrument, isolation of the tunneling gap from
external vibrations was achieved by superconducting
levitation [19]; in the second [1] and third [20] generations,
by two-stage spring systems. Additional eddy-current
damping with permanent magnets was used in all three
generations. In the fourth generation [21], vibration isolation
is achieved by using only viton dampers. A short account of
what has been done with the various instruments is given in
[21]. In this class of instruments, in addition to isolating the
tunneling gap from external vibrations by some form of
vibration-isolation system, rough positioning is achieved
with “louse”-type piezoelectric configurations {1], magnetic
accentuators [22, 23], or a differential screw with a reduction
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Photographs of the four generations (a) to (d) of STMs which have been used in our laboratory. Each is approximatety 1/5 actual size.
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lever system [24]. In another approach, the tunneling gap is
rendered vibration-insensitive by making the mechanical
connection between tip and sample very rigid, thus pushing
the mechanical eigenmodes to frequencies far above those of
significant external vibrations. A first step in this direction
was the development of the squeezable tunneling junction
[25]), which, however, lacks scanning capability. STMs based
on increased stiffness have been described in several
contributions [26-28]. A hybrid of an STM and squeezable
tunneling junction [27] operates even when immersed in
liquid nitrogen. In another type of STM, use is made of
bender elements for large excursions at low voltages [29]. In
general, vibration protection is a compromise between great
stiffness and the convenience of remote rough sample
positioning over a range extending to several mm. Preference:
for either is dictated by the application in mind.

The sharpness and stability of the tip determine lateral
resolution and reproducibility. Grinding or etching of
tungsten wires (other materials such as stainless steel, gold,
and iridium have also been used) appears thus far to be the
standard method of obtaining workable tips for achieving
atomic resolution. Further in situ sharpening is often
required, in particular after unintentional contact of tip and
sample, which can produce mechanically unstable whiskers
on the tip, leading to unstable tunneling gaps. Small
whiskers can be “blown off ” by applying up to +100 volts to
the tip, larger ones by heating and melting with currents up
to a few uA [1, 30-33]. For structures with known
periodicity or known shape, such as a step, the image itself
provides an indication of the tip sharpness. Even in these
cases, an g priori knowledge of the detailed tip geometry is
desirable, since STM structures appear as a combined image
of the actual structure and the tip geometry [34]); e.g.,
symmetric structures imaged with an asymmetric tip appear
asymmetric.

For high-resolution imaging of nonperiodic surface
features of unknown size—one of the significant virtues of
the STM—a predetermined tip geometry is obviously even
more important and also may help to enhance the resolution
by deconvolution procedures. Thus, the fabrication of well-
defined, stable tips has become a central instrumental issue
in STM. The ultimate goal is a symmetric tip with a distinct
single electronic state from (or to) which the tunneling
would occur. Preparation techniques borrowed from field-
ion microscopy provide us with such tips [17].

A final point concerns the calibration of the piezoelectric
drives. Calibration with a capacitance dilatometer [35] was
found to yield two types of response to an applied voltage:
an intrinsic, fast response <<|1 s, limited by the electronics
of the dilatometer, and a slow, domain-wall-motion response
in the several-minute range with a time-integrated dilatation
roughly equal to the intrinsic response. The latter can result
in a troublesome distortion of images. An extended, relevant
calibration study has recently been carried out by Vieira [36]
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for a variety of piezoelectric ceramic materials at
temperatures down to 4 K.

Because of the rapid progress in instrumentation, it is
anticipated that by the time this paper appears, STMs will be
smaller, more versatile, and less sensitive to vibrations, and
will function more rapidly than at present.

