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Introductory Lecture
Studies of the Liquid/Solid Interface by Scanning Tunnelling
Microscopy and Scanning Electrochemical Microscopy

Allen J. Bard and Fu-Ren Fan
The University of Texas at Austin, Austin, TX 78712, USA

The application of scanning tunnelling microscopy (STM) and scanning
electrochemical microscopy (SECM) to studies of the liquid/solid interface,
especially electrode surfaces, is reviewed. Some general principles describing
features of the images obtained by these techniques are proposed and
illustrated by examples taken from recent work in the authors’ laboratory.

Many important and interesting processes occur at the liquid/solid interface; typical
examples include the corrosion of metals, the etching of semiconductors, electrodeposi-
tion of metals and the dissolution of minerals. Liquid/solid interfaces have long been
studied by scientists in an effort to learn about the structure of the interface and the
dynamics of reactions in the interfacial region as well as to devise methods for modifying
the interfacial structure and its behaviour. For example, an enormous effort is devoted
to studies of corrosion and the ways to inhibit it. In the past, methods for studying the
interface have largely been macroscopic ones, such as electrochemical perturbation
methods.! While such methods have been very useful in elucidating the nature of
interfaces and the processes that occur in the interfacial region, information about the
structure obtained from such methods is largely based on models that attempt to account
for macroscopic parameters, e.g. the double-layer capacitance, in terms of atomic and
molecular structure. Methods that provide more direct structural and compositional
information, such as X-ray photoelectron spectroscopy (XPS) and low-energy electron
diffraction (LEED), are ultrahigh vacuum {UHV) techniques that require transfer of
the interface (emersion) from the liquid environment into UHV.™" Even these techniques
produce structural or compositional data that are averaged over rather large areas.
However, recent advances have made possible the direct examination of the liquid/solid
interface, often with atomic resolution. For example, techniques like in sifu X-ray
diffraction and scanning tunnelling microscopy (STM) have already been applied
to the electrode/electrolyte interface. In addition, methods are emerging that allow
the study of rapid interfacial reactions (e.g. heterogeneous electron transfers) and
homogeneous reactions that occur in this region. Finally, means of modification of
interfaces and producing designed structures with high resolution have been described;
these will play a role in the field of nanotechnology. Thus consideration of the
liquid/solid interface at high resolution encompasses structural characterization,
dynamic measurements and fabrication.

The interface between a solid and liquid actually constitutes a region of finite thickness
where the properties are different than those of the bulk phases (Fig. 1). While the
actual ‘interface’ may only consist of the top layer of surface atoms of the solid, as well
as specifically adsorbed species in contact with the liquid phase, this interface can
perturb the nearby liquid phase, for example, because of the electrical effects of surface
charges. The distribution of carriers (electrons and holes) in a solid near the interface
can also be perturbed by surface charges, with the formation of a space-charge region
in a lightly or moderately doped semiconductor.
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Fig. 1 Schematic representation of the liquid/solid interfacial region showing possible species

and (eatures. A, Space-charge region (107 '"-10 % m), bulk solid atoms and carriers (electrons and

holes) not shown. B, Surface region with adsorbed molecules and monolayer films (ca. 2-20 A).
C, Region of diffuse-layer and modifying films (107"-107" m), solvent molecules not shown

The distribution of surface states at the interface (representing, for example, lattice
defects, adsorbants or lattice impurities) and near-surface species introduced by ion
implantation or diffusion, may also be important in understanding interfacial behaviour.
Thus a complete description of the liquid/solid interface requires consideration of the
composition, structure and electrical properties of a thicker zone, the interfacial region.

We discuss here the application of two complementary techniques, scanning tunnel-
ling microscopy (STM) and scanning electrochemical microscopy (SECM), to liquid/
solid interfacial studies. STM produces, in favourable cases, atomically resolved images
of the electron distribution at conductor and semiconductor surfaces, and through a
related technique, tunnelling spectroscopy (TS), information about energy levels at the
interface. STM is not useful with insulators, although a related technique, atomic force
microscopy (AFM), can be employed to obtain high-resolution topographic images with
these. STM is also not very useful in learning about the chemical nature of the interface
nor in studying reactions in this region, although it can be used to observe changes of
surface structure with time and potential. SECM is a lower resolution technique (cur-
rently down to about the 30 nm level), but it can be used with all types of surfaces and
can be chemically selective. Several different applications of STM (and TS) and SECM
are given to illustrate their usefulness in studies of interfaces.

Scanning Tunnelling Microscopy

At the outset, it might be useful to summarize some general features of the interface
that have already emerged from STM studies. These will be discussed in connection
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with the examples that follow: (1) surfaces, even ‘well defined’ single-crystal surfaces,
are rarely atomically smooth, except over small areas. Instead they are characterized
by step edges, defects and other features that can behave as active sites in surface
reactions. Sites of this type are frequently not discernable by diffraction techniques like
LEED. (2) Surface atoms are often mobile, so that surfaces reconstruct and change
with time. (3) The STM tip can interact strongly with surface species, depending on
the selected tunnelling parameters. Thus adsorbed species, especially if not arranged
in a ‘tight-packed’ structure, can be pushed along the surface by the scanning tip. (4)
In interpreting STM images, it is important to realize that the STM does not image
atoms, but rather shows electronic distributions.

