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Electron Transport at Surfaces and
Interfaces
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Abstract: Here we present two techniques which give insight on transport phenomena with atomic resolution.
Ballistic electron emission microscopy is used to study the ballistic transport through layered heterogeneous
systems. The measured ballistic fraction of the tunneling current provides information about lossless transport
channels through metallic layers and organic adsorbates. The transport characteristics of Bi(111)/Si Schottky
devices and the influence of the organic adsorbates perylene tetracaboxylic dianhydride acid and C, on the
ballistic current are discussed. Scanning tunneling potentiometry gives access to the lateral transport along
a surface, thus scattering processes within two-dimensional electron systems for the Bi(111) surface and the
Si(111)(v/3xy/3)-Ag surface could be visualized.
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1. Introduction

Three decades after its invention, the
scanning tunneling microscope (STM)I12!
is a standard tool to characterize surface
phenomena on the atomic scale. The STM
enables surface morphology to be imaged
with atomic resolution on metals, semi-
conductors or thin insulating layers.3-71In
addition, organic adsorbates such as single
molecules or self-ordered layers can be
studied.[391 Moreover, spectroscopic mea-
surements allow the characterization of the
electronic structure of surfaces!!%!1l and
adsorbed molecules, for example. Since
the derivative of the tunneling current ver-
sus the tunneling bias carries information
about the local density of states as a func-
tion of energy, molecular orbitals of adsor-
bates, for example, can be studied with the
high lateral resolution of the STM.[12]

Different STM-based methods are
available which allow the study of, e.g.
vibronic properties,!'3-141 magnetic proper-
ties(13-16] or tunneling current-induced lu-
minescencel!’-191 down to the atomic scale.
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All these techniques rely on a conventional
two-terminal approach to conduct scan-
ning tunneling microscopy.

Here we want to discuss two extend-
ed STM-based methods, ballistic elec-
tron emission microscopy (BEEM)[2021]
and scanning tunneling potentiometry
(STP)[22231  which are three terminal
extensions to the conventional STM.
Both of them allow the study of trans-
port phenomena with atomic resolution.
BEEM measures transport orthogonal to
the surface or an interface. Ballistic trans-
port across the Bi(111)/Si Schottky inter-
face will be discussed.[2425] Using an alter-
native BEEM geometry, the ballistic trans-
port through two archetype organic mol-
ecules (the fullerene C,, and the perylene
derivate perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA)) adsorbed onto the
Bi(111) surface is studied. Both molecules
are extensively studied by scanning tunnel-
ing microscopy and spectroscopy.[26-28! In
contrast to established BEEM techniques
which rely on placing the organic material
at the Schottky interface between the metal
layer and the base semiconductor,[?%-30] we
choose a geometry where the organic mol-
ecules are deposited on top of the Bi(111)
layer. This preserves the high quality of
the metal film and the interface and allows
transport through molecules with submo-
lecular resolution to be studied.[31-32]

Charge transport parallel to a surface
or an interface is studied by STP measur-
ing the variation of the electrochemical
potential, while a lateral current is applied
through the surface structure. We apply
this techniques to study transport phenom-
ena at the surface of Bi(111) and the silver-
induced reconstructed Si(111)(y3xv3)-Ag
surface, i.e. electron transport within the

two-dimensional electron gas of the sur-
face state.

2. Experiment and Sample
Preparation

All measurements were carried out at
ultra high vacuum conditions (p ~1071°
mbar) in a four probe STM (Nanoprobe by
Omicron) which was modified in order to
obtain atomic resolution imaging. The mi-
croscope offers four independent operable
STM units which can access the sample.
The lateral positions of the STM tips above
the sample are monitored by a scanning
electron microscope (SEM) (Nanofocus by
Staib). N-type silicon substrates in (111)
and (100) surface orientation were chosen
with resistivities of 2—10 Qm. Their surfac-
es were cleaned ex sifu by etching with hy-
drofluoric acid and passivating the surface
with hydrogen. Afterwards, the Si samples
were further prepared by several cycles of
flash annealing up to 1500 K under UHV
conditions followed by cooling to room
temperature. This ensures a clean and flat
surface onto which a thin layer (equivalent
to about 3—6 nm) of bismuth was evapo-
rated from a home-built e-beam evapora-
tor. During deposition the Si samples were
kept at low temperature (130 K). After
deposition the Bi films were annealed to
slightly above room temperature (400
K). This procedure results in thin, closed
(111) oriented layers of bismuth with
high interface and surface quality.[33-36]
This can easily be checked by low ener-
gy electron diffraction (LEED) and STM
(Fig. 1a—d). Using a shadow mask, several
areas with thin Bi films are prepared simul-
taneously on the same sample. Both the Si
spots (marked by blue circles) as well as
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Fig. 1. (@) LEED and
corresponding STM
data (b) of a3 nm
thick Bi(111) film on
Si(100)-2x1. Tunneling
parameters | = 20
pAandV, =-1.5V.
Due to two Bi(111)
domains rotated