4. Imaging structures: Experiments and theory
There are now abundant examples of surface-structure STM
images. In surface-science applications, atomic resolution
and ultrahigh vacuum have been of primary interest [{, 12,
18, 32, 37-43]. Early investigations in which atomic
resolution was achieved in the imaging of surface
reconstructions aroused the interest of many experimenters
and motivated the first associated theoretical work. The two
theoretical approaches, use of the transfer Hamiltonian [44,
45] and the direct-transmission approach [1 1, 46}, provided
the first insights regarding the physical basis for STM
imaging and the associated lateral resolution which could be
achieved. Merits and shortcomings of the two approaches
and useful approximate treatments are discussed by Baratoff
[47]. In the transfer-Hamiltonian approach, the tunneling tip
is regarded as tracing contours of constant wave-function
density, evaluated at the center of the (assumed) spherical
tip, as it traverses a sample surface in the constant-current
mode. The transmission approach does not relate STM
images to such simple, physical concepts, but it provides an
instructive view of the current distribution in the tunneling
filament. Both approaches lead to similar expressions for the
lateral resolution [24, 48]. In particular, the minimum
periodicity, a,,, of a sinusoidal surface corrugation with
amplitude c, to be resolved is, for free electrons,

a,=Va/mA - LgysxJ2ind - Jr+ /6", )

where r is the radius of curvature of the tip, s is the average
width of the tunneling gap, ¢ is the effective barrier height,
A4 = ¢ /c,y, with ¢, the smallest observable corrugation of the
equicurrent surface traced by the tip (or, in effect, the gap-
width stability), and L. is the effective diameter of the
tunneling current filament. The dominant factors are tip
radius, gap width, and barrier height; the vertical stability
enters only logarithmically. Equation (2) is expected to be a
good approximation for a tip for which the jellium concept
is meaningful, i.e., a metal tip with a radius of curvature of,
say, 7 A or more. Not taken into account are image
potential and nonuniform barrier heights. The former
drastically decreases ¢ at small gap widths and thus affects
the resoiution {24, 49, 50]. An example of the latter is the
change of the barrier height at locations with strong
curvatures, caused by the smearing out of the electronic
charge [51]. Enhanced focusing can be achieved if imaging is
performed with a single, rather localized electron orbital [45]
such as could be provided by an adsorbate atom at the apex
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of a metal tip. Lateral resolutions less than 2 A which have
been obtained on cleaved graphite [18, 43, 52] are believed
to be due to such an effect. A theoretical approach especially
suited to accounting for local electronic effects has recently
been developed by Lang [53].

STM experiments have already provided substantial
insight into the structure of reconstructed surfaces. Just as
important, however, is what we have also learned about the
general nature of such surfaces prepared using standard
surface-preparation procedures. They are very often not as
flat as generally believed or assumed. They can look quite
rough, with “terraces” and flat “lakes” embedded in a hilly
landscape, but, nevertheless, apparently retain their “ideal”
surface structure and electronic properties—even on quite
restricted flat regions [54] and in the immediate vicinity of
defects [54], defect areas [12, 37), and step-lines [12, 37, 40].
This calls for necessary caution when interpreting data
obtained with averaging surface analytical methods. In
particular, quantitative differences in certain aspects do not
indicate intrinsically different structural or electronic
properties. Again, the merit of the local character of STM is
obvious.

The topographical imaging capability of STM is by no
means restricted to atomic-resolution levels. Imaging with a
lateral resolution in the nanometer scale is certainly also
accessible and of broad importance. Applications thus far
include studies of thin-film growth {34, 55, 56] and
technological preparation methods [57-62], new roughness
standards for industrially important surfaces [63], and
imaging of biological matter [62, 64, 65]. Lateral resolution
at ambient pressure in the nanometer range with a vertical
stability of about 1 A is now standard with relatively simple
instrumentation. Imaging is direct, without the need for
decoration, staining, or replica techniques which in
nanometer-scale electron microscopy provide the mass
contrast or transparency required. Chemical and electronic
effects can dominate topographical STM images in the
angstrom range, but should be much less important in
nanometer imaging [34]. Thus, the images, as obtained, are
generally expected to be representative of the topographical
structure being examined. Finally, adaptability to the
environment is unique for imaging in both the angstrom and
nanometer ranges, with fascinating prospects such as
imaging of biological matter under living conditions.

