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We demonstrate the ability of a double-tip scanning tunneling microscope �STM� combined with a
scanning electron microscope �SEM� to perform charge transport measurements on the nanoscale.
The STM tips serve as electric probes that can be precisely positioned relative to the surface
nanostructures using the SEM control and the height reference provided by the tunneling contact.
The tips work in contact, noncontact, and tunneling modes. We present vertical transport
measurements on nanosized GaAs/AlAs resonant tunneling diodes and lateral transport
measurements on the conductive surface of 7�7 reconstructed Si�111�. The high stability of the
double-tip STM allows nondestructive electrical contacts to surfaces via the tunneling gaps. We
performed two-point electrical measurements via tunneling contacts on the Si�111��7�7� surface
and evaluated them using a model for the charge transport on this surface. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3006891�

I. INTRODUCTION

In the course of the ongoing miniaturization of electronic
devices it is essential to investigate the charge transport
through nanostructures. Besides the fabrication of useful
nanostructures, a major challenge is the realization of elec-
trical contacts. In the past, there have been a huge number of
scientific studies of the charge transport measurements
through nanostructures utilizing electrical contacts produced
by lithographic means.1–4 However, nanostructures grown by
self-assembly cannot be contacted lithographically in general
because, first, their exact location on the surface is not
known and, second, during the patterning of the electrodes
the self-assembled nanostructures may suffer damage due to
the chemical treatment of the samples.

Since its invention, the STM has been used as a power-
ful device to image and characterize nanostructures by spec-
troscopic means down to the atomic scale.5–8 However, one
single probe is not sufficient to study charge transport along
the surface. At least one additional probe is required to pro-
vide the second electrical contact. A multiprobe STM featur-
ing several independent probes would not only be able to
perform charge transport measurements but also to “drag and
drop” objects at the nanometer scale.9

There have been several approaches integrating a multi-
tip scanning tunneling microscope �STM� with up to four
probes in ultrahigh vacuum �UHV� environment10–17 and
charge transport measurements along the surface have been
presented as well.18–23 In this publication we present charge
transport measurements performed by a different kind of

multitip STM—the coaxial beetle-type double-tip STM.24

This instrument has already proven its ability to image sur-
faces with atomic resolution due to its compactness. It is also
able to manipulate the scanning tips independently of each
other in a controlled manner by scanning electron micro-
scope �SEM� navigation. Here, we will present charge trans-
port measurements in the vertical and lateral directions per-
formed by this instrument.

For the vertical transport measurements, nanometer-
sized resonant tunneling diodes �RTD� were used. These are
vertical GaAs/AlAs nanocolumns processed by the “top-
down” approach. In the measurements, one STM tip pro-
vides a controlled Ohmic contact to the nanocolumn. The test
current passes from this tip to the substrate. The second tip of
the STM has been used as an isolated gate electrode gener-
ating an electric field to change the I-V characteristic of the
RTDs.

The lateral transport measurements were performed on a
“self-patterned” Si�111��7�7� reconstructed surface. During
the lateral transport measurement, the test current passes
along the surface between the two STM tips. Both tips are
kept in a tunneling contact with respect to the substrate. This
prevents damage to both the tip and the surface reconstruc-
tion during the measurement. Moreover, the tunneling con-
tacts have known �exponential� characteristics that allow us
to describe the charge transport through the tunneling tips
and along the surface with a two-point probe model. The
distance-dependent tip-to-tip tunneling current along the
Si�111��7�7� surface was compared to this model and
transport parameters were derived.a�Electronic mail: b.voigtlaender@fz-juelich.de.
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II. EXPERIMENTAL

The measurements were performed in a double-tip STM
with two independently driven beetle-type STM units inte-
grated in a small space. The STM exhibits a high stability
enabling atomically resolved imaging with each tip. The
open design makes the sample area easily accessible for
SEM imaging. Details about the apparatus can be found in
Ref. 24. A schematic drawing of the system is shown in Fig.
1�a�. The SEM column in the center and both STM units are
integrated within a UHV chamber with a base pressure of
�1�10−10 mbar. To exclude any additional current from
the SEM during the charge transport measurements, the SEM
beam can be blanked. Each STM is controlled by a dedicated
personal computer �PC�. The master PC controls the STM tip
1 �Fig. 1�a��, the SEM functions and the switching of the
sample relay to disconnect the sample from the ground po-
tential. The slave PC controls the second STM. The two PCs
communicate via a digital input/output-line to enable syn-
chronized measurements with both STMs. Each STM tip is
connected to a biased preamplifier in order to apply indepen-
dent potentials to the tips and, at the same time, to measure
the current through the tips in a range from 10−4 to 10−10 A.
The STM tips point to the sample surface at an angle of 45°.
The tips have been prepared by electrochemical etching of
tungsten wires in NaOH solution and cleaned in situ by an-
nealing under vacuum conditions.

