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In scanning tunneling microscopy, we witness in recent years a paradigm shift from “just imaging” to
detailed spectroscopic measurements at the nanoscale and multi-tip scanning tunneling microscope
(STM) is a technique following this trend. It is capable of performing nanoscale charge transport
measurements like a “multimeter at the nanoscale.” Distance-dependent four-point measurements,
the acquisition of nanoscale potential maps at current carrying nanostructures and surfaces, as well
as the acquisition of / — V curves of nanoelectronic devices are examples of the capabilities of the
multi-tip STM technique. In this review, we focus on two aspects: How to perform the multi-tip STM
measurements and how to analyze the acquired data in order to gain insight into nanoscale charge
transport processes for a variety of samples. We further discuss specifics of the electronics for multi-tip
STM and the properties of tips for multi-tip STM, and present methods for a tip approach to nanos-
tructures on insulating substrates. We introduce methods on how to extract the conductivity/resistivity
for mixed 2D/3D systems from four-point measurements, how to measure the conductivity of 2D
sheets, and how to introduce scanning tunneling potentiometry measurements with a multi-tip setup.
For the example of multi-tip measurements at freestanding vapor liquid solid grown nanowires, we
discuss contact resistances as well as the influence of the presence of the probing tips on the four point
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INTRODUCTION

As microelectronics evolves into nanoelectronics, it is
essential to perform electronic transport measurements at the
nanoscale. The standard approach is to use lithographic meth-
ods for contacting nanostructures, as it is also used in the final
nanoelectronic device. However, in research and development
stages of nanoelectronic devices other methods of contacting
may be more suitable. An alternative approach for the contact-
ing of nanostructures is to use the tips of a multi-tip scanning
tunneling microscope, in analogy to the test leads of a multi-
meter used at the macroscale. The advantages of this approach
are (a) in situ contacting of the “as grown” nanostructures
still under vacuum allows us to keep delicate nanostructures
free from contamination which can be induced by lithography
steps performed for contacting. (b) Flexible positioning of the
contacting tips and different contact configurations are easy to
realize, while lithographic contacts are fixed. (c) Probing with
sharp tips can be non-invasive (high ohmic), while lithographic
contacts are typically invasive (low ohmic). In order to use a
scanning tunneling microscope (STM) for electrical transport
measurements at nanostructures, more than one tip is required.
This motivates the use of multi-tip scanning tunneling micro-
scopes which give access to the above outlined advantages
in nanoprobing. This is in accord with the recent paradigm
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shift in scanning probe microscopy which transforms from
“just imaging” to detailed spectroscopic measurements at the
nanoscale.

Meanwhile, a fast growing community of researchers
using multi-tip STM has evolved. Now, it is already hardly
possible to compile a comprehensive list of publications in
this field. Here, we mention exemplary publications of research
groups in this field we are aware of.!° The community has
also established a biannual workshop fostering the scientific
exchange.?® Moreover, several reviews of the scientific work
in this field are available.3!=3’

Researchers operating a single-tip STM often hesitate to
extend their experimental capabilities toward multi-tip STM
because they are afraid that experimental challenges might
multiply with the number of tips. However, modern compact
instruments are easy to operate. In our experience, new stu-
dents only need a couple of months to become acquainted
with the multi-tip STM and can subsequently concentrate on
scientific topics. Another issue is that a novice in this technique
might not be aware of details of the experimental techniques as
they are scattered over the literature, or might, as it is nowadays
the habit, not be mentioned any more at all.

The aim of this review is to compile the principles of
experimental techniques and data analysis methods in one
place. The information presented here intends to make it easier
for novices in the field to concentrate on scientific topics and
benefit from the experience we have gained already.

After the first multi-tip STM was introduced,® sev-
eral home-built instruments were designed**~*¢ and, today,
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multiple commercial instruments are available as well.*’0 In
some cases, commercial instruments have been modified.>!-52
We will not cover the different multi-tip STM designs in
this review; however, the general rule that the most com-
pact design results in the most stable operation also applies
to multi-tip STM designs. Stability is an important require-
ment in multi-tip STM since during the electrical measure-
ments, which take some time, the tip positions need to remain
fixed. In this review, we will focus on issues which are dif-
ferent in multi-tip STM compared to the operation of a single
tip STM.

PRINCIPLE OF A FOUR-POINT MEASUREMENT

In a two-point resistance measurement, as the one shown
in Fig. 1(a), the two current injecting tips are used for voltage
probing as well. Therefore, the measured resistance Rpyeasure
= V/I includes the intended contribution from the sample
resistance. However, it unfavorably also includes the contri-
bution from the two contact resistances as Ryeasure = Rsample
+ 2Rc (for simplicity we assume all contact resistances to
have the same value). In macroscopic measurements, the con-
tact resistance can often be neglected. However, it should
be stressed that the contact resistance is often very large at
the STM tip contact to the sample because the contact area
is very small so that the four-point measurements are indis-
pensable in resistance measurements with a multi-tip STM.
This is even more important for nano-scale objects to be
measured because the contacts to these objects are inevitably
nano-scale.