by 90°, the LEED
shows 12 spots. The
z-scale of the STM
image shows a cor-
rugation of about
four Bi bilayers (c and
d). Corresponding
data for the Bi(111)
film prepared on a
Si(111)-7x7 substrate.
(,=80pAandV,_
=1.8 V). The surface
roughness in the STM
data corresponds to
one Bi bilayer (e and
f). Data for the Si(111)
(V3x3)-Ag surface.
Several (y3xy/3) ter-
races are observed. (,
=10pAandV =2
mV). The blue circles
in the LEED data indi-
cate substrate spots
of Si(111) and Si(100)
while the red circles
mark Bi(111) spots (a
and b) or spots of the
(V3x/3)-Ag surface
reconstruction re-

the Bi(111) spots (marked by red circles)
can be imaged using LEED (Fig. 1a,c). On
the Si(100) substrate two Bi(111) domains
rotated by 90° are present on the surface,
therefore the LEED images (Fig. 1a) ex-
hibit 12 Bi(111) spots. Bi(111) grows in
a bilayered structure and the films show a
low corrugation of some (one to four) bi-
layers of bismuth. Depending on the exact
amount of bismuth during growth, either
ad-islands of truncated triagonal shape
(Fig. 1b) or bilayer deep holes (Fig. 1d)
are observed in the STM images and may
vary along the bismuth film. The BEEM
experiments were carried out at a sample
temperature of 150 K. The Bi(111) sur-
face also serves as a template for organic
molecules. We deposited sub-monolayer
coverages of PTCDA and C_ onto the flat
Bi(111) surface at room temperature by
sublimation from a Knudsen cell.

In the case of the potentiometry mea-
surements beside a Bi(111) film as de-
scribed above, the silver induced v3xy3
reconstructed Si(111) surface was cho-
sen.371 Here, after flash annealing the Si
sample to 1500 K, the sample was kept at
800 K while the surface was exposed to a
flux of silver. Afterwards the sample was
cooled down to room temperature. This

spectively (e).

results in the Si(111)(y3xy3)-Ag surface
(Fig. 1e and f) while the additional amount
of silver aggregates into (111)-oriented sil-
ver islands. A miscut of 0.5° results in a
stepped surface exhibiting about 30 steps/
wm as observed in the STM images (Fig.
1f). The potentiometry measurements were
carried out at room temperature.

All image acquisition was done using
the open source software GSxMDB8! and
data processing was done using WxSM.[39]

3. Ballistic Electron Emission
Microscopy

Ballistic electron emission micros-
copy (BEEM), introduced by Bell and
Kaiser,[20211 allows the characterization of
ballistic charge carrier transport through
a Schottky device by analyzing the frac-
tion of ballistic transmitted charge carriers.
Thus, scattering processes (i.e. energy loss
events) at injection, propagation and trans-
mission become accessible. Several review
articles provide an overview on this tech-
nique.[40-431

Fig. 2 shows a schematic of the BEEM
experiment. Hot electrons are injected by
the tunneling tip either directly into the
bismuth film or via an organic adsorbate.
While the tunneling bias at the tip (V,,) de-
termines the energy distribution, the mo-
mentum distribution of the injected elec-
trons is determined by the geometry of the
tunneling junction and the involved elec-
tronic states. In our experimental setup a
second tip of the individually controllable
STMs is also brought into tunneling above
the Bi film and gently pushed into the sur-
face to provide an Ohmic contact to the
metal layer. Thus, the potential of the Bi
film can be defined separately. The back-
side of the Si substrate is highly doped so
that an Ohmic back contact is ensured. As a
result the initial total tunneling current can
be separated into two circuits. The charge
carriers losing energy by interacting with
the Bi film are collected by the tip which
contacts the Bi(111) film. The charges
propagating ballistically through the metal
film may reach the Schottky barrier at the
metal/semiconductor interface and enter
the Si substrate if their energy is sufficient.
The resulting ‘ballistic’ current is collected
at the semiconductor and will be referred to
as the BEEM current (I, . . ) in the follow-
ing. If the BEEM current is detected as a
function of the lateral position of the STM
tip at a constant bias voltage, a BEEM im-
age showing the transmission of ballistic

Tunneling tip

Fig. 2. Schematic of
the BEEM setup. A
tip of an STM injects
hot electrons (I, ,.)