III. VERTICAL TRANSPORT MEASUREMENTS

In this section, measurements on RTDs with lateral di-
mensions in the nanometer range are presented. The mea-
surements were carried out on freestanding nanocolumns by
contacting them mechanically with one STM tip. It will be

shown that this method of studying nanosized devices by
means of STM probing represents an alterative to litho-
graphically processed contact pads.

The devices were fabricated by e-beam lithography and
dry etching processes from a molecular beam epitaxy-grown
layer stack. The heterostructure is based on GaAs with two
embedded AlAs tunneling barriers �thickness: 1.7 nm� sepa-
rated by a GaAs quantum well �thickness: 5 nm�. Details of
the layer structure can be found in Ref. 25. On top of the
devices, a layer combination of low-temperature-grown
GaAs, titanium, and 30 nm gold provides an Ohmic contact
to the GaAs-based nanocolumn.26

In Fig. 2�a�, a SEM image of the columns with a lateral
width of 100 nm and a height of 200 nm is shown. The STM
tip is placed in tunneling contact close to the column array.
To contact a single RTD nanocolumn, the higher resolution
of the STM was used to locate the exact position of the
columns by scanning the STM tip over the array. For con-
tacting, the tungsten tip of the STM has to penetrate the gold
layer on top of the nanocolumn. This is done by switching
off the tunneling feedback and moving the STM tip into the
sample in a controlled manner. Previous STM contact mea-
surements on single nanocontacts revealed that the contact
resistance between the STM tip and the gold layer depends
on the penetration depth. It was found that the contact resis-
tance becomes negligible with respect to the intrinsic resis-
tance of the nanocolumn if a penetration depth of 10–20 nm
has been reached.26 For the presented measurements, the
penetration depth of 30 nm was used, i.e., the complete
thickness of the gold layer. After establishing the Ohmic con-
tact, a voltage ramp between the STM tip and the backside
contact of the sample was applied. The current through the
nanocolumn was measured with the STM preamplifier �Fig.
1�a��. The I /V characteristics of a single 100 nm nanocolumn
are shown in Fig. 2�b�. The two pronounced peaks on the

FIG. 1. �Color online� �a� Schematic drawing of the instrument configura-
tion. The SEM column is in the center and images the two tips of the
double-tip STM and the sample surface. The currents through the STM tips
I1 and I2 are measured with two preamplifiers biased with V1 and V2, re-
spectively. The master PC controls the STM tip 1, the SEM, and the sample-
to-ground connection. The slave PC controls the STM tip 2. To assure a
synchronous measurement of STM 1 and STM 2, PCs communicate start
and stop signals. �b� SEM image of both STM tips in tunneling contact with
a Si�111� surface. The visible structures on the surface are bunches of atomic
steps formed during heating of the Si sample.

FIG. 2. �Color online� �a� SEM image of a STM tip in tunneling contact
with the GaAs substrate close to an array of nine nanocolumns. The side
length of a single nanocolumn is 100 nm and the height about 200 nm. �b�
I /V characteristics of a 100 nm column measured by STM probing. Char-
acteristic resonant tunneling peaks �at −865 and +924 mV� are clearly vis-
ible. The PVRs are 2.2 on the left side and 1.6 on the right side, respectively.
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positive and negative voltage side at +924 and −865 mV are
typical for RTDs. This behavior results from a peaked trans-
mission coefficient of the double-barrier structure in con-
junction with the injected electron distribution from the emit-
ter.

Using the above-described contacting method, we were
able to characterize even smaller nanocolumns. Due to the
high resolution of the STM, nanocolumns with a width down
to 40 nm were measured. In Fig. 3, two I /V characteristics of
45- and 40-nm-sized circular nanocolumns are shown. The
higher intrinsic resistance of the smaller nanocolumns shifts
the peaks to higher voltages.25 Only peaks at positive voltage
are visible. Peaks at negative voltages are hidden in the ex-
ponential current increase in the diode itself. This asymmetry
between positive and negative voltages can be explained by
an increasing non-Ohmic behavior of the nanocontact on top
of the RTD.26 The current peaks on the positive voltage side
are highly pronounced. The device quality of a RTD is ex-
pressed by a peak-to-valley current ratio �PVR�. The PVR
for a 45 nm RTD is 2.76 and for a 40 nm RTD the PVR rises
to 3.08.