A final point regarding the imaging of high-resistance
materials in the constant-current mode: The potential drop
in the sample, AV = IR, where R, is the spreading
resistance, can vary across the surface. The applied voltage,
therefore, must be larger than AV everywhere on the portion
of the surface under examination when imaging in the
constant-current mode. The relatively high voltage which
was necessary in the first STM experiment on the 7 X 7
reconstruction of the Si(111) surface [37] could be attributed
to such a spreading resistance effect [54, 66].
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5. Spectroscopy and spectroscopic imaging
Tunneling spectroscopy gives access to the chemical and
electronic properties of the surfaces or objects under
investigation. It is concerned with density-of-state effects on
the tunneling current. These effects manifest themselves in
an anomalous voltage dependence of the tunneling current;
they are obtained experimentally by measuring current-
voltage characteristics or derivatives thereof. In conventional
tunneling spectroscopy, the tunneling barrier is a solid
insulator of given width, and the applied voltage is the only
external experimental parameter on which the tunneling
current depends (aside, of course, from parameters such as
temperature and magnetic field, which are of no concern
here). In STM, however, the gap width is adjustable and its
experimental control is crucial to obtaining meaningful
tunneling spectra. The main merits of tunneling
spectroscopy performed with an STM are the following:

o Itis local.

o It is performed at preselected positions.

o It is performed under well-defined conditions.
o It can be combined with other methods.

e It can provide spectroscopic images.

When spectroscopy is carried out with the STM, the gap
width is controlled by the tunneling current itself, either in
the constant-current mode [1, 33, 67] or constant-resistance
mode [68]. Therefore, the time scales of the current changes
of spectroscopic interest should be either slow or fast with
respect to the cutoff frequency of the tunneling-current
control loop. Tunneling spectra are usually taken by
superposing a small, fast modulation on the tunneling
voltage while sweeping it slowly, as in conventional
tunneling spectroscopy [8, 9]. Alternately, /-V curves
obtained with fast voltage sweeps [31] or s-V characteristics
obtained with slow sweeps [1, 67] are also used to obtain
spectroscopic information. Advantages of using fast sweeps
are that the shapes of the spectroscopic features which are
seen are not distorted by a changing gap width and are thus
more familiar in their appearance, and that STM
spectroscopy can be rendered insensitive to mechanical gap-
width instabilities. An advantage of using slow sweeps is that
the electric fields at the surface are prevented from becoming
too high since, under the imposed condition of constant
tunneling current, the gap width increases with tunneling
voltage. This can be particularly important in systems with
loosely bound adsorbates or delicate molecules.

Currently achievable gap-width stabilities of about 0.1 A
make it possible to carry out a large variety of spectroscopic
studies, even without the necessity of very high sweep
frequencies. The first examples of STM spectroscopy [1, 31,
33, 67-71} indicate good promise for the use of the STM for
this purpose, even in this moderate gap-width-stability range.

Many spectroscopic features can be much more pronounced 285
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Constant-current STM image of a graphite surface: (a) raw data, (b)
periodic continuation of an averaged unit cell (for the image pro-
cessing method used, see [76)). The corrugation amplitude is about
1.3A. Relative height levels of the purple, blue, green, red, and
yellow regions are 0.2, 0.4, 0.73, 0.8, and 1 A, respectively, for (a),
and 0.2, 0.4, 0.8, 0.9, and 1 A for (b). The solid and open circles
indicate the positions of the two electronically different types of car-
bon atoms, which are arranged in a flat honeycomb lattice. The cor-
rugation measured is not that of the surface carbon atoms but
corresponds to that of the local density of states at the Fermi level.

in STM spectroscopy because of its local character. For
instance, resonant tunneling states of the Gundlach type [72]
or image states [73] are readily seen in (s vs. V) and
(81/0V vs. V) STM spectra [1, 33, 67), but only under special
conditions in solid junctions. Additionally, as in inelastic
tunneling spectroscopy, other aspects such as image force
lowering of the tunneling barrier and reduced dielectric
screening enhance spectroscopic features [74]. Finally, STM
spectroscopy might relieve us, in many cases, of the necessity
of observing very weak spectroscopic features. Adsorbate
atoms or molecules, for instance, and their electronic states
might instead be recognizable via local density-of-state
effects in elastic STM tunneling spectroscopy [53] or energy
dissipation [74, 75].