In a four-point measurement, the current injecting cir-
cuit is separated from the voltage sensing circuit, as shown in
Fig. 1(b). If the voltage measurement is performed with a large
internal resistance Ry > Rgample + 2Rc (or with a compensa-
tion method), the influence of the contact resistances can be
neglected.” This is the main advantage of the four-point mea-
surement. The four-point resistance is given by the measured
voltage difference divided by the injected current.
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FIG. 1. (a) Two-point resistance measurement in which the contact resis-
tance influences the measured total resistance. (b) Four-point resistance
measurement excluding an influence by the contact resistances.
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CURRENT MEASUREMENT AND BIAS VOLTAGE

In single-tip STM, the current measurement and the sup-
ply of the bias voltage are usually separated; e.g., the current
is measured via the tip contact, while the bias voltage is sup-
plied to the sample or the other way around. In multi-tip STM,
this is not possible, as several (different) bias voltages have
to be applied and the currents for each tip have to be mea-
sured simultaneously. In a multi-tip STM, the sample is usually
grounded during a scan, and the current measurement and the
supply of a bias voltage are accomplished by using biased
current amplifiers as indicated in Fig. 2(a). We consider first
the current measurement mode. As shown in more detail in
Fig. 2(b), the reference input of the current amplifier (OPA1)
is on the bias potential V;,s. Additionally, the power supply of
the operational amplifier has to be referenced to the bias poten-
tial Viias. The output voltage of this transimpedance amplifier
(OPA1) is referenced to ground with the difference amplifier
(OPA2).%

One particular issue in multi-tip STM is the shielding of
the wire from the tip to the current amplifier (OPA1). If the
guard shield around the tip wire would be grounded, a capacitor
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FIG. 2. (a) Principle of the electronics for a multi-tip STM. Each tip can be
configured as a biased current probe, e.g., while scanning for STM image
acquisition, or as a voltage probe. The shown configuration corresponds to a
four-probe resistance measurement of the sample with the outer tips in current
measurement mode injecting/draining the current to/from the sample, while
the inner tips are in voltage probe mode. The current flowing from the sample
to ground can be measured by using an additional (biased) current ampli-
fier or by opening the corresponding switch the sample can be decoupled
from ground. (b) A typical electronics consists of a transimpedance ampli-
fier (OPA1) floating on bias voltage Vi, and a difference amplifier (OPA2)
referencing the output of the transimpedance amplifier to ground. For the
voltage measurement (SW open), a voltage follower (OPA3) is used. In order
to prevent capacitive coupling between the signal wire and ground, a guard
technique (triax cable) is used. (c) Schematic of the voltage measuring mode
including the parasitic components R¢c, Rp, and Cp. The voltage measurement
is represented by an ideal voltmeter and an internal resistance Ry .
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is formed with the grounded shield as one electrode and the
tip wire on bias potential as the other capacitor electrode.
This parasitic capacitance Cp can have values up to about
100 pF, which has consequences when (bias) voltage ramps
are performed for instance in a four-point measurement. The
change of the bias voltage leads to an undesired capacitive
current in addition to the current through the sample which
is to be measured. This parasitic current can be calculated by
I = Cp - dVyjas/dt. In order to minimize this parasitic capaci-
tive current, the sweeps of the bias voltage can be performed
slowly; however, a better approach to minimize the capacitive
currents is to reduce the parasitic capacitance between the tip
wire and ground. This is done by the well-known concept of
guarding, i.e., the shield of the tip wire which is connected
to the bias potential Vyi,s. In this case, during a bias voltage
sweep the guard (shield) potential is identical with the tip wire
potential. As a result, there is no voltage difference between
the two capacitor electrodes such that no capacitive current is
induced. Since not all parts of the tip wire are surrounded by
the guard, some residual parasitic capacitance between the tip
wire and the ground remains. This residual parasitic capaci-
tance to ground Cp is about 5 pF in our implementation and
can be measured as follows.

The tip is put close to the sample but not yet in tunneling
condition; in this case, the capacitive current is the only con-
tribution to the measured current and the capacitance between
the tip and grounded sample is included in a realistic way.
A bias voltage sweep of triangular shape with a constant volt-
age change dVy;as/dt leads to a constant current /¢ which is
measured and is used to calculate the residual capacitance
between the tip wire and ground, as Cp = I c/(dVpias/dt).

Another method to check if the capacitive current has an
influence on the measured current is to compare the measured
currents for bias voltage sweeps of the opposite slope (back
and forth pattern of the bias voltage). If no difference in the
measured current pattern is found for bias voltage sweeps of
opposite directions (i.e., hysteretic behavior), the capacitive
current can be neglected (or otherwise averaged out).

The guard can either be connected directly to Vs Or a
voltage follower (OPA3) can be used to apply the bias poten-
tial to the guard, as shown in Fig. 2(b). The significance of
the parasitic capacitance effect depends on the particular mea-
surement conditions. If a large (uA) current is injected, the
capacitive current can probably be neglected. If, however, a
current of the order of nanoampere is injected and the par-
asitic capacitance is large, the capacitive current can be a
substantial fraction of the injected current. Particularly, also
if an AC modulation of the bias voltage is applied for spectro-
scopic measurements, the parasitic capacitive current can be
high.

Another issue for the measurement of the current injected
to the structure under study is parasitic currents to ground. One
parasitic current channel can occur through a finite resistance
Rp between the wire to the tip and ground. Such a parasitic
resistance can result, e.g., from a not perfectly insulating UHV
feedthrough. However, this can be measured using the cur-
rent measurement path of the electronics. For a retracted tip, a
vanishing current (pA level at 1 V applied bias voltage) indi-
cates a sufficiently large resistance. Another type of parasitic
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resistance is the resistance between the sample and ground. If
a current is injected by one tip and drained by a second tip, no
parasitic current to ground should be present. This is important
in a four-point measurement, as in this case the sample has to be
on a floating potential (i.e., not connected to ground). In order
to measure the true current through the structure under study,
both of the above mentioned kinds of parasitic resistances have
to be much larger than the contact resistance between the tip
and sample.