Surface Structures of Single Crystals

Considerable progress has been made over the past few years toward the application
of STM to the study of surface structures of many materials including metals, carbon
and semiconductors. Generally, single crystals with different orientations or layers with
ordered structures have been studied.

Metals

Various metals including Pt,*” Rh,* Ag,”” Ni,” Au,"""" and epitaxially grown thin films
of Au'*" have been investigated by STM with atomic resolution. Very recently, the
surface reconstruction of metals in solution has also been revealed by in situ STM
studies. For example, Gao et al.'*"" reported that the Au(110) 1 x 1 structure transformed
to a 1 x2 structure in the double-layer region, when the electrode potential was lowered
to —0.3 Vus. SCE in HCIO, solution.

Carbon

Carbon electrodes are widely used in electroanalysis, organic electrosynthesis and fuel
cells. Highly oriented pyrolytic graphite (HOPG) is of particular interest and widely
used as the substrate for STM studies because of its easily renewable and atomically
flat surface and well defined structure." ' However, in addition to atomically smooth
plateaux, many different structures can also be observed on freshly cleaved HOPG
surfaces. For example, strands, fibres, fibre clusters, flakes and broken pieces are
occasionally observed by STM. These structures cover as much as 1-10 % of the total
HOPG surface area.'"” Thus when HOPG is used as a substrate for STM imaging, one
must be cautious in distinguishing these graphite structures on HOPG from those
attributed to supported species. Recently, Chang et al.'”*" reported a technique for the
formation of monolayer pits of controlled, uniform, nanometer size on HOPG by
gasification reactions. These pits serve as markers and nucleation sites, so that pitted
HOPG (as shown in Fig. 2) is useful for both STM and electrochemical studies (as
discussed below).

Semiconductors

Semiconductor surfaces can be studied by STM, and the related techniques tunnelling
spectroscopy (TS) and scanning tunnelling spectroscopy (STS) in gaseous or liquid
environments, e.g. n-Ti0,,”' ™ n-Zn0,” GaAs,”* ™ n-FeS,,” 5i,"" " and transition-metal
dichalcogenides.”” The atomic image of a Si(111) surface can be obtained in sol-
utions.”™™* As shown in Fig. 3A, a long-range ordered structure can be imaged in 1%
HF after the Si(111) surface is pretreated with a mixed solution of H,0- and HF. Several
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Fig. 2 STM image of pits formed on HOPG by heating in air at 650 °C for 15 min. These pits
are of monolayer depth with a diameter governed by time of heating. Reprinted with permission
from ref. 19. Copyright 1990 American Chemical Society

atomically flat terraces appear that are separated by monoatomic steps intersecting in
a sawtooth pattern. This surface feature has been attributed to the surface misorientation
of the Sisample to the structures of the steps.” An enlarged atomic image of the Si(111)
surface is shown in Fig. 3B. This ordered structure, similar to that observed by STM
in UHV* and by AFM in air,*® is attributed to the Si(111) 1 x 1 H phase, with a nearest
atomic spacing of 0.38=0.02 nm.

In addition to imaging, TS and STS studies have been performed on several semicon-
ductors. > Two types of TS measurements can be made with the tip held fixed at a
given position above the substrate surface. In current-voltage (I- V) measurements, the
current is recorded as a function of the bias voltage between sample and tip. In
conductance (dI/dV)-voltage measurements, the magnitude of a 10 kHz modulation
in-phase current is recorded as a function of voltage. Such conductance measurements
reveal electron tunnelling into the conduction band and from the valence band of the
semiconductor to the tip, as shown in the energy band diagram of an ideal n-type MIS
structure (Fig. 4). Fig. 5(a) shows a typical conductance (d1/d V) spectrum for a heavily
doped (ca. 2.7 x 10" cm ™" doping density) n-FeS, (001) surface in air over a bias voltage
range of —1.8 to +1.8 V (substrate vs. tip). As shown, there is a wide region of low
conductance terminating at both ends in regions of sharply rising conductance. The
normalized conductance, obtained by dividing the differential conductance (d1/dV) by
the integral conductance (1/V), is shown in Fig. 5(b). In the positive-bias region, the
normalized conductance shows a broad peak of width ca. 1.5eV¥ with several fine
features superimposed; this has tentatively been attributed to the result of electron
transfer between the tip and a broad delocalized surface state. In the negative-bias
region the spectrum shows a narrow peak (=0.5eV wide) centred ca. —1.6'V, which is
superimposed on a high increasing background. This narrow peak has been attributed
to electron transfer between the tip and the fairly localized uppermost valence level
consisting mainly of Fe 3d t,, states. TS studies of surface immersed in liquids are more
difficult because a large Faradaic a.c. current flows in addition to the tunnelling current,

even at insulated tips.

t1eV=160218x10 '"1.
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Fig. 3 A, In situ STM atomic resolution of hydrogen-terminated Si(111) in 1 % HF solution. The
Si(111) sample was pretréated with alcohol and triply distilled water, followed by chemical etching
in dilute H,0, and HF before it was mounted in the STM cell. Thermal drift and error in the
calibration of the piezo cause some distortion of the image. The potential of Si and the W tip
were —0.95 and —0.35 V, respectively. B, Higher-resolution three-dimensional view of the atomic
arrangement. This image was subjected to a two-dimensional Fourier-transform filter which
removed high-frequency noise equivalent to a distance below 0.30 nm. Reprinted with permission
from ref. 33. Copyright 1992 The Electrochemical Society

Adsorbed Species on Single Crystals

STM has also been successful in imaging adsorbed species, especially those that pack
in an ordered arrangement on the surface thereby minimizing adsorbate movement
caused by interactions with the tip.