STS imaging should be viewed in a broad context. The
scanning tunneling microscope provides images in a five-
dimensional space, namely, in the three-dimensional real
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space (x, y, z), the tunneling current I, and the tunneling
voltage V. It is the selection of the dimensions of interest
which determines the “imaging mode.” For the contours of
constant wave-function overlap, we measure z as z(x, y) at
constant I and V, and call it a “topographical” image. If we
measure (31/0V)x, y) at constant V and with / as gap-width
control parameter, we obtain an STS image, and

(81/3sXx, y) gives a “work-function” profile. An STS image
or a work-function profile can also be obtained from the
subtraction of two topographical images taken at different
voltages [32] or different currents, respectively.

One of the first STS images which was obtained pertained
to the spatial variations in the superconductivity of Nb,Sn,
with the superconducting energy gap as the spectroscopic
parameter of interest [31, 70]. STS of NiO [14] was
mentioned above (in discussion of Figure 4). In both cases,
the “topographical” images are representative of the
topography, and the “spectroscopic” images of the spatial
variation of the spectroscopic feature chosen. In other
situations, however, we do not have such a close
correspondence between image and imaging mode. The
following two figures illustrate that caution is required when
interpreting the topographical or electronic significance of
STM and STS images.

Figure 6 shows an STM image of graphite, taken with a
tunneling voltage of 50 mV [43]. The surface atomic
structure of graphite is a flat, honeycomb arrangement of
carbon atoms. The STM image, however, exhibits an
appreciable corrugation, and two inequivalent carbon sites
are found, in accord with the presence of carbon atoms
having two different electronic structures. When the
tunneling voltage is increased to 1.5 V, the STM image
becomes flat. That obtained at ¥ = 50 mV reflects the
corrugated state density close to the Fermi level, which is
very different from the integrated state density or the
corrugation of the surface-atom positions. It is thus in effect
a typical spectroscopic image.

Figure 7 depicts expected STM-equicurrent lines above an
atomically corrugated surface. The figure provides the basis
for inferring that a 91/0V image of an atomically corrugated
surface such as that of silicon can contain an appreciable
background of structural origin. The equicurrent lines above
such a corrugated but homogeneous surface are generally
expected to be more closely spaced at protrusions because
the corrugation amplitude of the state density decays faster
than the average density itself [47], as shown in the figure.

For a tunneling current of the form I = @(V) . f(V, 5), the
modulation signal is

dlnl _ 6ln¢+01nf
v\ ev T oV /)

3

At voltages much smaller than the effective barrier height ¢,
S is independent of V' {7], and 31/3V along an equicurrent
line becomes independent of (x, y) even for an electrically
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inhomogeneous surface described by ©(V) = B(x, y)&(V).
However, B(x, y) shows up in the equicurrent line itself, as
illustrated above. In the medium-voltage range, V < ¢, we
can approximate [7] #(V) and f(V, s) by

e(v) = BVs — V2,
¥, 5) = (’;‘) - exp[-(vo = V/2 - 5)). )

Equations (4) differ from the expressions in [7] by a factor
(r + 5)/v¢ = V/2, which accounts for the effective area of
the tunneling filament [see Equation (2), with an effective
barrier height ¢ — V/2, appropriate for the medium-voltage
case]. For the ratio « of (8I/aV) above a protrusion and in a
valley, we obtain