VOLTAGE MEASUREMENT

Up to now, we have considered current measurements;
however, in charge transport measurements also the measure-
ment of voltages is required. For instance, for the measurement
of the four-point resistance shown schematically in Fig. 2(a),
two voltage probes are needed. If the switch (SW) in the
electronic scheme in Fig. 2(b) is opened, the electronics is
configured as a voltage probe because the operational ampli-
fier OPA3 is wired as a voltage follower. In this case, the
STM tip is connected to the input of an operational ampli-
fier with very high input resistance (OPA3); for instance, the
specific type of operational amplifier OPA111 has an input
resistance of about Ry = 10 TQ. This voltage follower also
acts as an impedance converter and converts the input volt-
age of very high impedance (in the case of a large tip-sample
contact resistance) to a low impedance output signal V, fed
to the subsequent electronics. Due to its very high input resis-
tance, the measurement of the voltage is performed practically
without a current to the sample. The measured voltage of the
tip corresponds directly to the voltage of the sample at the
location contacted by the tip.

In Fig. 2(c), a schematic of the voltage measuring mode
with an inner resistance of the voltage measurement (dashed
blue rectangle) of Ry = 10 TQ is shown together with (possible)
parasitic components. The voltage of the sample at the position
of the tip Vocal 1s measured properly if the following conditions
for the parasitic resistances apply: Ry > Rc and Rp > Rc. As
R¢ intunneling contact may be greater than 10 TQ (specifically
on semiconductor samples at zero bias voltage), the voltage
sensing tips usually have to be in direct contact to the sample
surface to fulfill these requirements.

Another limit is that the contact resistance R¢ together
with the residual parasitic capacitance Cp of the signal wire to
ground forms a low pass filter and signals beyond the cor-
ner frequency are not transmitted (properly). Alternatively
explained, the charging of the capacitance Cp (current usu-
ally on the order of several pA) and the corresponding buildup
of the voltage at the input of the operational amplifier (OPA)
require the usual R¢Cp time constant. Thus, this time constant
has to be smaller than the speed at which the I — V curves
are acquired; i.e., the time difference between two voltage
measurements has to be longer than the RcCp time constant.
Practically, this condition can be confirmed by acquiring the
I — V curve for two opposite directions of the current flow. If
there is a hysteresis visible, the data acquisition has to be per-
formed slower, or the contact resistance of the voltage probing
tip has to be reduced, e.g., by moving the tips closer toward
the structure under study.
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If all the previously discussed parasitic effects can be
neglected, the following quantities are applied or measured:
In the current measurement mode [switch SW in Fig. 2(b)
closed] the bias voltage Vs is applied to the tip via the biased
preamplifier. In this case, a current to the sample is injected
and simultaneously measured with the tip on bias potential
Viip = Vbias. Furthermore, the bias potential is also applied to
the guard via the voltage follower OPA3 so that Vgyard = Viias.
In the voltage probing mode (switch SW open), the local poten-
tial on the sample at the position of the tip Viocq is measured
by the voltage follower OPA3 resulting in Vo = Vigcal. This
potential is also applied to the guard: Vgyard = Viocal-

In the following, we briefly introduce a method to mea-
sure the sample voltage, if the tip and sample are in tunneling
contact. While the electronics scheme described above is the
usual way the current and voltage measurement is conducted
with a multi-tip STM, we recently proposed an alternative
method for the voltage probing using current probes with
voltage feedback to measure electric potentials.** One advan-
tage of this technique is the simplified electronics, which uses
only four equivalent current measuring units for both current
probing and voltage probing, resulting in minimal hardware
requirements and corresponding sources of noise. The local
sample potential is measured by a software feedback loop
which adjusts the corresponding tip bias voltage in such a
way that no current flows. The resulting tip voltage is then
equivalent to the local sample potential at the tip position.
This measurement method allows us to measure the sample
potential while the tip is in tunneling contact, thus truly non-
invasive four-probe measurements are possible. Details on this
approach can be found in Ref. 54. Generally, the noise in any
kind of voltage measurement is fundamentally given by the
thermal Johnson-Nyquist noise as

Vi_n = V4ks TAfRC. (1

This voltage noise becomes larger for larger contact resis-
tances. For example, for a contact resistance of Rc = 1 TQ, a
bandwidth of Af =275 Hz, and room temperature, a consid-
erable voltage noise of about 2 mV results. Thus the Johnson-
Nyquist voltage noise is a limitation for any voltage measure-
ment with a large contact resistance present, i.e., with a voltage
probing tip in tunneling contact.

Finally, we would like to mention that also other types
of electronics are possible. For example, the current can be
injected into the sample from a programmable current source
instead of injecting the current by applying a bias voltage to
the tip, as described above. In this case, the current source
provides a constant current independent of the (fluctuating)
contact resistances Rc. Therefore, it can be argued that a cur-
rent source is the better option. However, since we measure
the current at any time, the present arrangement also provides
a complete knowledge of the injected current. Moreover, any
tip can be configured flexibly by using software as a current
injector or as a voltage probe.

One can also use external measurement equipment like
a semiconductor parameter analyzer which provides current
sources and the ability to measure voltages. We think, how-
ever, that a smooth transition between STM operation and
the acquisition of / — V data is advantageous. In this case,
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both tasks are controlled from the same software and by the
same electronics allowing a seamless switching between both.
Therefore, we prefer to control everything from the STM
software/electronics.