Underpotential Deposition

The electrochemical deposition of metals is known to occur generally via a nucleation
and growth mechanism and is one of the most structure-sensitive reactions.” When a
metal is deposited onto a foreign substrate rather than on a surface of its own kind, a
monolayer is often deposited at potentials more positive than the reversible potential
of the bulk phase. This underpotential deposition (UPD) is equivalent to the adsorption
of metal atoms on a substrate surface. STM has been applied to UPD studies of Pb on
Au(111)*" and Ag(100)" as well as Cu on Pt(111)* and Au(111). %
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Fig. 4 (a) Energy-band diagram of an ideal n-type MIS structure defining the four current
components via the enegy bands of the semiconductor V, = 0. (b), (¢) and (d) are the energy-band
diagrams for n-type MIS structures showing potential distribution under different bias conditions.
(h) Vi<0, Egppy=E > E.; (¢) V,<0, Egqys=E,,; (d) V,>0, Eqyy> E... Epyy is the Fermi level
in the bulk of the metal; Eq is the Fermi level of the semiconductor in the bulk; E. and E, are
the CB and VB edges of the semiconductor in the bulk; E_, and E,, are the corresponding values
at the surface. E, is the surface state energy; V, is the applied voltage; V, is the voltage drop
across the insulator and ¢, is the semiconductor surface potential. Reprinted with permission
from ref. 29. Copyright 1991 American Chemical Society

The UPD of Cu on Au(111) has also been recently investigated using AFM by
Manne et al.*® AFM images taken at +0.7 V vs. a Cu wire in either 0.1 mol dm * HCIO,
or 0.1 mol dm™' H,SO, containing 1 mmoldm * Cu®" prior to Cu deposition showed
large areas exhibiting Au(111) atomic resolution (Fig. 6A). When the potential was
swept to —0.100 V at 10mVs ' to initiate bulk Cu deposition, the surface structure
quickly (ca. 10 s) settled into images of a close-packed surface with interatomic distance
of 0.26 £ 0.02 nm (Fig. 6B). Sweeping the potential to 0.110 V removed the bulk-deposited
Cu but left the UPD monolayer in place. Here, different images were found in different
electrolytes. In perchloric acid, images appeared with the same spacing (0.29+0.02 nm)
found for the Au(111) surface at +0.7 V (Fig. 6C). However, the lattice direction was
rotated by 30+ 10° relative to the underlying Au lattice. The Cu adatoms are arranged
in an incommensurate fashion with respect to the Au(111) surface (Fig. 6D). In sulfuric
acid, a (v3x+/3)R30° overlayer structure was observed (Fig. 6E and F). The distance
of the nearest neighbours of Cu adatoms is 0.49+0.02 nm and the atomic rows of Cu
are rotated 30+10° relative to the underlying Au lattice. This (v3 x+v/3)R30° structure
has also been found by STM. ¥

Adsorbents, Monolayers and Organic Films

Recently, STM has been used to study adsorbates™ ™" or organic monolayers formed

by self-assembly.* "' For example, Yau et al”*® demonstrated the imaging of iodine
on Pt(111) in air or an electrochemical environment with atomic resolution, relying on
non-vacuum preparation techniques. In situ STM combined with IR spectroscopy has
been employed to characterize the CO adlayer on Rh(111) and Pt(100) electrodes in
aqueous solution.*’* McCarley and Bard™ reported atomically resolved STM images
of iodide adsorbed on Au(111). Shown in Fig. 7A is an atomically resolved Au(111)
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Fig. 5 (a) Conductance (dI/dV) as a function of voltage for an Ir-Pt tip and n-FeS, sample.
Modulation frequency of 10 kHz and modulation amplitude of 20 mV peak-to-peak were employed
in the phase-sensitive technique. (b) Normalized conductance (d//dV)/(1/V) as a function of
bias voltage. Reprinted with permission from rel. 29. Copyright 1991 American Chemical Society

surface imaged in air by STM. The hexagonal arrays in the image are characteristic of
Au(111) with a measured periodic spacing of 0.29+0.02 nm. An STM image of an Au
substrate treated with KI solutions (10 =10 mol dm ') is shown in Fig. 7B. The
nearest-neighbour and next-nearest-neighbour spacings of the periodic structure are
0.5040.03 and 0.88+0.05 nm, respectively. These spacings are consistent with the
(v/3x+/3)R30° adlayer structure previously reported by LEED studies.”® Fig. 7C shows
direct evidence for the adlayer structure obtained near an iodide/ Au-bare Au domain
boundary. Clearly shown in this figure are the rotation (30°+2°) and the spacing of the
adsorbate unit cell with respect to the underlying Au(111) substrate.