CBD
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into a metal layer,
either directly or via
an organic adsorbate.
Since both the metal

Bismuth film

Si substrate

layer as well as the
silicon substrate are
contacted, the ballis-
tic fraction in the tun-
neling current (I_...)
can be measured

l individually. Adapted
with permission from
A. Bannani et al.,

Science 2007, 315,
1824.
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Fig. 3. (a) Topography image of Bi(111) on Si(100) exhibiting triangular-
shaped holes of one Bi bilayer depth. The steps of the Si substrate are
slightly visible through the Bi(111) film. (b) The corresponding BEEM im-
age shows a long-range wave-like pattern. The BEEM current varies from
3 pAto 6 pA (dark to bright). (I, =55 pAand V, =-1.8 V)

electrons can be acquired simultaneously
to the topography. On the other hand, at
a fixed lateral position ballistic electron
emission spectroscopy (BEES) can be per-
formed by varying the applied bias voltage
at constant tunneling current or at constant
tunneling distance. Both result in energy
resolved spectra. Since the outcome is only
1% to 10% of the initial total tunneling cur-
rent, [ . . is measured using a current to
voltage amplifier with a gain of 10'° V/A
and a bandwidth up to 300 Hz!*4! while the
overall tunneling current can be measured
using a current to voltage amplifier with
a gain of 10°V/A. If the silicon substrate
is n-doped, the emerging Schottky barrier
acts as a barrier for electrons.

3.1 Bi(111) on Si(100) and Si(111)

Fig. 3 summarizes the findings for
BEEM measurements on Bi(111) films
prepared on a Si(100)-2x1 substrate.

The topography (a) exhibits a low sur-
face corrugation with some holes in form
of triangles or truncated triangles of one
bilayer depth. However, the small corru-
gation of the underlying Si steps is still
visible through the metal film. The corre-
sponding BEEM image (b) (bright is equal
to higher BEEM current) shows a long
range wave-like pattern whose periodic-
ity seems to correspond to the underlying
stepped Si surface structure. In addition,
a faint BEEM contrast at step edges of
the Bi(111) film is visible. As checked by
scanning in forward and backward scan
directions, the step edge contrast in the
case of Bi/Si(100) is only due to a small
electronic crosstalk of the total tunneling
current signal (see also ref. [24]), while the
wave-like contrast is well reproduced. The
onset of the BEEM current determined by
ballistic electron emission spectroscopy
(BEES) is found at (0.58+0.04) eV for the
system Bi(111) on Si(100).[24]

The corresponding data set for Bi(111)
on Si(111)-7x7 is shown in Fig. 4. The

Fig. 4. (a) Topography and (b) corresponding BEEM images for Bi(111)
on Si(111). The overall BEEM current varies from 0 pA to 12 pA. Three
Bi(111) domains are imaged, indicated by the orientation of the truncated
triangular-shaped holes (see arrows in a). Three faint lines in the topogra-
phy correspond to dark appearing lines in the BEEM image. In addition,

at each step edge of the topography a strong BEEM signal (b) is visible.
(,=120 pAandV, =-1.8V)

overview scan (a) exhibits a very similar
topography of the Bi(111) surface as com-
pared to Bi(111)/Si(100) while the BEEM
contrast (b) differs significantly. Here, the
BEEM signal is strongly increased at the
step edges to a value up to 12% of the total
tunneling current as compared to flat sur-
face areas exhibiting 7% of the total tun-
neling current. In this case the check for
electronic crosstalk and scan-related arti-
facts reveals that the major contribution to
the step edge signal in the BEEM current is
a true signal.?*l Nevertheless, a faint scan
artifact comparable to Bi(111)/Si(100) is
also present in the scan. However, its con-
tribution can be evaluated from the data set
and is found to be negligible. Three dark,
pronounced lines are found in the BEEM
signals which correspond to domain
boundaries of the Bi(111) film. These do-
main boundaries are found as a faint line in
the topography image (indicated by black

dotted lines in Fig. 4a). As determined by
BEES the onset of the BEEM current in
the case Bi(111)/Si(111) has a value of
(0.68+0.03) eV.[24]

3.2 BEEM on Organic Molecules
Fig. 5 shows the topography and
BEEM data for the organic adsorbates
C,, and PTCDA simultaneously adsorbed
onto the Bi(111) surface. The Si substrate
is (100)-oriented. The C , molecules ag-
gregate in closed packed islands with a
triangular shape similar to the Bi(111)
islands. The packing of the C,, molecules
has a similar in-plane lattice parameter as
abulk fce(111) C crystal.l451 The PTCDA
molecules arrange in the well-known her-
ringbone structurel?7! covering part of the
Bi(111) surface. Depending on the quality
of the STM tip, the herringbone structure
may not be resolved in the topography (Fig.
5a). Nevertheless, the BEEM images show