FOUR-POINT MEASUREMENT ON A SURFACE
WITH A MULTI-TIP STM

In this section, we will discuss some practical issues when
performing charge transport measurements and take a mea-
surement of the four-point resistance of a Si sample as an
example. The starting situation is that all four tips are placed
at their desired positions and all tips are in tunneling contact,
while the sample is grounded. In the beginning, we imag-
ined that a measurement sequence would consist of an initial
approach of the tips by a certain distance toward the sample
surface and then measure the I — V curves. However, it turned
out that each tip needs an individual distance of lowering in
order to establish a stable tip-sample contact. Therefore, we use
the following procedure to perform electrical measurements:
The feedback of each tip is stopped and the tip is lowered until
a stable current of 0.1 yA—1 pA to the sample is established.
Afterwards, the tip is not moved until all electric measure-
ments are finished. The z-piezo-motion needed to establish
the desired current is about 10-50 nm. As it will be discussed
later, this does not mean that the tip indents into the sample by
this distance or the tip is plastically deformed by this amount.
A small spring constant arises because the tips in multi-tip
STM are mounted under an angle of 45°. Due to the rela-
tively small spring constant of the sharp end of the tip of about
50 N/m, the elastic deformation of the tip exerts a force of
about 1 uN between the tip and sample, as discussed in more
detail in the section. Subsequently, a stable contact is estab-
lished in the same manner with the other tips. Then the con-
tact of the sample to ground is interrupted, and the electrical
measurements are performed.

Figure 3(a) shows depressions left behind after per-
forming the contacting procedure described above. Five
indentations from subsequent contacting procedures on a
Si(111)-(7 x 7) with a diameter of about 40 nm are imaged. A
section through one of the indentations indicated by a white
line in Fig. 3(a) is shown in Fig. 3(b). Even this deepest inden-
tation has a depth of only 0.6 nm, which can be compared to an
atomic step on the Si(111)-(7 x 7) surface of 0.31 nm present
at the right of Fig. 3(b).

For a four-probe resistance measurement as schematically
shown in Fig. 2(a), a current has to be injected into and drained
from the sample by the outer two tips. We do not supply a
defined amount of current using a current source, but apply
a voltage to the tips using the electronics described above. A
corresponding amount of current flows, which depends on the
resistance of the sample and the contact resistance. It may seem
as a disadvantage that we cannot directly set the value of the
injected current; however, we can measure the current resulting
from the applied bias voltage at any time. Even if the contact
resistances change slightly during a measurement, this is no
problem as the corresponding current is measured. The current
is even measured redundantly at the two sourcing and drain-
ing tips providing information on possible parasitic current
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X (nm)

FIG. 3. (a) Indentations left behind after a tip contacting procedures to a
Si(111)-(7 x 7) surface. (b) Section through one of the indentations [as indi-
cated in (a)] showing a depth of the indentation of 0.6 nm and a diameter of
about 40 nm.

channels. After all, the four-point resistance is independent of
the contact resistances and depends only on the flowing current
and the voltage difference between the voltage probing tips,
which is measured using the voltage probe mode described
above. After a complete sweep of the bias voltage, the I — V
curve can be plotted from the measured values for current and
voltage. In the case of an ohmic conductivity, the I — V curve
is linear and the four-point resistance is obtained by a linear
fit (around zero current).

Depending on the sample, the resistance to be measured
can vary from a very low value on the order of one Q to very
high values of several GQ. In the following, we discuss the
challenges for the measurement of these very low or very high
resistances. For very low resistances, small voltages have to
be measured. The voltage measurement can be made more
precise by adding an additional operational amplifier (with an
amplification of, e.g., 100) behind the voltage follower [OPA3
in Fig. 2(b)]. On the other hand for samples of low resistance,
a relatively large current has to flow in order to obtain a rea-
sonable voltage drop. A large current can potentially lead to
an undesirable heating of the sample (nanostructure). We have
found that a current of 100 ¢A can be tolerated for most sam-
ples, but for nanowires of small diameter this may be already
a too high current. For samples with a high resistance in the
GQ range, the challenge is to inject a sufficient current into the
sample. Due to the very sensitive transimpedance amplifiers,
currents of less than a nA even approaching the pA range can
be measured at a correspondingly low bandwidth. This allows
us to measure resistances beyond the GQ range.

While the discussion here concentrates on ohmic and
semiconducting samples, the multi-tip STM technique can also
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be applied to the ballistic transport.'* In this case, the multi-tip
STM technique has the potential advantage to vary the inva-
siveness of the voltage probe from almost non-invasive (in the
tunneling regime) to an invasive contact regime upon closer
tip-sample contact.

EXTRACTING THE RESISTIVITY FROM
A FOUR-POINT RESISTANCE MEASUREMENT

The determined four-point resistance results as the mea-
sured potential difference divided by the injected current.
However, this quantity is not yet a fundamental property of the
sample, as it depends on the positions of the probes on the sam-
ple. For the simplest probe configuration, which corresponds
to a collinear equidistant arrangement of the probes with a
spacing s, as shown in Fig. 4, and an infinite (homogenous
and isotropic) 3D or 2D sample, simple analytical equations
relate the measured four-point resistance R*” to the resistivity

of a 3D sample p3p or the sheet resistivity of a 2D sample
35,53,55
D

P2
4, pip 1l
R (s)= xS 2)
and
4p _ p2p In(2)
Rir =220 T2, 3)

Ve

Here we write the equations in terms of the resistivity p, while
all equations can alternatively be expressed in terms of the con-
ductivity o = 1/p. Comparing the results of distance-dependent
measurements of the four-point resistance to the predictions
of Eqgs. (2) and (3) allows us to distinguish between a pure
2D and a pure 3D system. For a 2D system, the four-point
resistance is constant as a function of s, while for a 3D sys-
tem, the four-point resistance obeys a 1/s behavior. Moreover,
from the distance-dependent measurements of the four-point
resistance the important material parameters p3p or pap can
be determined.

Another advantage of four-point measurements, addition-
ally to its insensitivity on the contact resistances, is that the
four-point resistance are largely independent on the size of the
current injecting contacts if the tip radius is much smaller than
the tip-tip distances. Finite element calculations, which we per-
formed, show that Egs. (2) and (3) are still valid to a very good
approximation, largely independent on the tip diameter.