Atomic resolution STM images of Au(111) treated with sulfide or thiocyanate display
patterns of atoms in the shape of squares with nearest-neighbour distances of 0.27+
0.03 nm.™ The square pattern observed is ascribed to images of Au atoms on a reconstruc-
ted Au(111) surface caused by dissolution of Au by sulfide or thiocyanate. This finding
is consistent with quartz-crystal microbalance studies which demonstrate that Au dissol-
ves in aqueous solutions of sulfide and thiocyanate with O, present.
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Fig. 6 AFM images (6 nm x 6 nm) of a Au(111) electrode surface in electrolyte and 10~ mol dm

Cu’" under potential control at different voltages. A, V=+0.7 V showing Au(111) corrugation.
B, Buik-deposited Cu at —0.1 V. The atom-atom distance is 0.26 nm. C, Close-packed overlayer
of Cu observed at +0.114 V in 0.1 mol dm™* perchloric acid. The atom-atom distance is 0.29 nm.
D, Schematic of incommensurate close-packed overlayer of Cu on Au. The open circles represent
Au atoms, while the striped circles represent the Cu. Only part of the monolayer is exhibited in
order to demonstrate the overlayer-underlayer orientation. E, (v/3%+/3)R30° overlayer of Cu on
Au observed at +0.144 V in 0.1 mol dm 7 sulfate. Atom-atom distance is 0.49 nm. F, Schematic
representing (v'3 x v/3)R30° overlayer of Cu (striped circles) on Au (open circles). Reprinted with
permission from ref. 45. Copyright 1991 the American Association for the Advancement of Science

Ordered Structures of Self-assembled Monolayers (SAM) of
Organothiols on Au(111)

The (vV3x+/3)R30° structure appears frequently, eg. for SAM on Au(lll). For
example, Widrig et al* reported a (v3x+/3)R30° structure for ethanethiolate and
octadecanethiolate adsorbed on Au(111). We also recently studied ordered structures
obtained by STM on the Au(111) surface derivatized with organothiols of various
sizes {4-aminothiophenol (4-ATP); [Ru(bpy), (4'-(12-mercaptododecyl)-4-methyl-
2,2"-bipyridine)](PF,), (abbreviated Rub.b¥); (CsH:)Fe(C:H,CO,[CH,],SH; penta-
ammine([2]staffane-3,3'-dithiol)ruthenium(i1) (PF,), (abbreviated as Ru-[2]S-thiol)}.”’
The structures of these organothiols, some of which are too large to pack in a
(v3 x+/3)R30° pattern are shown in Fig. 8.

Fig. 9A is an STM image of a 4-ATP modified Au(111) surface, showing a nearest-
neighbour spacing of 0.49+0.03 nm and a next-nearest-neighbour spacing of 0.89+
0.05 nm. This spacing is consistent with a (v3x+v/3)R30° structure and a maximum
coverage (#) of 1/3. The two-dimensional Fourier spectrum of the raw data (Fig. 9B)
indicates that the (v/3 x v/3)R30° structure is the only discernible structure. The maximum
surface coverage obtained by STM (0.33) agreed quite well with the coverage determined
electrochemically from the integrated charge under the oxidation peak of the cyclic
voltammogram corresponding to the oxidation of the aniline moiety, assuming a rough-
ness factor of 1.0 to 1.5 for the Au-mica electrode.

Unfiltered, constant-height images of a Au(111) surface modified with Rub,b*
are displayed in Fig. 10. As seen in the two-dimensional Fourier transform of the
image in Fig. 10B (Fig. 10D), there appears to be only one spacing of ordered
species. The nearest- and next-nearest-neighbour spacings are again 0.51+0.03
and 0.87+0.05 nm, characteristic of a (v3x+v3)R30° structure. However, a spac-
ing of 0.51 nm is much smaller than the physical dimension of the Rub.b* (its w-
substituent has a dimension of ca. 1.3 nm). Similarly, the ferrocene w-substituted thiol,
(C.Hs)Fe(C.H,(CO,(CH,),,SH)), in which the ferrocene group has a physical dimension
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Fig. 7 A, Constani-height image of a 3 nm x 3 nm area of an uncoated Au(111) film; V,=20mV;
i, = 3.0 nA. The grey scale is 0 to 0.7 nm. B, Constant-height image of a 3 nmx3 nm uarea of an
iodide-coated Au(111) substrate prepared by dosing in 10 > mol dm™ KI solution for 30 min,
V,=50mV: i, =1nA;0=z/nm= 1, Theimage is uncorrected for thermal drift. C, Constant-height
image of a 9.5 nmx9.5nm area near an adlattice defect on an Au(111) substrate; V, =20mV;
i =3nA; 0<z/nm=1. Lines show direction of adlattice unit cell with respect to the underlying
Au(111). Reprinted with permission from ref. 54. Copyright 1991 American Chemical Society
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Fig. 8 Structures of organothiols used, (a) 4-aminothiophenol (4-ATP), (b) Rubsb* (c)
(CsHs)Fe(CsH,CO,[CH,],,SH), (d) Ru-[2]8-dithiol, (e) Ag-[2]S-dithiol. Reprinted with per-
mission from ref. 57. Copyright 1992 American Chemical Society

Fig. 9 A, STM image of a 40 A x40 A area of a 4-ATP monolayer film coated on Au(111)-mica.