a

Fig. 5. (a) Topography
and corresponding
BEEM image (b) of the
Bi(111) surface under
the co-adsorption of
PTCDA and C,, mol-
ecules. The BEEM
current varies from 0.2
pAto5pA. (=37
pA and Vﬁp= -2.5V). (c)
High-resolution STM
image and (d) corre-
sponding BEEM image
of a PTCDA domain in-
cluding the PTCDA unit
cell. A Gaussian filter
was applied to (c) and
(d). Two missing PTCDA
molecules are observed
in the topography, thus
the BEEM current above
those positions cor-
responds to the bare
Bi(111) surface. (I, =
40 pA and Vﬁp= -1.6V)
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Fig. 6. Upper row: Topogaphy images above a C; island at varying bias voltages between 1.8 to -1.2 V at a tunneling cur-
rent of 40 pA. Lower row: corresponding BEEM images. The high bias voltage image at —1.8 V (lefthand side) exhibits an
internal structure, resulting in a donut-like shape. The color table of the intersected part within the left BEEM image was
shifted to enhance the contrast. At lower bias voltage the internal structure vanishes. Upon subsequent scanning the bright
appearance of the C, hops to a neighboring molecule. The BEEM current within the images varies between 0.4 pA and 6
pA depending on the tunneling voltage. Adapted with permission from A. Bannani et al., Science 2007, 315, 1824.

a very pronounced contrast for both mo-
lecular species (Fig. 5b). Especially above
the PTCDA islands, the contrast varia-
tion in the BEEM signal is rather strong
varying by about 4 pA corresponding to a
relative modulation of more than 50% of
the BEEM current. The contrast variation
in the BEEM image can be distinguished
into three different regions corresponding
to PTCDA islands (1), the bare Bi(111) sur-
face (II) and C, islands (III) (see Fig. 5b).

Above both molecular species the
BEEM current is attenuated in comparison
to the bare Bi(111) surface (Fig. 5b) for
the accessible range of electron energies
between 0 eV to 3 eV. Nevertheless, in
both cases the periodicity of the molecular
arrangements is resembled in the BEEM
contrast. We want to note that in many
cases the BEEM contrast can be used to
distinguish between molecular domains
and the bare Bi(111) surface even though
in conventional topographic imaging the
tip resolution may be poor (compare Fig.
5a and b). A high-resolution BEEM image
of the PTCDA domain (Fig. 5d) shows that
the molecules appear as elongated protru-
sions, which are aligned to the perylene
body of the molecule. However, above
the anhydride groups, the BEEM signal is
slightly stronger resulting in a bone-like
appearance. The BEEM appearance of
the molecules remains the same for vari-
ous energies (not shown here) and differs
from the topographic appearance (Fig. 5c).
In the topography the PTCDA molecules
appear as two bright protrusions which are
separated by a darker line in the middle.

For the C ) molecules the BEEM contrast
depends on the applied tunneling voltage,
i.e. electron energy.

Uptoanenergy of 1.6 eV the C, appear
to be homogeneously transmitting (Fig.
6), while above this energy they exhibit a
donut-like shape, with a darker less bal-
listic transmitting part in the middle (Fig.
6, left). It was carefully checked that the
contrast variation of this donut-like shape
is found inside the C  molecules and not
in-between the molecules. For the range of
energy the BEEM image also reproduces
the molecular arrangement as seen in the
topography.l321 One specific molecule ap-
pears to be somewhat lower in the topogra-
phy, exhibiting a much higher BEEM con-
trast. Upon scanning at low voltage, this
effect may hop to a neighboring molecule
as shown in Fig. 6 (left to right). The ap-
pearance in the topography image as well
as the high BEEM transmission is trans-
ferred to the next molecule. The effect is
prominent for two C  molecules while the
adjacent molecules are slightly affected re-
sulting in a halo like appearance.

3.3 Discussion of the BEEM Data

The different onset of the BEEM cur-
rent in the case of a Si(111) substrate as
compared to Si(100) originates from the
different matching between the bandstruc-
tures of the Bi(111) film and the corre-
sponding Si substrate.[24]

For Bi(111) on Si(111), electron in-
jection near the I" point is not possible.
Even though injection near the I" point
into the Bi(111) film is possible there are

no matching states at the interface to the
Si(111) substrate (Fig. 7a and c). At higher
lateral momentum the Si(111) substrate of-
fers states e.g. near the M point, but at low
energies, i.e. 0.58 eV, there is no overlap
to states in the Bi(111) film. However, at
higher energy, i.e. 0.67 eV, there is some
overlap between states in the Bi(111) film
and the Si(111) substrate near the M point.
Thus, the onset of the BEEM current is not
only determined by the Schottky barrier
but also by the overlap of the electronic
bandstructure at the interface.l>*! The en-
ergy needed to enter the semiconductor
can be written as E = EII + E , while E|
is determined by the Schottky barrier and
E, is the additional energy needed to in-
crease the bandstructure overlap. As a re-
sult the BEEM current onset is delayed to
(0.68+0.03) eV.