(5,V90, — V2 = )¢, — V/2)
a= — N
(s,Vo, = VI2 = 1), — V/2)

&)

where the subscripts p and v refer to protrusion and valley,
respectively. Since along an equicurrent line sv¢ — V/2 =
constant >> 1 (up to corrections in Ins and In ¢ which are of
the order of 1), a good approximation for (5) is

o= V12 (s
a—m~<—><l. 6)

sV

Thus, 8//8V'], contains a background of structural origin
which appears qualitatively as inverted topography. In the
field-emission range, V' > ¢, the spectroscopic image again
becomes structureless, as was the case at very low voltages.

Figure 8 illustrates the similarity of the strong, structural
background of an STS image to associated surface
topography. The general correspondence is clearly visible.
The dominant true spectroscopic features are the three
pronounced maxima in the upper half of each unit cell,
corresponding to the three weakest minima in the STM
images (denoted by the white circles). These, as well as other
noticeable differences between the upper and lower halves of
the 7 X 7 unit cell [37, 38, 42, 54, 71], are not observed for a
positive voltage [54]. The disturbance in the region of the
tniangle of Figures 8(c) and (d) extends over a larger area in
the STS image than in the STM image. Detailed
spectroscopic information is thus not readily available from
a single STS image [77]. On the other hand, the structural
background facilitates the locating of pronounced
spectroscopic features. Figure 9 shows the topographical and
spectroscopic images of the 7 X 7 reconstruction of the
Si(111) surface after exposure for several hours to a residual
pressure of 107° Pa. The images were obtained shortly before
the adsorption from the residual gas had quenched the 7 x 7
reconstruction. Appreciable disorder is already evident in the
images. There is experimental evidence that adsorption
occurs on distinct sites of the 7 X 7 surface unit cell [78]. A
small structure is observed in the topographical image near
the center minimum [37, 54] of the lower half of the
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Expected STM-equicurrent lines (dashed lines) above an atomically
corrugated surface (solid line). The different spacings of the equicur-
rent lines at the protrusions and in the valleys can be described by a
varying effective tunneling barrier height.

7 X 7 unit cell of Figure 8; the structure is absent in a freshly
prepared surface. It appears, depending on the resolution
which is achieved, as a small maximum or terrace, displaced
slightly from the center of the minimum. In the 3//8V
image, pronounced peaks appear at the same positions,
superimposed on the structural background. Although we
cannot yet associate this spectroscopic feature with a distinct
electronic structure, it appears reasonable to relate it to the
adsorption site. Furthermore, we have found that the 7 x 7
cell can accommodate a second adsorbate after all of the
center minima have become occupied. The second site is
one of the edge minima [37, 54]. It can vary from
experiment to experiment or region to region, but once a
second site has accommodated an adsorbate, only equivalent
sites are further occupied. The structure becomes disordered
after the latter have become occupied.

6. Other types of imaging

Other types of STM imaging which have been achieved thus
far include the imaging of work-function profiles {79, 80],
potential distributions [29, 81}, and dynamic events or
transients [82, 83). The local work function or, correctly
speaking, the effective tunneling barrier height can be
derived from I(s) at constant V'[1, 5, 19] or from s(V') at
constant / [74, 84]. Work-function profiles, in practice, are
obtained by modulating the distance at high frequencies
while controlling the average gap width by means of the
STM mode. The modulation signal divided by the current is,
neglecting logarithmic terms in s,

—Inl)/ds = Vo + (1/2V¢) - 3¢/ds. W)

We should like to stress at this point that the expression
“work-function profile” is misleading in the sense that the
effective barrier height ¢ obtained from (7) generally differs
from the work function. The effective barrier is some average
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Figure 8