Constant-current mode, V¥, =-31.1 mV, I, =6.2 nA. B, Two-dimensional Fourier spectrum of raw

data shown in A. The hexagonal pattern was used to construct the image shown in A. Reprinted
with permission from ref. 5§7. Copyright 1992 American Chemical Society

of ¢a. 0.65nm, also shows a (v3x+/3)R30° adlayer structure with the nearest- and
next-nearest-neighbour spacing of 0.52+0.03 and 0.89+0.05 nm (Fig. 11). However,
electrochemical surface coverage measurements based on the Fc/Fc¢™ wave in
1.0 mol dm * HCIO, (# =0.15-0.21) agree well with those predicted by a close-packed
model (#=0.18), with a sphere diameter of 0.65 nm.

Fig. 12A shows an STM image of a Ru[2]S-dithiol modified Au(111) surface. The
corresponding two-dimensional Fourier spectrum (Fig. 12B) indicates two different sets
of hexagonal periodicities on the surface. The outer hexagonal structure shows a
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Fig. 10 A and B, Unfiltered, constant-height images of Rub,b™ adsorbed on Au(l11) for two

areas on the sample: 225 A x225 A and 70 Ax70 A for A and B, respectively. C, Unfiltered,

constant-current image of the area in B. I, =1nA and V,=20mV. D, Two-dimensional Fourier

spectrum of raw data in B. Reprinted with permission from ref. 57. Copyright 1992 American
Chemical Society

Fig. 11 A, Two-dimensional Fourier-filtered image of (CsHs)Fe(CsH,CO,[CH, ,,SH) on Au(111).
I,=1nA and V,=20mV. B, Two-dimensional Fourier spectrum of raw data. Reprinted with
permission from ref. 57. Copyright 1992 American Chemical Society

nearest-neighbour spacing of 0.48+0.03 nm and a next-nearest-neighbour spacing of
0.87£0.005 nm, again a (v3 x+/3)R30° structure. The inner hexagonal set represents a
nearest-neighbour spacing of 0.98+0.05 nm and a next-nearest-neighbour spacing of
1.74+0.10 nm, which corresponds to a 2(v/3 x+/3)R30° structure. As shown in Fig. 8D,
the diameter of the staffane cage is ca. 0.53+£0.02 nm and that of Ru(NH;): is ca.
0.70+0.02 nm, thus the Ru-[2]S-dithiol cannot pack closer than 0.70nm. The
2(+/3 x+/3)R30° structure may be the actual packing arrangement, if the adsorption of
Ru-[2]S-dithiol is commensurate with the underlying Au(111).

In conclusion, a (v/3 x+/3)R30° superlattice structure was seen for the adsorption of
different-sized thiol compounds, even when the w-substituent size was so large that such
a packing should not be possible. The observed ordered structure suggests that the
images are probably caused by the electronic perturbations of the Au(111) surface by
the adsorbed thiol. One must remember that the STM does not image atoms, but rather
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Fig. 12 A, STM image of a 34 A x34 A area of Ru-[2]S-dithiol monolayer film coated on

Au(111)-mica. Constant-current mode, V,=200mV, I,=0.5nA. B, Two-dimensional Fourier

spectrum of raw data shown in A. Twa distinct hexagonal patterns are clearly observed and used

to construct the image shown in A. Reprinted with permission from ref. 57. Copyright 1992
American Chemical Society

the electronic distribution at the interface. Thus adsorbed molecules, in one arrangement
can lead to perturbation of the Au(111) electronic distribution to produce a pattern that
is different than the actual molecular arrangement on the surface.

Etching of Self-assembled Organothiol Layers on Au(111)
and Tip-Substrate Interaction

As mentioned previously, the tip can interact with adsorbed molecules. For example,
purposeful etching of the self-assembled organothiol monolayers can be achieved by
bringing the STM tip close to the substrate using a low bias potential (e.g. 10 mV) and
a high tunnelling current (e.g. 10 nA) or by the application of a high bias potential (e.g.
3V) for a few seconds.™ Fig. 13 shows the selective removal of organothiol surface
layers by purposeful etching, i.e. an STM image of an n-octadecanethiol film on Au
before etching (Fig. 13A) and the same area after the STM was used to etch a 10 nm
10 nm area (as shown by the broken square) for 10 s by scanning this area with a lower
tunnelling voltage (10 mV) and a higher tunnelling current (10 nA) (Fig. 13B). The four
holes thus produced reveal direct interaction between the tip and the thiol layer. The
effect of continuous scanning (ca. 10 and ca. 35 min) of the same area with normal
scanning parameters (1 nA at 1V) is shown in Fig. 13C and D.

Surface Reactions

Reactions occurring at surfaces can be followed by monitoring changes in surface
structures with time or potential using STM. The previously mentioned study of the
growth of pits on HOPG during heating in air at 650 °C'"*" i an example of an ex situ
approach. This surface was useful for an in situ study of the deposition of Pb and
HOPG owing to the presence of markers and nucleation sites. Metal deposition or
dissolution takes place preferentially at the step edges. Fig. 14A shows an example of
the in situ Pb deposition on an HOPG substrate which was initially treated to produce
monolayer-deep pits."' The sequence of images along with substrate potential displayed
in this figure shows Pb deposition when the substrate potential is stepped to —600 mV
vs. SCE and its subsequent stripping when the HOPG potential is returned to the initial
potential, =79 mV vs. SCE. As clearly shown in these images, Pb is preferentially grown
at the step edges of HOPG when the substrate potential is stepped into the Pb deposition
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Fig. 13 STM image of a 100 nm x 100 nm of: a, n-octadecanethiol film coated on Au-mica; b,
same area after 10 s of etching mode ( V,,=10mV, /,=10nA) over a 10 nm x 10 nm area (within
area shown by broken line); ¢, same area after 10 min continuous normal scanning; d, after 35 min
normal scanning. All images were taken in constant current mode in air, V,=+1V, I, =1nA.
(Reprinted with permission from ref. 58. Copyright 1992 American Chemical Society.)