In contrast the Si(100) substrate allows
injection near I" (Fig. 7b and d) so that no
additional lateral electron momentum (i.e.
no additional energy contribution E) is
needed to enter the semiconductor. ll"he
onset of the BEEM current (0.58+0.04)
eV is not delayed. The BEEM data reveal
the band matching between the Bi layer
and the Si substrate for different Si surface
orientations.

This matching of the bandstructures at
the Bi/Si interface is visualized by BEEM
images acquired for both Si substrates.
For the Si(111) substrate at a given energy
above the BEEM current onset, the overall
BEEM current on the Bi terraces does not
vary significantly unless the injection takes
place near a Bi step edge (Fig. 4b). Upon
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Si(111)
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Fig. 7. Projected electronic states of the Si(111)
(a, ¢) and the Si(100) (b, d) substrates (black).
The projected electronic states of the Bi(111)
thin film at 0.58 eV (red) and 0.67 eV (blue) are
superimposed. Reproduced with permission
from C. A. Bobisch et al., Phys. Rev. Letts.
2009, 702, 136807. Copyright 2009, American
Physical Society.

injection near a step edge an increased per-
centage of electrons carry a higher lateral
electron momentum k, when reaching the
interface to the silicon substrate. These
electrons can contribute to the BEEM cur-
rent so that the BEEM signal near step
edges is increased.

The situation is different for a Si(100)-
2x1 substrate. Injection near I' of the
Si(100) substrate is possible, so that no
additional k, is necessary to enter the semi-
conductor. LTherefore, the surface step
edges do not show an effect in the BEEM
signal. There is a BEEM current variation
corresponding to the buried Si steps. This
variation is attributed to the conservation
of the Si(100)-2x1 reconstruction under-
neath the Bi film. Although the Bi film
contains several domains, these usually
grow across several Si terraces. This is
indicated by domain boundaries crossing
several Si steps (see Fig. 3).125] For each
neighboring terrace the orientation of the
2x1 reconstruction of the Si(100) surface
is rotated by 90°, resulting in two different
interfaces to the Bi(111) film so that the
injection process into adjacent Si terraces
may differ.

In order to understand the BEEM data
for C,, or PTCDA molecules deposited
onto the Bi surface, the transmission prop-
erties related to the Bi(111)/Si sample have
to be known. The adsorption geometry of
PTCDA varies on different metals, as the
bonding distances between the molecules’
atoms and the surface atoms differ. On a
silver substrate the corner oxygen atoms
are somewhat closer to the surface than

the perylene body, suggesting a stronger
coupling.*l The PTCDA BEEM data
suggest a similar behavior for PTCDA on
Bi(111). An increased BEEM current at
the short sides of the PTCDA molecule is
an indication for a more effective coupling
or a reduced distance to the Bi(111) sur-
face. Since the electrons from the LUMO
states are blocked by the Schottky barrier
of the Bi/Si diode, the overall appearance
in the BEEM image can be attributed to
the LUMO+1 state of the molecule.[*”]
This is further corroborated by BEES data
acquired above the PTCDA domains (not
shown here). In addition to an attenuated
overall outcome of the BEEM current,
the form of the spectra differs from the
spectra on the bare Bi(111) surface. This
behavior can be well fitted by introduc-
ing a second barrier to the fit function at
a higher energy above the original BEEM
onset. The extracted value of the second
barrier (1.0+0.1 eV) could be explained by
introducing the PTCDA molecule into the
tunneling pathway such that the electrons
can enter the LUMO+1 state at this ener-
gy (see supporting online material in ref.
[32]). The appearance of the topographic
images corresponds to the LUMO state of
the PTCDA molecule. This is no contra-
diction since for the topographic images
all injected electrons can contribute which
may be dominated by the LUMO, while
the BEEM image is filtered in energy by
the Schottky barrier.

A similar behavior is found if the
BEEM data for C,, molecules are analyzed.
The appearance of the C,, molecules in the
BEEM images above 1.6 eV can be related
to the LUMO+1 state of the C. The elec-
trons originating from the LUMO state are
blocked at the Schottky interface. Since the
sample is only cooled down to 150 K, the
C,, may still undergo a rotational motion
within the islands, inducing the ring-like
BEEM contrast. For C,  molecules current
transport favorably occurs along the C-C
bonds.*81 Therefore, a higher scattering
probability can be assumed if the inject-
ing STM tip is placed above the center
of the molecule rather than near the outer
rim of each molecule. A higher fraction of
ballistic electrons near the rim of the mol-
ecules will enter the Bi surface resulting in
the donut-like shaped BEEM images. The
particularly bright appearing C,; molecule
within the island almost shows the same
transmission as the bare Bi substrate. This
may be attributed to a doping by e.g. an ad-
atom on top or between two molecules.[*9]
This is supported by the fact that the bright
appearance occurs for at least two C close
to each other. Upon subsequent scanning
the effect may hop between both affected
molecules, as demonstrated in Fig. 6.