Figure 8 STM and STS images of the 7 X 7 reconstructed Si(111) surface. taken with tip at -0.8 V for STM image (a) and STS image (b) and at
-1.0 V for STM image (c) and STS image (d). Note the inverted color sequence of the STS images. The rhomboidal 7 X 7 unit cells are indicated
by the solid and (central) dashed lines. Specific features discussed in the text are located within the white circles. A local disturbance in the
region of the triangle in (c) and (d) is associated with a missing adatom at the upper right portion of that triangle.

over the actual barrier height across the gap. The work
function is equal to this actual height only at infinite
distance from the surface, i.e., at distances s where the
second term in (7) becomes negligible. And it is an average
of the actual potential barrier over distances parallel to the
surface larger than s. Thus, by definition, work-function
profiles cannot exhibit structure on a small lateral scale. The
barrier height, on the other hand, is a local electronic
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property and is closely related to the local electronic charge;
e.g., the barrier is enhanced if excess electronic charge is
present and lowered if there is a charge deficiency. For a gap-
width-independent ¢, the second term on the right-hand side
of (7) is zero, and the s modulation signal is a direct measure
of the local ¢. In practice, however, ¢ depends on s, in
particular at the small gap widths present in an STM. The
two major sources for this s-dependence are local charge

VOL. 30, NO. 4, 1986, REPRINT

IBM J. RES. DEVELOP. VOL. 44 NO. 1/2 JANUARY/MARCH 2000



variations and the image potential [73]. The former are an
intrinsic property of the local surface chemistry or electronic
structure, the latter a general aspect of an electron moving to
or from the surface. Fortunately, the image-potential
influence on 4 In //9s is not very large and practically
independent of s for s > 4 A [49]. This is an interesting
result in view of the substantial reduction of the tunneling-
barrier height by the image potential at such distances, e.g.,
by a factor of four at 4 A, The image potential only slightly
reduces the measured values of 3 In /ds, but does not induce
any structure.

Another point concerns the method itself. Distances are
monitored or controlled in the z-direction, i.e.,
perpendicular to the average surface. The gap width s, on the
other hand. is a distance in the direction of the tunneling-
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(a) STM image, (b) enlarged portion of the region in (a) in the vicinity of central yellow triangle. and (c) STS image of the 7 X 7 reconstructed
Si(111) surface in the presence of two adsorbates per surface unit cell. Center and edge adsorbate in (a) and (c) are indicated, respectively, by yellow
and white triangles. The adsorbate position in the central yellow triangle is identified as the widened portion of the dark ribbon which appears at a
relative height between 0.70 and 0.72 in (a) and (b). Other adsorbate positions become visible at slightly different heights.

current filament, which is roughly perpendicular to the /ocal
surface element. The measured values of 8//9z thus depend
on the local geometry, and “barrier-height images” contain
topographical features. In analogy with spectroscopic
imaging, a uniform barrier height does not result in a
structureless d//dz image. Since 8//ds = (31/9z)/sin®, where
0 is the angle between z and the local surface gradient, the
measured modulation signal underestimates ¢.

Our final point concerns the magnitude of the
experimentally determined values of ¢. Very often, they are
considerably smaller than expected and only on clean and
flat surfaces do they approach those of the work function. A
reduction of, say, 50% can reasonably be attributed to image
potential and corrugation effects [50]; however, values

observed in the tenths-of-eV range for vacuum gaps have so 289
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far remained unexplained. Questions relating to reduced
barrier heights are addressed in more detail in the papers by
Garcia [50] and Coombs and Pethica [85].

In scanning potentiometry, the local electric potential
along the surface is imaged. The tunneling tip serves as a
local potential probe in a bridge-type arrangement. It is
expected that this may become a very useful method in the
electrical testing of very small structures. A possible
configuration has been worked out and implemented by
Muralt, Pohl, and Denk [29] and by Muralt and Pohl [81].