region. A tip-substrate interaction also occurs here. In Fig. 14B we show an in sifu
STM image of Pb located around edges of pits."’ Note that the material appearing at
the edges of the HOPG pits seems to be more concentrated on the ‘downhill’ side of
the scan. A possible cause is the movement of Pb on the HOPG surface as the tip
pushes the metal particles. Streaks seen in this figure are probably due to Pb which has
been pushed over the pit edge and along the surface while imaging. One should be
aware of other possible tip effects in electrochemical studies. For example, the tip can
shield the area directly below it, as is well known from analogous effects found with
Luggin capillaries. An even more significant effect arises when the potential applied to
the tip affects the potential distribution on the substrate being examined. For example,
in the Pb deposition on HOPG study, if the tip potential was too positive, Pb would
not deposit below it on the HOPG, although deposition on the remainder of the HOPG
surface was clearly seen.

The surface reactions of Au(111) with oxygen in an aqueous cyanide solution can
also be studied by in situ STM (Fig. 15)." At time zero, the surface is already pitted,
although the time to place the solution on the Au(111) surface and reassemble the
microscope was fairly short, ¢ca. 1 min. As shown, the pit sizes did not increase with
time. but rather decreased, probably because of depletion of CN™ from the small volume
of solution. If more CN ™ solution was added, the surface began to dissolve again. The
rates of etch-pit annealing (normalized pit circumference vs. time) are displayed in Fig.
16 for different CN  concentrations. As shown, there is no preferred initial trend for
pits of different size, but after some induction time, the rates attain a steady value. The
rate did not depend on CN  concentration, but the time to reach this steady rate did
depend on CN ™ concentration. Effects of surface atom mobility have also been observed
in the dealloying of Cu;Au® and Ag-Au alloys,” as well as with Au substrates immersed
in solutions with or without chloride.'""”
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Fig. 14 A, Sequence of three in situ STM images with substrate potential showing the subsequent
deposition and stripping of Pb on a single area of thermally etched HOPG. Deposition was
carried out at —600mV vs. SCE with the tip ramped from 382 to —400mV and back in
0.5 mmol dm* Pb(NO;); and 1 mol dm™ NaClQ,. B, In situ STM images of Pb located around
edges of pits. Imaging was done with tip at 382 mV uvs. reference and a set point current of 5 nA.
Reprinted with permission from ref. 60. Copyright 1992 The Electrochemical Society

Fabrication

The utilization of STM and AFM for surface modification has been extensively reviewed
by Quate.”* He concludes that these scanning probes can be used for microfabrication
of structures on solid substrates with a resolution that is improved by a factor of ten
beyond what is achievable with conventional methods. A few examples of microfabrica-
tion with STM in this laboratory involve the purposeful etching of the SAM organothiol
films on Au"™*" and the laser-induced photoetching of CdSe film.”

Projections

STM is an important new tool for in situ and ex situ characterization of electrodes, e.g.
the imaging of surface structures at scales ranging from submicron to atomic resolution.
However, the interpretation of the images observed is still rather qualitative and the
confirmation of images from theoretically calculated electron distributions is rarely
reported. The STM image itself is also not very useful for learning about the chemical
nature of the surface. The related spectroscopic techniques, roughly equivalent to
voltammetry, may prove useful, but still need to be developed. Especially when combined
with optical methods, STM may be extended to insulating (but photoconductive) or
luminescent materials. Finally, a potentially important application of in situ STM is as
a probe of the liquid side of the (solid/liquid) interface, e.g. to map ion or potential
distributions near an interface.
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Fig. 15 In situ constant-current images at different times for a 200 nm x 200 nm section with

[CN"]=5x10""mol dm . Image at 1 =0 s shows pits formed in Au(111) by reaction with CN"

and O,. After CN™ depletion, pits healed by Au atom movement on surface. Grey scale is 0-5nm.

t/s0 (a), 158 (b), 306 (c), 956 (d), 1976 (e), 2694 (), 3744 (g), 4607 (h), 4919 (i). Reprinted
with permission from ref. 61. Copyright 1992 American Chemical Society

Scanning Electrochemical Microscopy

Overview

SECM, as STM, utilizes small conductive tips (usually ultramicroelectrode disks) that
are moved with high resolution by piezoelectric elements near the interface of interest.
Several reviews of this technique and earlier related studies have appeared recently,”"*
so only a brief introduction to the general principles will be given here. In SECM, a
redox reaction, e.g. O+ ne— R, occurs at an ultramicroelectrode (i.e. an electrode with
a radius below ca. 25 um) that serves as the working electrode in an electrochemical
cell containing species O at a concentration, ¢*. A steady-state current, iy, of a
magnitude given by

it =4nFDc*a (1)

is rapidly attained at an ultramicroelectrode, where D is the diffusion coefficient and a
the electrode radius. This expression applies when the tip is distant by several electrode
diameters from any surface. When the tip is near a surface, the tip current, iy, is different
from i; . and depends upon the nature of the surface and the distance between tip and
surface, d. If the surface is one at which no electron-transfer reactions occur, e.g. an
electronic insulator, it blocks diffusion of O to the tip, so that iy/iy . <1. Il oxidation
of R occurs at the surface, regenerating O, the flux of O to the tip is enhanced, and
ir/ir.> 1. The actual current-distance behaviour, most conveniently represented in
the dimensionless form of plots of i/ir . vs. d/a, depends somewhat on the tip shape
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Fig. 16 Pit circumference normalized to initial circumference. (@) [CN ]=5x 107" moldm * (b)