In the following, we discuss in a brief excursus the units
of p3p and ppp. If a current flows uniformly through a

Nslsls./
| o P |

FIG. 4. (a) Four-point resistance measurements on an infinite 3D sample
in the collinear equidistant configuration lead to a 1/s distance-dependence.
(b) The hallmark of the 2D geometry is a constant four-point resistance. Note
that, unlike in the schematic image, the tip spacing s has to be much larger
than the thickness of the layer.
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FIG. 5. Schematic of a cuboid through which a current is flowing uniformly.

rectangular resistive cuboid, as shown in Fig. 5, the resistance

can be written as
Vv L
R = — = —_—, 4
7 =P )
with the bulk resistivity p3p having the unit Qm. The resistance

can be further rewritten as
R=EL2 = pyp=, 8

with the sheet resistivity pop = p3p/t having the unit Q. It
makes sense to combine p3p with ¢ to one quantity, as both
quantities individually may be not (exactly) known, i.e., for
thin films. The usual habit to use the unit is Q/O0 = Q, pro-
nounced “Ohm per square,” for the sheet resistivity, in order
to distinguish it from the (measured) resistance R. The reason
for the term square entering here is, apart from historical rea-
sons, the following: If the rectangular cuboid in Fig. 5 has a
square shape, i.e., L = w, independent of the size of the square
Eq. (5) turns into Ryp = pap.

The expressions Egs. (2) and (3) relate the measured four-
point resistance for the 3D and the 2D case to the correspond-
ing resistivities p3p and pp, respectively, for the simplest
arrangement of the four probes, namely, the collinear equidis-
tant probe configuration. However, there also exist analytical
equations for other probe configurations. For the most gen-
eral configuration of the probes on the sample, as shown in
Fig. 6(a), the current is injected and drained by tip 1 and tip
4, respectively, while the voltage is measured between tip 2
and tip 3. With the tip distance vectors as defined in Fig. 6(a),

(@) Arbitrary 4 (b)

r() t
©) . L s| Square |s
Linear non-equidistant
] 2 3 4 .
@i [ 0————7;0 ] < S > 4
S S X

FIG. 6. Tip configurations for a four-probe measurement. (a) Most general
non-linear probe arrangement. (b) Linear equidistant probe arrangement. (c)
Linear not equidistant probe arrangement with three tips spaced equally by
the distance s and one distance x being not equidistant. (d) Square probe
arrangement with which an anisotropy of the surface resistivity can be
detected.
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the four-point resistance, based on Ohm’s law, for the 3D case
results in

4p o> o o o P3D 1 1
R(51,82,83,84)=——— | 50— — 5
(152538 =5 IS5 =511 183 — 54l
1 1
Yt = ] (6)
[$2 =11 |52 — 54

and for the 2D case results in

o2 | [ 183 =S4l - 52 — 51

o - - = -
RQD(Sl,Sz,S3,S4)=——1n[

o (N

153 =51l - 152 =S4l |’
where the vectors §; (i=1,2,3,4) start from a common ref-
erence point 7. Note that this equation holds for arbitrary
positions of each tip. It is not necessary that the voltage sensing
tips are located “in between” the current injecting tips.

The linear non-equidistant probe arrangement, as shown
inFig. 6(c), is experimentally the most efficient way to perform
distance-dependent measurements of the four-point resistance,
as in this configuration only one of the three distances between
the tips, namely, x, is changed. In this case, the four-point
resistance for the 3D case results in

4p P3D 1 1 1
R X)=— |-+ — - —— 8
3n(8:1) 2n [x 25 s+x ®
and for the 2D case results in
4p _pw |, [2s s
RZD(S,X)—;[IH(;) —1n(x+s) . (9)

While here the simple qualitative distinction between the 3D
case obeying an 1/s dependence and the 2D case obeying a
constant distance dependence from Eqgs. (2) and (3), respec-
tively, is lost, there is still a different dependence on the
distances s and x between the 2D and 3D cases. So, a dis-
tinction between a 2D and a 3D system can again be obtained
by distance-dependent measurements of the four-point
resistance.?>36-7

In the previous considerations, the contacts were point
contacts. In the following, we discuss finite size voltage probes.
A finite size voltage probe can be considered as a high con-
ducting (metal) area on a sample of lower conductivity (semi-
conductor). Without the presence of a probe, a certain potential
landscape will establish at the surface of the sample. The pres-
ence of a highly conductive voltage probe imposes a constant
potential in the area of the contact. Finite element calcula-
tions for a 2D sheet®® and our calculations for a surface of a
3D sample show that this equipotential area leads to a steeper
potential gradient in front or behind the probe in the direction
of the local potential gradient. However, these calculations
show that the potential of the finite size probe corresponds to
the potential on the sample at the position of the center of the
probe without the probe present. Thus, also a voltage probe of
finite size measures the voltage present on the sample at the
position of the center of this probe. Therefore, the finite size
of the voltage measuring probes is not critical in four-point
measurements on 2D and 3D samples and can be neglected.
In the case of a 1D sample, the influence of the size of the
voltage probing tip can occur for large tip diameters or small
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tip distances. A large tip contact area with the sample pro-
vides a shunt path of low resistance for the current and thus
the presence of the voltage probes can modify the resistance
measurement.

Here, we always considered the case of a (semi-) infinite
(3D) 2D object. In the case of finite systems, correction fac-
tors have to be calculated, e.g., for instance for the case of
a 3D object of finite thickness on top of a (non-) conducting
substrate. Other cases of proximity effects occur for objects of
finite lateral size, if the probing tips come close to one of the
lateral boundaries of the object, or if the lateral dimension of
the object is comparable to the tip spacing 5.33-3

While for pure 3D or 2D systems the situation is simple
and clear, already for the still quite simple case of a 2D con-
ducting sheet with p,p on a 3D bulk sample with homogenous
conductivity p3p no simple analytic expression for the four-
point resistance exists. The central question for such a case of
multiple conduction channels is: Where does the current flow?
The distribution of the current in the different conduction chan-
nels determines the potential distribution in the sample and also
at the surface, where the potential is measured at two positions
in a four-probe measurement. The simplest, often used, model
for the current distribution in parallel conduction channels is
to consider the different four-point resistances of the individ-
ual channels as parallel resistors. While this can be a good
approximation in some circumstances, it is unrealistic in other
cases.”’