Our measurements show that it is possible to character-
ize nanosized electronic devices by probing with a STM tip.
Since no further processing is needed to contact the devices,
side effects influencing the physical properties and thus the
I /V curve of the devices do not apply.

In a next experiment, the second STM tip was used to
study an electrostatic gate effect on the RTDs. The second
STM tip was moved as close as possible to the first STM tip,
which was already in mechanical contact with the nanocol-
umn. The schematic side view of the STM tips and the nano-
column can be seen in Fig. 4�a� and the SEM top view in
Fig. 4�b�. The distance of the tips was estimated to be D
�200 nm. The gate electrode �tip 2� has no electrical con-
nection to the RTD device. To assure high electrical field
strength in the vicinity of the double-barrier region, tip 2 was
moved 30 nm in the Z-direction from its original position in
the tunneling contact to the substrate.

The electrical measurements of a 70-nm-sized RTD us-
ing the gate electrode are shown in Fig. 4�c�. Only the nega-
tive side of the I /V characteristics is shown. The gate voltage
was increased from −10 to +10 V in four steps, and for each
step a I /V curve was measured. A small peak shift from 1480
mV �at +10 V gate voltage� to 1680 mV �at −10 V gate
voltage� can be observed. We explain the peak shift using the

schematic band structure of the double-barrier region in the
inset of Fig. 4�c�. In the quantum well between the two AlAs
barriers discrete electronic states are formed because of both
the lateral and vertical electron confinements. We consider
that in the electronic transport only the first level E0 is in-
volved. E0 can be shifted relative to the emitter energetic
spectrum by applying a sufficient gate voltage. A negative
gate voltage will move the E0 upwards, and vice versa.

The gate effect is quite small with a peak shift of 200
mV for a change in the gate bias of 20 V �approximately
1%�. The following reasoning can explain the small size of
the observed small peak shift. If we approximate the gate
electrode as a conductive sphere, the potential at the place of
the RTD can be approximated by the 1 /r dependence of the
electrostatic potential of the gate electrode. This effect re-
duces the potential at the place of the RTD considerably
compared to the potential of the gate electrode. Additionally
the dielectric constant inside GaAs �13.5� induces a further
reduction in the potential. This potential adds linearly to the
potential induced by the source drain bias voltage inside the
RTD and the peak shift is expected to be much smaller than
the applied gate voltage.

IV. LATERAL TRANSPORT MEASUREMENTS

In this section, we measure the charge transport along
Si�111�-7�7 surface. Transport properties of the Si�111��7
�7� surface are interesting to study since there is still a
debate about its electronic character. It is not clear whether
this surface is metallic due to the uneven number of electrons

FIG. 3. �Color online� I /V spectra for positive voltages of �a� a 45 nm RTD
and �b� a 40 nm RTD. The PVR is a measure of the quality of the devices.
The PVR in �a� was determined as 2.76 and in �b� 3.08.

FIG. 4. �Color online� Gate effect measurements with the help of the second
STM tip. �a� Schematic side view of the measurement setup. The RTD is
contacted by tip 1 which can be seen as a source or drain electrode. The
second STM tip �gate electrode� is placed at a distance of D=200 nm from
the double barrier of the RTD and lifted 30 nm from the substrate surface.
�b� Top view of the measurement setup taken with SEM. �c� I /V spectra of
a 70-nm-sized RTD with different gate voltages. External electric field shifts
the ground energy state of the electrons in the RTD as shown in the inset.
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per unit cell27,28 or insulating due to strong correlation
effects.29 There have been many attempts to estimate the
surface conductance �s of this surface30,31 including four-
point probe measurements.32–35 Here we present a method
for determining �s of the Si�111��7�7� surface by using two
STM tips that remain in tunneling contact. This method per-
mits distance-dependent charge transport measurements
without the destruction of the STM tips and the surface re-
construction. Moreover, due to the tunneling contacts the
charge carriers are injected completely into the surface states
of the Si�111��7�7� surface.31 This is not possible by me-
chanically contacting the surface because mechanical con-
tacts penetrate the surface and destroy the surface reconstruc-
tion.