In transient imaging, current changes as a function of time
are considered. In one type of experiment, the transients are
induced by species diffusing through the tunneling region
[82]. They appear as tunneling-current spikes of distinct
shape or, if slow or strong enough, as spikes of similar shape
in the topographical image. Besides the possibility of
observing individual diffusion processes, the direct
correlation of diffusion with particular surface features will
make this a very interesting method for surface-diffusion
studies [86]. In another type of experiment [83], transients
are used to identify electron trapping sites. Tunneling
electrons trapped on or immediately below the surface give
rise to a type of Coulomb blocking by temporarily increasing
the effective barrier height for other electrons.

7. Local displacement monitoring and control

A first example of such use of an STM reported in the
literature is that of position control of the detector of an
optical stethoscope {87]. This instrument is capable of
optical imaging far below the diffraction limit, while
functioning as an STM. More recently, Binnig, Quate, and
Gerber [88(a)] introduced a far-reaching application of the
STM for measurements of ultrasmall forces. The method
requires measuring small displacements of a soft cantilever-
type spring. In order to render the force detector insensitive
to vibrations, its mechanical eigenfrequency must be high;
viz., a very light and small cantilever is required. By using
vacuum tunneling to monitor displacements of such small
cantilevers, force measurements down to the 10”'® N range
are envisaged. The first realization of this concept is the
Atomic Force Microscope (AFM) [88(a)]. The forces to be
measured are the interatomic forces between the surface
atoms under investigation and the apex atoms of a very
sharp diamond tip fixed on the conducting cantilever.
Bending of the cantilever by the interatomic forces is
monitored by the tunneling current between the cantilever
and an STM tip. Scanning the diamond tip across the
conducting or insulating surface under investigation (or, in
the above version of the AFM, moving the surface across the
tip) at constant interatomic force yields a topographical
image of the surface. The AFM image is composed of
contours of constant force between the imaged surface and a
probe tip, in close analogy with that obtained using Stylus
Profilometry [13). However, the forces used in the AFM are

G. BINNIG AND H. ROHRER

inthe 107 N range or smaller compared to typical stylus
loads of 10~ N, and the AFM imaging process can be
considered as nondestructive. Recently, the role of forces
acting in scanning tunneling microscopy has been discussed
in more detail [88(b), (c)]. Soler et al. [88(b)] have shown
that elastic deformations induced by interatomic forces
between tip and surface are the primary cause of the giant
corrugations observed in graphite [43] and laminar
compounds {39]. Diirig et al. [88(c)] present experimental
evidence for the forces acting in STM by imaging surfaces on
a soft cantilever beam. These two investigations open new
prospects in STM.

8. Local modifications and processing

An important aspect of the applications discussed thus far
has been the nondestructive use of the tunneling-current
filament and tip. Alternatively, the opposite can be done;
viz., intentionally induce /ocal changes. The tip then serves
both as a local processing tool and as a probe for imaging the
changes. Depending on how the tip is used, processing might
be of a mechanical, electrical, thermal, or chemical nature.

Mechanical deformations produced and imaged by an
STM tip have been reported by Abraham et al. (89] and by
van Kempen and van de Walle [90]. In the latter work,
indentations were made which were some hundred A deep.
After each contact, the indentations were imaged with the tip
and were found to be reproducible and pyramid-like, with
relatively sharp edges—an interesting finding in its own
right, and an example of the use of an STM tip for relatively
rough mechanical treatment of a surface.

Processes which are electrically induced, whether via the
tunneling electron beam or via the high electric fields
associated with it, are aimed at both structural and chemical
modifications. They are envisaged as potentially useful for
nanomachining, material deposition and removal, chemical
and lithographic processing, etc. Two efforts reported thus
far pertain to inducing chemical modifications [91, 92].

9. Concluding remarks

Scanning tunneling microscopy is on its way to becoming a
viable method for real-space imaging of structural, chemical,
and electronic properties of surfaces. Its adaptability to
various environments and utilization of relatively low
electron energies make it potentially attractive as a
microscopic technique for use in diverse areas in science and
technology; its applications in local probing and specimen
modification on an atomic scale open exciting possibilities
beyond imaging.
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