A more realistic model for the charge transport at a semi-
conductor surface is to consider a possible 2D surface con-
ductivity o gyrface, the 3D bulk conductivity oy, as well as
the depth dependent conductivity in the space charge layer
osc, as schematically shown in Fig. 7(a). The depth depen-
dent conductivity of the space charge layer can be calculated
from the surface band bending obtained by solving Poisson’s
equation.’”3%% In this calculation, the bulk parameters of the
semiconductor enter, as well as the position of the Fermi level
at the surface with respect to the valence band maximum (sur-
face Fermi level position), which is often pinned to a fixed
value independent of the bulk doping due to the high density
of states of the surface states. These calculations result in a
depth dependent conductivity o(z) which is shown as blue
line in Fig. 7(b). This continuous profile o(z) can be approxi-
mated by a step-like function to obtain an N-layered structure
(green line).
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For such an N-layer structure in which a current is injected
as shown in Fig. 7(a), the Laplace equation for the potential
can be solved.’”! The four-point resistance can be calculated
as an integral over Bessel functions with the conductivities
of the N layers as parameters. If the surface conductivity is
unknown, its value can be obtained by a fit to experimental
distance-dependent four-point measurements.>>>’ The size of
the current injecting probes enters into these calculations as
boundary condition but turns out to be not critical.>’

If the depth dependent conductivity o(z) of the space
charge layer is not known, if, e.g., the surface Fermi level
position is unknown, the N-layer model can be simplified to a
3-layer model.?” In the 3-layer model, the average conductivity
and the average width of the space charge region are only two
fit parameters, which can be obtained by a fit to the resistance
data. Certainly, this description of the space charge region is
now much more approximate, but nevertheless it is possible
to obtain an approximate value for the surface conductivity of
the studied material from the 3-layer model.

A further point concerning the applicability of the 3-
layer and N-layer model is that the difference between the
two models also depends on the shape of the conductivity
profile in the space charge region and the values of the sur-
face and bulk conductivity. If the transport is mostly surface
or bulk dominated, then the 3-layer model might be precise
enough. But, if the space charge region contributes signifi-
cantly to current transport in the lateral direction, then the
description by the 3-layer model might not be sufficient any
more. Also if the space charge region consists of an inver-
sion layer, the approximation by a single step function can-
not be very precise and the N-layer model has to be used
instead.

A limitation of the approach described above is that the
conductivity is calculated straight from the charge carrier den-
sities and effects like transport through p-n junctions (occur-
ring for instance due to inversion layers) are not included
properly. More complete treatments of the charge trans-
port in four-probe experiments considering non-equilibrium
phenomena described by the drift-diffusion equation are
evolving.%?

Conductivity anisotropy

Up to now, we have assumed isotropic conductivity, i.e.,
the conductivity is a scalar quantity. However, this is not always

a(z) FIG. 7. (a) Schematics of the charge transport channels

7>

present at a semiconductor surface. (b) The depth depen-
dent conductivity o(z) of the space charge layer can
be calculated by solving Poisson’s equation. An N-layer
model with N — 2 layers approximately describing the
space charge layer is used to determine the unknown
surface conductivity o gyrface-
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true and the simplest example is a 2D sheet with different
conductivities in the x and y direction, o, and o, respec-
tively. An important point is that a linear arrangement of
the four probing tips is not suitable to measure the conduc-
tance anisotropy.' In order to disentangle an anisotropy in
the conductivity, a non-linear configuration of the tips has
to be used. A tip arrangement sensitive to an anisotropic
surface conductivity is the square arrangement with the tips
positioned at the corners of a square as shown in Fig. 6(d).
The current injecting tips are positioned at one side of the
square and the voltage probing tips at the opposite side.
The anisotropic conductivity can be accessed by rotating this
square arrangement by an angle 6 in between subsequent four-
point measurements.>>3> The four-point resistance resulting

from such a measurement configuration can be calculated
a51:22.63

2 2
X 2 : 2 X
((‘;-} +1) —4 co0 sin” 0% - 1)
R(O) = c-1nk

; . (10)
(sin2 0 + Z cos? 9)
oy

with C = 1/(4m+/c;07y). Fitting this equation to the result of an
angle-dependent measurement determines the components o
and o, of a sample with anisotropic conductivity. The appli-
cation of the four-point method to anisotropic crystals and
surfaces is summarized in Ref. 35. In this reference, it is also
shown how the sensitivity for measurements of the anisotropy
can be increased by the use of samples of finite size, e.g.,
circular mesas.

Two-point measurements

In some cases, it is not possible to apply the more favor-
able four-point measurements and two-point measurements
are performed instead. Apart from the fact that two-point
measurements are prone to contact resistances, the measured
two-point resistance also depends on the probe contact radius.
The following expressions for the two-point resistance for a
distance D between the two probes and a probe contact radius
r (Fig. 8) can be calculated,** considering the resistance of the
contact areas as zero, for the 3D case as

1 1
R =P 1
3D n |r D-r an
and for the 2D case as
2P _ P2D D-r
R2D:7 H[T] (12)
Source [ D > Drain

FIG. 8. Schematic of the geometry for a two-point measurement at a 3D
sample.
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Contact resistance and influence of the tips
on the measurement

In spite of the fact that the four-point measurement is
largely independent of the contact resistances it can be help-
ful to know them. For instance to estimate, if the simpler
two-point measurement can be applied instead of the more
complicated four-point measurement. We note here that this
topic will be considered later in detail for the particular exam-
ple of contact resistances at nanowires. However, the concepts
presented there are applicable in general cases. Another topic
is the influence of the presence of the tips on the measured four-
point resistance, which will also be discussed for the particular
example of nanowires later.