An n-type Si�111� wafer with a resistivity of �
=5 � cm �n=9�1014 cm−3� was prepared using the stan-
dard high-temperature annealing to form the reconstructed
surface. After checking the Si�111��7�7� reconstruction
with one STM tip �Fig. 5�a��, the other STM tip was moved
to a certain distance under SEM control. Before each mea-
surement the same tunneling parameters were applied to both
STMs �I=0.5 nA, V=−3 V� and the SEM beam was
blanked. The measurements were carried out for three tip-to-
tip distances: 2.5, 1, and 0.5 �m. The measurement starts by
turning off the feedback loops of both STMs and by opening
the sample-to-ground switch �Fig. 1�a��. To inject a current
into the surface by one STM tip and collect it with the other
STM tip, a voltage of 2 V was applied between the tips. To
change the tunneling resistances between the tips and the
surface, both tips were lowered in three steps ��z=2, 3, and
4 Å�. During each step the tip-to-tip tunneling current was
measured. The results are displayed in Fig. 5�b�. The tip-to-
tip tunneling current increases as the tips are lowered. This is
due to the fact that the tunneling resistance between the STM

tips and the surface decreases as the vacuum gaps become
smaller. The tip-to-tip tunneling current also increases as the
probe distance becomes smaller.

To obtain quantitative information from the measure-
ments in Fig. 5, we set up a model of the two-point probe
measurement. First we treat the voltage drop along the sur-
face. The actual charge transport at the Si surface generally
proceeds via three channels: the two-dimensional �2D� sur-
face conductivity layer of the Si�111�-�7�7�, a space charge
layer �SCL�, and the bulk �Fig. 7�b��. We consider the two
limiting cases, 2D and three-dimensional �3D� transport �Fig.
6�. In the 3D case, the electrons enter the bulk of the sample
�supposing a constant conductance �b� and the source and
drain areas are considered as spherical electrodes, see Fig.
6�a�. In the 2D case, the electrons remain at the sample sur-
face and the source and drain areas are considered as cylin-
drical electrodes, see Fig. 6�b�. Integrating the superimposed
electric field of the source and drain areas �Fig. 6�c��, we
obtain for the two-point surface resistance

R3D
2PP�D� =

�V3D
2PP

I
=

1

��b
� 1

�r�
−

1

�D − r�� , �1�

R2D
2PP�D� =

�V2D
2PP

I
=

1

��s
ln� �D − r�

�r� � , �2�

for the 3D and 2D cases, respectively. The parameters deter-
mining the resistance are the bulk ��b� or the surface ��s�
conductivities, the distance of the source and drain areas D,
and the effective radius of the source and drain areas r. In the
noncontact setup of our experiment the source and drain ar-
eas represent areas where the charge carriers injected/
extracted by tunneling move ballistically without significant
energy losses.36 In the definitions of Eqs. �1� and �2� the
resistance of these areas is implicitly zero.

During the two-point measurement, the surface resis-
tance is in series with two tunneling resistances of the re-
spective tunneling contacts, see Fig. 7�a�. Thus, the current
measured in the two-point measurement is

I = �U/�RT1 + R2PP + RT2� , �3�

To make Eq. �3� useful for determining �b or �s we have to
adopt certain assumptions regarding RT. RT belongs to a tun-

FIG. 5. �Color online� �a� STM image of atomically resolved Si�111��7
�7� reconstructed surface. �b� Tip-to-tip tunneling current for three differ-
ent tip heights: the tips were moved toward the surface by �z=2, 3, and
4 Å for probe distances of 2.5 �m–500 nm.

FIG. 6. �Color online� Voltage drop V�s� for a semi-infinite 3D conductor
�a� and a 2D sheet �b� in a two-point probe arrangement. To derive the
voltage drop between a current source and a current drain, a superposition of
V1�s� and V2�s� has to be calculated. This is illustrated for the example of
the 3D case �c�.
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neling contact. Thus, in the approximation of small tunneling
voltages it is an exponential function of �z.37 In the experi-
ment, both STM tips are treated equally. Therefore, we con-
sider

RT1 = RT2 = R0 exp�− 2��z� . �4�

Equation �3�, together with Eqs. �1� and �4�, for the 3D case
or alternatively Eq. �2� for the 2D case now yield the current
�I� as a function of two variables D and �z, and four param-
eters: �b or �s, r, R0, and �. The parameters can be obtained
by numerical least square fitting of the I �D, �z� dependence
to the experimental data points in Fig. 5�b�. We performed
the fitting for both the 2D and 3D cases. The results of a fit
for the 2D case are shown in Fig. 8. The 3D fit reproduces
the experimental points comparably well. The fit quality does
not allow deciding whether the 2D or the 3D transport
mechanism dominates. However, a pure 3D transport can be
excluded using other arguments given below.