4. Scanning Tunneling
Potentiometry

The lateral variation of the electro-
chemical potential [ can be studied using
the technique of scanning tunneling po-
tentiometry (STP), introduced by Muralt
and Pohl in 1986.12223] So far only a lim-
ited number of publications are available,
demonstrating the capability to study the
electrochemical potential with atomic res-
olution.[3750511 A schematic of the experi-
mental setup is shown in Fig. 8.

We use two tips of the multiprobe STM
to establish Ohmic contacts to the surface.
Thus by applying a voltage between both
contact tips a potential gradient along a
surface structure between the contacts can
be created resulting in a current through
the surface. A third STM tip measures
the topography between the contact tips.
Simultaneously, the electrochemical po-
tential is mapped by realizing a wheat-
stone-bridge like setup. A small alternat-
ing voltage is superimposed, such that the
overall tunneling current I . consists of
two contributions, a DC component and
an AC component. By controlling the dis-
tance between the STM tip and the sample
as a function of the AC component of the
tunneling current I, , the topography can
be obtained in an ordinary STM image at
the Fermi energy. A second feedback loop
controls the overall DC voltage between
the tunneling tip and the sample in such
a way that the net DC tunneling current
I, becomes zero. Thereby, the voltage at
the tip and the sample correspond to each
other, i.e. the output voltage of the second
feedback loop measures the electrochemi-
cal potential at each lateral tip position.
Since this is done during the tunneling
experiment, both the potential as well as
the topography can be measured simulta-
neously with atomic resolution. Care was
taken that the feedback loop for the poten-
tial is about one order of magnitude slower
than the z feedback loop, which ensures
that both feedback loops do not couple to
each other. The experimental setup can be
further improved by introducing a fourth
STM tip which provides a reference poten-
tial in close vicinity to the measuring STP
tip. This reduces the influence of fluctua-
tions in the pathways between the two con-
tacting STM tips which are further away
from the studied surface area. The experi-
ments described here were performed at
room temperature and a base pressure bet-
ter than 5x107'°mbar.!5!]

4.1 Bi(111)

We prepared two rather large Bi-
covered areas which are connected by a
narrow Bi stripe using a shadow mask.B51
The large Bi areas are used to establish
contacts with two tips of the four-probe-
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I : | ally this was not necessary and a three-tip and double atomic steps. On the recon-
potentometer geometry was sufficient. structed terraces a few one-layer-thick Ag
I Fig. 9b shows the topography above the islands are found as well.
Bi stripe and the corresponding potential To study the influence of the surface
. maps for both lateral current polarities. In  morphology on the potential variation, two
the topography (Fig. 9b) the stepped sur- experimental geometries were chosen in
cortact STMp ntacttip|| face corrugation of the Si substrate is still ~ which the current is applied either parallel

conductor
substrate +

Vbal

Fig. 8. Schematic to measure the electrochemi-
cal potential under a STM tip. Two contact

tips establish an Ohmic contact to a surface,
thus a current can be applied. The resulting
potential distribution along the surface as well
as the surface morphology is mapped by the
third STM tip. A small AC voltage (V) applied
to the tunneling tip allows the topography to
be measured by using the corresponding AC
component of the tunneling current (1,.).

STM setup (see SEM image in Fig. 9a).
The two pad geometry allows a high cur-
rent density to be achieved in the narrow Bi
stripe. The third STM tip maps the topog-
raphy and the electrochemical potential
of the Bi(111) surface in the STP mode.
If current fluctuations near the contacting
tips occur the fourth tip may be set in con-
tact to the Bi stripe close to the STP tip pro-
viding a reference potential. Then, the STP
tip images the electrochemical potential in
reference to the fourth tip. However, usu-

visible under the Bi layer. Domain bound-
aries are also visible as faint lines in the
topography (marked by the arrows in Fig.
9b). The potential maps acquired in STP
mode show an overall potential drop of 500
WV within the observed area. This poten-
tial decay is inverted if the lateral current
is inverted (c and d). A close inspection of
the domain boundary (arrows in Fig. 9b)
reveals that the potential transition is less
smooth at this position.[5!1 A faint step-like
behavior may be attributed. However, there
is also some finestructure visible within
the Bi(111) domains whose sign does not
invert upon current reversal.

4.2 Si(111)(V3x+/3)-Ag

During the preparation of the Si(111)-
(V3xy3)-Ag surface the additional amount
of silver aggregates into Ag islands (Fig.
10a,b,c). These islands serve as ideal con-
tact pads so that we use them to establish
Ohmic contacts by gently pushing two of
our STM tips into them (Fig. 10b and Fig.
10c). In order to vary the direction of the
current with respect to the surface step
edge directions, a surface area exhibiting
four Ag islands in close vicinity was cho-
sen. The red bars in Fig. 9a indicate the
orientation of the surface steps.