TIPS FOR MULTI-TIP STM

The tips used in multi-tip STM are usually prepared very
similar to the ones used in single tip STMs, e.g., often the
simple drop-off method is applied.® In multi-tip STM, the
tips typically have to be brought together to close distances
on the order of a micrometer. In this case, it can happen that
also the tip shafts unintentionally come into contact with each
other. In order to prevent such a contact at the shaft, the aspect
ratio of the tips has to be higher than required for a single tip
STM. If we define the ratio of the length from the end of the
un-etched shaft of the wire (where it begins to taper) to the tip
apex divided by the wire shaft diameter as “aspect ratio” of the
tip, then this aspect ratio should be large enough that the shafts
of the tips do not touch each other as indicated by the red circle
in Fig. 9. In practice (in order to have some safety margin), it
has turned out that the aspect ratio of the tips should have a
value of at least about two (for four tips azimuthal arranged
with a mutual angle of 90°). The aspect ratio of the tip can be
increased by pulling the tip slowly out of the etching solution
during the etching process as described in Ref. 70. We found
that alternatively the simple drop-off etching method® can
provide tips with a sufficiently high aspect ratio if the wire is
immersed somewhat deeper into the etching solution. In order
to prepare ultimately sharp tips for multi-tip STM (coated)
carbon nanotubes or nanowires have been attached to tungsten
tips.66-68

FIG. 9. When the apexes of the tips are brought together, they may contact
also at their shafts as indicated by the red circle. Tips with a higher aspect
ratio can prevent this problem (diameter of tip wires: 0.2 mm). Reproduced
with permission from Hobara et al., e-J. Surf. Sci. Nanotechnol. 5, 94 (2007).
Copyright 2007 Author(s), licensed under a Creative Commons Attribution
4.0 License.
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Tips directed under an angle toward the surface

A large difference concerning the tips in single and multi-
tip STM is their angle with respect to the surface plane.
While in single tip STM, the axis of the tip is always per-
pendicular to the sample plane, in multi-tip STM, the angle
between the tip and sample is usually 45°. This has several
implications for the spring constant of the tip, the resonance
frequencies of the tip and the electric contact which establishes
between the tip and sample. We will discuss these issues in the
following.

Every STM tip is different; however, if prepared with the
same etching method, they are quite similar. In order to obtain
some quantitative results, we have measured the shape of a typ-
ical tungsten STM tip prepared using the drop-off method®
by secondary electron microscopy (SEM) imaging. The SEM
image of a tungsten tip prepared from a 0.25 mm polycrys-
talline tungsten wire, with its characteristic hyperbolic shape,
is shown in two magnifications in Fig. 10. This shape of
the STM tip was used as an input for finite element calcu-
lations. It turns out that the lowest resonance frequencies of
the tip are solely determined by the length of the un-etched
part of the wire and not by the last etched thin hyperboli-
cally shaped part. This lowest bending resonance frequency
of a cylinder clamped rigidly at one side can be calculated

according to%%7!
i 0.14D ’ E
tlp _
bend L2 ; : (13)
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FIG. 10. (a) SEM image of a typical electrochemically etched tip used in
multi-tip STM and a zoom to the apex of the tip with a radius of 140 nm.
(b) Finite element method (FEM) calculations of the spring constant of tips
with different sharpness for a force applied to the hemisphere at the end of the
tips under 45°.
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For tungsten, Young’s modulus is about E = 4 x 10'! N/m?
and the density is p = 1.9 x 10* kg/m>. For a tungsten wire of
length L =4 mm and a diameter of D = 0.25 mm, a resonance
frequency of 10 kHz results.

If the bending resonance frequency of the apex part (last
several pum) is calculated using the finite element method
(FEM), very high resonance frequencies in the GHz range
result. This result can also be understood from the analytic
equation [Eq. (13)]. For a given aspect ratio of a cylinder (L/D),
the bending resonance frequency scales as oc1/L. Thus, when a
cylinder is scaled down in size, the resonance frequency scales
as ocl/L.

In multi-tip transport experiments, e.g., four-point resis-
tance measurements, currents on the order of uA are typically
injected by a tip into the sample. In this regard, the spring con-
stant of the tip is an important quantity which influences the
formation of the electrical tip-sample contact. Using the finite
element method, the spring constant of a typical tip can be
calculated. The spring constant under 45° for the tip shown in
Fig. 10(a) which was approximated at its end by a hemisphere
with a radius of 140 nm was calculated to be 67 N/m. For com-
parison, the spring constant of this tip in the vertical direction
results in a much higher value of 10 000 N/m. Accordingly,
spring constants for sharper tips [tangentially extended from
the one shown in Fig. 10(a)] are shown in Fig. 10(b), Here,
smaller tip radii, modeled as a hemisphere at the tip end, are
used. Also the spring constant of a blunt tip with a tip radius
of 2500 nm was modeled by truncating the tip shape shown in
Fig. 10(a). The graph in Fig. 10(b) can be used to estimate the
spring constants of similarly shaped tips.