[CN7]=7.5%10"" mol dm™. Reprinted with permission from ref. 61. Copyright 1992 American
Chemical Society
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Fig. 17 Plot of i; normalized with respect to iy as a function of the tip-substrate distance
normalized with respect to the radius a, of the tip. Above a conducting substrate (top curve),
different sheath sizes exhibit no difference in tip current. Above an insulating substrate (bottom
curves), different sheath sizes lead to different tip currents (the larger the sheath, the smaller the
tip current). Reprinted with permission from ref, 66. Copyright 1990 American Chemical Society
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Fig. 18 720 nm x 650 nm constant-height SECM image of a Cyclopore polycarbonate membrane

filter with nominal 0.2 um pores. The solution contained 0.2 mol dm * K,Fe(CN), and

0.5 mol dm™ NaSO0,. The tip potential was kept at 0.8 V vs. SCE. The rastering rate was 0.25 Hz.

The current range is 0.15-0.45 nA. A, Topographic view. The image has been inverted, so the
lower parts of the image represent the pore sites. B, Grey-scale image

(e.g. disk or cone) and on the rate constant, k° (cm s '), of the ‘feedback’ reaction
R = O+ ne, at the substrate surface."” Typical limiting curves for k°- 0 and k®- 0 for
a disk-shaped tip encased in a narrow insulating sheath are given in Fig. 17. When k*
is of an intermediate value, the relevant approach curves (iy/ it . vs. d/a) will lie between
these limiting ones.””"" Thus the approach curve can be used to obtain k”and information
about the rate of a reaction on the substrate below the tip and its nature. When the tip
is scanned over the surface (in the x-y plane), the variations in tip current provide
information about surface topography, and hence surface images, as well. The attainable
x-y resolution depends upon the tip dimensions; an image of a polycarbonate membrane
filter with nominal 0.2 um pores is shown in Fig. 18. Surfaces that have been imaged
by SECM include electrodes,”’ minerals,”” membranes’” and biological specimens.”™ In
an alternative mode of operation, when the substrate of interest is an electrode, the tip
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can be used in the collector (rather than the previously described feedback) mode. In
this case species electrogenerated at the substrate are collected by the tip.”

Reaction Rate Imaging

The SECM is potentially capable of measuring very rapid heterogeneous electron-
transler reactions at a substrate surface by moving the tip close to the substrate. The
maximum value of k° that can be determined is of the order of D/d, e.g. with a typical
solution value of D and d =0.1 pm, a k° of ca. 1 cms ' should be attainable. Such a
steady-state method has the advantage of not requiring short-time transient measure-
ments and being free from problems associated with double-layer charging and adsorp-
tion of electroactive species. For example, we recently found the k° for electron transfer
to C,, in o-dichlorobenzene-0.1 moldm * tetra-n-butylammonium fluoroborate at a
mercury electrode to be 0.46:0.08 cms ' by this technique.” This measurement invol-
ved the interesting phenomenon in which a thin film of liquid is trapped when the tip
penetrates the mercury surface.”” SECM can also be used to image the areas on a surface
where reactions occur, e.g. catalytic sites on an electrode,”™ corrosion sites, or enzyme
locations in a membrane.””™ In addition to electron-transfer reactions, other types of
heterogeneous reactions, such as rates of adsorption/desorption and surface proton-
ation/deprotonation, can be studied.”

Homogeneous Reactions near an Interface

Homogeneous reactions that occur in the gap between the tip and a conductive substrate
(e.g. for the example system given, when R— X) can also be studied by noting the effect
of this reaction on the current. The small volume within the gap comprises an ultramicro-
electrochemical cell in which the reaction of interest occurs (Table 1). The reaction
causes a change in the tip current and the approach curve allows determination of the
rate constant of the reaction in the ultramicrocell.”™"' Alternatively, rate constants can
be determined in a generation/collection experiment. For example, when species R,
generated at the tip, is stable, essentially all of it is collected by the substrate when d
is small and the substrate area is large compared to the tip. However, when R undergoes
a decomposition reaction, the collection efficiency (i,./iy, where i is the substrate
current) decreases. The dependence of i,/it on d and reactant concentration allows
determination of the reaction rate and order. For example, the rapid dimerization of
fumaronitrile (k=2x10°dm'mol 's ') was studied by this technique.”' It may also
be possible to study whether the homogeneous reactions are perturbed by the electric
field near the surface by this technique, for example, by observing the effect of substrate
potential on measured rate constant.