Fig. 10d shows a large overview scan
between the contact tips. The stepped sur-
face structure originates from the miscut of
the Si wafer and consists mostly of mono

Fig. 9. (a) SEM over-
view image, show-
ing two STM tips
contacting the large
Bi(111) pads. A third
tip measures the to-
pography and the po-
tential on the Bi(111)
stripe between the
contact pads. A forth
tip may be optionally
used as a reference
electrode. The topog-
raphy (b) exhibits the
underlying Si steps
which are overgrown
by the Bi film. The ar-
rows mark Bi domain
boundaries. (c) and
(d) show the cor-
responding potential
map inverted applied
voltages between the
contact tips. In both
cases the potential
varies by about 500
pV within the image.

or perpendicular to the surface steps. This
is realized by placing the contact tips ac-
cordingly to the different contact positions
as depicted on the SEM images in Fig. 10b
and c.

For both geometries the topography
and the electrochemical potential were
measured for the same area. Figs 10d to f
summarize the findings for both cases. The
topography in (d) can be compared to the
potential images (e and f) which show a
different contrast. It is obvious that the po-
tential varies rather abruptly at surface step
edges and stays more or less constant on
the terraces. Step-like changes of the po-
tential also occur at domain boundaries of
the surface reconstruction. If the current is
applied perpendicular to the surface steps,
the major potential variation happens at the
step edges (d). In contrary, the contribution
of domain boundaries in the reconstructed
surface structure which are perpendicular
to the surface steps edges is mainly visible
if the current direction is parallel to the step
edges (f). It should be noted, that there ex-
ist two different type of domain boundar-
ies within the surface reconstruction, both
of which exhibit different potential drops.
Also a faint gradient of the electrochemical
potential is visible on the terraces. The cur-
rent density within the obtained image area
is evaluated to 0.4 A/m for the current per-
pendicular to the step edges and 2 A/m if
the current is applied parallel to the surface
steps.l371 Using simulations based on a sim-
ple Ohmic network, we extracted values
for the specific resistivities of single steps,
multiple steps and domain boundaries and
the 2DEG itself.[37] As can be seen in Table
1, the values for both current directions are
different, e.g. in the case of a single step by
about one order of magnitude.

4.3 Discussion

Bulk Bi offers a low conductivity but
metallic surface states are present in the
Bi(111) surface which can contribute to
the surface conductivity.52531 In the STP
data the Bi(111) surface mainly exhibits a
potential gradient along the whole surface
area independent of surface roughness, i.e.
surface steps. This may be attributed to
electron-phonon scattering. In some cases
a rather abrupt variation of the potential
may be attributed to a domain boundary
of the Bi(111) film. The charge transport
can be either governed by metallic surface
states or the bulk states of the Bi(111) film.
For a Bi(111) single crystal there is no sig-
nificant contribution of the metallic sur-
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Fig. 10. (a—c) SEM images of the tips during the scanning tunneling potentiometry measurement
on the Si(111)-(3xy3)-Ag surface. The red lines in (a) indicate the surface step directions. Islands
1 to 4 (circles in (a)) are used as contact pads. A voltage is applied between tip 1 and tip 2 either
perpendicular to the surface steps (b) or parallel to the surface steps (c). (d) STM topography
measured between tip 1 and 2. (e) Potential map of the surface corresponding to the geometry in
(b). (f) Potential map corresponding to the geometry in (c).

Table 1. Adapted with permission from J. Homoth et al. Nano Lett. 2009, 9, 1588-1592). Copyright

(2009) American Chemical Society.

type of defect current perpendicular current parallel to the
to the steps steps

O, 107°Q7 >2000 270 =70

single step, 10°Q'm! 3200 = 500 <300

double step, 10°Q'm! 700 = 300 <40

domain boundary A, 10°Q"'m! 3500 = 1000 15+5

domain boundary B, 10°Q'm’! >10,000 1900 + 500

face states to the conductivity reported.>4
Assuming transport through the bulk, in
our experiment a specific conductivity
of (1.24%0.05)x10° Q'm™' can be evalu-
atedB! which is higher than the literature
value for bulk Bi of 0.77x10°Q'm™. For
thin Bi(111) films grown on Si substrates
an increased resistivity due to surface
roughening by adsorbing additional Bi at-
oms is discussed.l52I The local density of
states near the Fermi level of the Bi(111)
surface is highly influenced by defects
such as adsorbates.[531 However, our data
show almost no impact of surface defects
to the electrochemical potential. The po-
tentiometry features near step edges can be
attributed to a small thermovoltage which
is superimposed to the potentiometry sig-
nal. Upon current flow through the bismuth
film, the surface may be heated leading to
a small temperature difference between
the Bi(111) surface and the STM tip. This
creates a thermovoltage which is measured
by the voltage feedback loop during the
STP measurement as well.[5>-571 These ef-

fects are easily distinguished from effects
related to the electronic transport since
they are not related to the current direc-
tion. However, the features at the domain
boundaries are inverted upon current rever-
sal, i.e. they are attributed to a decrease of
the conductivity.