The values of �, R0�2 Å�, and r obtained from a 2D fit
equal the respective values from the 3D fit within 5%. �
=0.9 Å−1 is as expected for tunneling on semiconductors.38

R0 has been determined for �z=2 Å, R0�2 Å�=4 G�. This
is a plausible value in spite of the fact that the resistance of
the tunneling junctions before the two-point measurement
has been set to 6 G� and, given the above �, a reduction by
a factor of approximately 40 is expected upon lowering the
tips by 2 Å. The tunneling tips are initially stabilized at a

tunneling voltage of 3 V far in a nonlinear part of the tun-
neling characteristic. During the two-point measurement the
voltage across the tunneling junctions reduces to 	1 V, ap-
proaching the linear regime. This is accompanied by an
order-of-magnitude increase in the RT that compensates for
the reduction in RT due to tip lowering. The effective radius
of the source and drain areas has been fitted to r=230 nm.
This value can be related to the decay length of the ballistic
current in the source and drain areas. Measurements on semi-
conductors show that the decay length of the ballistic current
is greater or equal than the corresponding inelastic mean free
path.39 In our experiment, the bulk value of the electron
mean free path �a majority carrier� at RT is approximately 50
nm for the used bulk doping level.40 The obtained r
=230 nm suggests that deviations in the measured tip-to-tip
current with respect to Eqs. �1� and �2� can be expected when
D becomes smaller than 500 nm.

The surface conductivity resulting from the 2D fit is �s

=9�10−11 �−1. This value is about two orders of magnitude
lower than the conductivity determined in previous
experiments.31,33 Compared to these experiments, in our sur-
face conductivity measurement the test current is both in-
jected and collected only via the surface states. This may
eventually reduce the 3D contribution to the surface current
measured in our two-point experiment and yield a lower �s

belonging mostly to the conductivity of the surface states.
Another reason for this comparable low surface conductivity
can be the high defect density of the 7�7 reconstructed
surface obtained in our experimental setup �see Fig. 5�a��.

Alternatively, the bulk conductivity resulting from the
3D fit is �b=1.8�10−6 �−1 cm−1. This value is far less than
the nominal bulk conductivity of the used sample ��sample

=0.2 �−1 cm−1�. In the space charge region below the
Si�111�-7�7 reconstructed surface, the conductivity
decreases;33 however, the minimal value calculated for the
given doping level using a Schottky approximation41 is 4
�10−5 �−1 cm−1, i.e., still more than an order of magnitude
higher than the fitted one. This indicates that the charge
transport through the Si�111��7�7� surface cannot be de-
scribed by the 3D model in our approximation.

The presented lateral transport measurements represent a
proof-of-principle study of the surface conductivity using a
two-point measurement with two tunneling contacts. The is-
sue of refining the 2D conductivity value might be resolved
by a suitably designed follow-up experiment. The main im-
provement with respect to the presented measurements might
be determining the I-V characteristic of both tunneling junc-
tions for each measurement of the tip-to-tip current. This
would enable a direct access to the values of RT1 and RT2 and
the possibility to determine Rs without approximations used
in this study.

V. CONCLUSION

In our work we have shown the ability of a combined
SEM and a double-tip STM apparatus to perform charge
transport measurements on the nanoscale under UHV condi-
tions. Due to the coaxial beetle-type design of the double-tip
STM it is possible to position the STM tips with a great

FIG. 7. �Color online� A simple scheme to calculate the tip-to-tip tunneling
current. �a� Electrical circuit diagram of the two-point probe measurement.
The applied voltage �U is composed of the tunneling voltages UT1 and UT2

and the voltage drop �V2PP originating from the sample resistance RS. �b�
Three-layer model of the measured Si sample. The Si�111��7�7� surface is
considered as a 2D conductor, whereas the space charge layer and the bulk
are treated as a 3D conductor.

FIG. 8. �Color online� The tip-to-tip tunneling current calculated using the
2D two-point probe model in comparison to the measured data points. The
free parameters �s r, R0, and � were fitted to obtain the best match with the
data points.
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freedom of movement by retaining the standard STM stabil-
ity. These features were used to measure charge transport
properties of single free standing nanosized RTDs. Further-
more, the charge transport properties along the Si�111��7
�7� reconstructed surface were studied by measuring the
distance-dependent tip-to-tip tunneling current. A model for
describing the two-point probe measurements for 3D and 2D
conductors was introduced and used to derive the surface
conductivity �s of the 7�7 surface from the measured data.
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