Table 1 Approximate volume, content and transit time of an ultramicrocell defined by an SECM
tip (diameter, ¢) at a distance d from the substrate

contents/molecules

3

0.01 mol dm?* 0.1 mol dm~ transit time
d/pm Vi/em? solution solution /s
10 10" 4.5%10° 4.5x10" 0.1
1 107+ 4.5x%10° 4.5x%107 107
0.1 10" 4500 4.5x10* 10°°
0.01 10°'% 4.5 45 1077

“V=mnd/4 " r=d*/2D.
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Probing Interfacial Films

A potentially important application of SECM is as a means of studying thin films on
interfaces. The investigation of films (e.g. polymers and self-assembled monolayers) at
electrode surfaces has been the subject of many studies.*> In most cases, characterization
of the films and reactions that occur within them is carried out by macroscopic methods
in which molecular and spatial information is obtained by comparing experimental
results to predictions based on models. SECM can provide a more direct approach,
e.g. to the measurement of film thickness in situ. For example, polyelectrolyte (Nafion)
and electronically conductive polymer films have been investigated by SECM.M ™
Consider the approach curve for a Nafion film containing Os(bpy):' on a Pt substrate
immersed in an electrolyte solution devoid of any electroactive species (Fig. 19).*" When
the conical tip is outside the film in the solution, only a negligible current flows. As
soon as the tip contacts the film, current begins to flow as the reaction Os(bpy):' -
Os(bpy)i' +e occurs at the tip. The onset of current thus represents the film/solution
boundary. The tip current increases as more of the tip enters the film, eventually attaining
a constant value when the whole active tip surface is within the film. When the tip is
within a distance of several tip diameters from the Pt, SECM positive feedback is seen
and eventually i increases sharply because of tunnelling between the tip and Pt. The
thickness of the film immersed in electrolyte, in the example 2200 A, can be obtained
directly from the approach curve without the assumptions and problems that may attend
ellipsometric and profilometric determinations. Voltammetry can also be performed
with the tip partially or completely within the film; a typical voltammogram is shown
in Fig. 20. The shape of the voltammogram follows that expected for an ultramicroelec-
trode under steady-state mass-transfer conditions and allows estimation of values of D
and k°. As with STM, one must be concerned about possible perturbations of the film

current/ pA

current/ nA

ol

Fig. 19 Dependence of the tip current vs. distance: (a) tip outside film; (b) tip moving into film;
(¢) tip inside film; (d) onset of positive feedback; (e) onset of tunnelling. The displacement
values are given with respect to an arbitrary zero point. The current observed during the stages
(a)-(d) is much smaller than the tunnelling current and therefore cannot be seen on the scale of
the lower curve ([J) (the left-hand current scale). The upper curve (+) is at higher current
sensitivity to show the current-distance curve corresponding to stages (a)-(d) (the right-hand
current scale). The solid line is computed for a conical electrode with a height s =30 nm and
radius r,=30 nm for zones (a)-(c) and SECM theory for zone (d). The tip was biased at 0.80V
vs. SCE, and the substrate was at 0.20 V vs. SCE. The tip moved at a rate of 30 As™'. Reprinted
with permission from ref. 83. Copyright 1992 American Association for the Advancement
of Science

tip displacement/ 10" A
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Fig. 20 Voltammogram at a microtip electrode partially penetrating a Nafion film containing

0.57 moldm * Os (bpy)3'. Scan rate v=5mVs™'. The substrate was biased at 0.2V vs. SCE.

The solid line is the theoretical response with D=1.2x10""em?s™ and k°=1.6x10"*ems™".

Reprinted with permission from ref. 83. Copyright 1992 American Association for the
Advancement of Science

by the probing tip. This has not appeared to be a major problem with the small tip and
the rather soft films described here.

SECM Fabrication

SECM can also be employed to alter solid surfaces immersed in liquids, e.g. by
electrodeposition or by etching. Examples of metal plating,”” ™ metal and semiconductor
etching,™*?'*? and deposition of electronically conductive polymers’ have appeared.
The resolution attainable in fabrication is a function of the tip size and has so far been
of the order of tenths of a pm.

Projections

SECM is still a rather young and developing technique and variations and new applica-
tions are continuing to appear. For example, we are currently exploring new types of
tips, such as specific ion electrodes (e.g. pH probes) and enzyme electrodes.” ™ These
will allow improved chemical selectivity and make possible the probing of ion fluxes
and distributions near surfaces, including membranes and minerals. Although most
SECM studies have been based on steady-state measurements, transient approaches are
also possible.” For example, diffusion coefficients and rate constants of homogeneous
reactions can be measured by the time-of-flight between substrate and tip. Transient
measurements could also be useful in the titration of surface sites or charge injection
into surface states and traps. Finally, it should be possible to combine optical and
electrochemical techniques in SECM. For example, by employing electrogenerated
chemiluminescence (ECL) to produce excitation of surface species by tip-generated
reactants, optical imaging with a resolution governed by the tip might be possible.
Similarly, photochemical generation of species at the substrate with detection at the tip
is possible. For example, we have recently studied the use of a semiconductor substrate
(n-WSe,) to photogenerate reactants that can be detected at the tip.”
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Conclusions

Scanning probe techniques of various types, including STM, AFM and SECM, are
undergoing rapid development and application. They continue to be promising methods
for topographic imaging, determination of electronic distributions, and studying reac-
tions at the liquid/solid interface with very high resolution.

The support of this research by grants from the US National Science Foundation
(CHE9214480), Robert A. Welch Foundation and US Office of Naval Research is
gratefully acknowledged.
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