Hirahara et al.l*¥] reported a major
contribution from the metallic surface
states to the conductivity for thin highly
crystalline Bi films. They determine the
conductivities of the surface state (o
= 1.5x10° Q'/])) and a 2D conductiv-
ity of one bilayer (o, . = 3.4x104 Q7Y
). Taking the thickness of our film (3-5
nm) into account the expected conduc-
tivity as derived from their experiment
wouldbe 6, =0 +0, =(1.5x10°Q"'/[]
+3.6x107° Q7= (5.1£1.0)x10* Q'/.
This fits quite well to our value of O, =
(5.02+£0.66)x107* Q'/] if we determine
the 2D conductivity of our film from the
STP data. Therefore both the surface states
as well as the thin film contribute to the
observed conductivity.

The situation is different for the
Si(111)-y3xy3:Ag surface. The majority
of charge carriers is mediated by the sur-
face states which are well decoupled from
the bulk.B371 Electrons in these surface
states show a parabolic dispersion and thus
can be described as a free two-dimensional
electron gas in the surface. The major con-
tribution to the overall current flux is me-
diated through these states. The values for
the specific conductivities result from the
incident angle of the electrons impinging
on the surface defects. This incident angle
depends on the overall contact geometry,
thus if the macroscopic current direction
is more or less perpendicular to the steps
then the microscopic angle of the electrons
will also be perpendicular. The variation of
the specific conductivities for the different
directions (Table 1) can be explained by
assuming that the electrons are transmit-
ted through a tunneling barrier at the step
edge. A rectangular-shaped barrier already
allows simulation of the barrier data quite
well.[371 The exact shape of the barrier is
not important. Assuming plane waves, the
transmission can be evaluated analytically
leading to maximal transmission for an in-
cident angle of 90° and less than 1% for an
angle greater than 70%. Thus, the observed
resistivities are a result of the transmission
probability at the step edge. This is also
true for multiple steps or domain bound-
aries.

5. Conclusion

We analyzed electron transport phe-
nomena at interfaces and surfaces us-
ing two three-terminal STM techniques,
ballistic electron emission microscopy
(BEEM) and scanning tunneling potentio-
metry (STP)

The transport of hot electrons through
Bi(111) films and the organic adsorbates
PTCDA and C_ is studied using the BEEM
technique. This gives insight into the trans-
port mechanism perpendicular to the sur-
face plane into a metal film. The data re-
veals that the overlap of the bandstructures
of both the silicon substrate and the metal
film play an important role for the trans-
mission of ballistic electrons. Due to the
conservation of lateral electron momentum
at the metal/semiconductor interface, the
BEEM contrast for Bi(111) surface steps
differs significantly for the Si(111) and the
Si(100) substrate. Thus, the initial energy
and momentum distribution at the metal/
vacuum interface plays an important role
for the ballistic electron transmission.

This injection dependency can be used
to study transport through organic adsor-
bates. The BEEM contrast above organic
adsorbates is determined by the coupling
of the adsorbate to the Bi(111) surface.
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BEEM images of C,, and PTCDA cov-
ered areas exhibit sub-molecular lateral
resolution so that pathways inside the
molecules are visualized. The appearance
in the BEEM images is closely related to
the available electronic states of the mol-
ecules. Thus, the coupling between the
molecular states and the Bi(111) becomes
accessible.

In scanning tunneling potentiometry,
the Bi(111) film mainly exhibits electron
phonon scattering, manifesting a monoto-
nous gradient of the electrochemical po-
tential. The applied current is mediated
through both the Bi film and the Bi(111)
surface states. In contrast, the two-di-
mensional electron gas system in the sur-
face states of the silver induced Si(111)-
(V3xV3)-Ag surface shows a small varia-
tion of the electrochemical potential on
flat surface terraces, but a strong step-like
variation of the electrochemical potential
at surface defects, i.e. domain boundaries
and surface steps. The macroscopic ob-
served resistivity of such a surface is given
by the sum over various elementary contri-
butions like a step like decay and a small
potential gradient on the reconstructed ter-
races.

Both techniques, BEEM and STP, give
access to scattering processes of charge
carriers with atomic precision and are ap-
plicable for devices with a buried energy
barrier or for two-dimensional electron gas
systems at surfaces.
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