A tip-sample contact is established by moving the tip
toward the sample with the corresponding piezo-element. For
a hard (tungsten) tip perpendicular to the sample and a soft
sample, the tip indents into the sample (elastically or plasti-
cally) by the same distance the piezo-element moves. For a
hard (e.g., silicon) sample, the tip and sample will be dam-
aged (plastic deformation). On the other hand, the relatively
low spring constant for the tip under 45° leads to an elas-
tic bending of the thinnest part of the tip and prevents thus
plastic deformation; i.e., it avoids damaging of the tip and
sample to a larger extent than for a perpendicularly oriented
tip. In order to illustrate this point a bit more quantitatively,
we discuss the results of some contacting experiments in the
following.

In these contacting experiments, we used a Si(111)-
(7 x 7) surface on an n-doped sample with a resistivity of
0.01 Q cm. The tip used was already blunt with a tip radius
of about 2.5 um, corresponding to a spring constant of about
700 N/m. After performing different kinds of contacting pro-
cedures, the surface is imaged with the same tip afterwards.
Here, only one image after all contacting procedures is shown
in Fig. 11. Due to the about ten times larger spring constant
of this blunt tip compared to fresh tips, the contact forces are
also larger by a factor of ten. Despite this, the contact traces
on the sample are quite small.

When the tip was lowered by 10 nm (z-piezo-motion, cor-
responding to a force of about 7 uN) a current of 25 yA flowed
at 8 V bias voltage. The traces left after several of these con-
tacting procedures are only the faint lines with a height smaller
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FIG. 11. Traces lefton a Si(111) surface after different contacting procedures
as described in the text.

than 0.3 nm, highlighted by a gray circle (region 1) in the left
of Fig. 11. When the tip was lowered by 15 nm, a particu-
larly high current of more than 10 mA was injected at 8 V bias
voltage. After this contacting procedure no hole, but only addi-
tional material on the surface is visible (highlighted in green,
region 2). Another tip lowering by 60 nm resulted in a current
of 0.1 mA at 8 V bias voltage, and the indentation marks are
highlighted in yellow (regions 3 and 4).

While the depth of the indentation holes varies for the
different procedures and also for different tips, it can be con-
cluded that the depth of the indentation holes is generally small
compared to the change of the tip position by the z-piezo (up
to 60 nm), even for the case of the exceptionally high spring
constant used in this case.

While the tip orientation under 45° turns out to be an
advantage with respect to the damage of the tip and sam-
ple during contacting, the relatively low spring constant may
lead to the disadvantageous effect of snap-to-contact.®® The tip
orientated under 45° acts like an AFM cantilever and attrac-
tive van-der-Waals forces can lead to a snap-to-contact. When
the tip is stabilized in STM mode at a close distance to the
surface, a snap-to-contact will result in strong feedback insta-
bilities switching back and forth between a high (saturation)
current when snapped to contact and a vanishing current when
the feedback circuit pulls the tip out of contact. The fre-
quency of these oscillatory behaviors depends on the settings of
the STM feedback parameters. Fortunately, this effect occurs
only very rarely for very long and narrow STM tips oriented
under 45°.

CONTACTING CONDUCTING STRUCTURES
ON (PARTIALLY) INSULATING SAMPLES

A conducting substrate can act as a short circuit for the
conductance through nanostructures on top. Therefore, the
nanostructures of interest often reside on an insulating sub-
strate, such as an oxide layer on a Si wafer. Such a sample
structure can also be facilitated to apply a gate voltage. How-
ever, a nanostructure on an insulating substrate results in a
problem for the approach of the tip to the nanostructure: With-
out a separate electric contact, the nanostructure is on floating
potential such that the usual termination of the automated tip
approach used in STM (i.e., stopping further approach upon
detection of a tunneling current) does not work.

One way to resolve this problem is to use AFM instead
of STM for the approach and find the desired nanostructure
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on the substrate by AFM scanning.”>’® This method is not yet
the standard procedure, but very promising. In this section, we
introduce several approach methods using an SEM as well as a
capacitive approach in order to contact conducting structures
on (partially) insulating substrates.

The lateral positioning of the tips of a multi-tip STM
toward the structure of interest, while monitoring the tip posi-
tions by SEM imaging, is an obvious procedure. The assess-
ment of the vertical tip-sample distance is more difficult. One
method is to use the limited depth of focus of an SEM. In
this case, the SEM is focused on the sample and the image of
the tip becomes sharper the closer the tip approaches toward
the sample. Another method to detect the tip-sample distance
is SEM imaging with an external detector for the secondary
electrons. In this case, a secondary electron shadow of the tip
on the sample indicates the tip-sample distance, as shown in
Fig. 12. Note that this shadow is not a shadow of the primary
electron beam but of the secondary electrons. If the secondary
electrons would have to pass the tip from their point of creation
on the sample in direct line to the secondary electron detector,
they will be blocked by the tip.”* This results in a lower sec-
ondary electron signal in this line of sight directions, leading
to a shadow of the secondary electrons as visible in Fig. 12.
As secondary electrons reach the secondary electron detector
not only by a line of sight path, this shadow is somewhat dif-
fuse and becomes sharper the closer the tip approaches to the
sample.

This secondary electron shadow can be used to monitor
the tip approach to a desired structure on the sample down
to a distance of several um. In the following three sections,
some methods for the final approach bringing the tip into (elec-
trical) contact with the desired structure on the sample are
described.

Here we note that SEM and STM imaging can be per-
formed simultaneously on a conducting structure or sample.”>
For simultaneous STM/SEM imaging, it has to be considered
that the SEM electron beam induces an additional current up
to the order of nA, which has to be taken into account. Thus, a
somewhat higher set-point current has to be selected for STM

FIG. 12. SEM image of two tips close to a sample. In addition to the tips, two
shadows, caused by the blocked secondary electrons are visible on the sample
indicating the tip-sample distance (image size: 300 pm).
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imaging such that the additional current from the SEM does
not disturb the STM imaging.

Tip approach under SEM control

The simplest, but also a potentially destructive method,
to contact the first tip of a multi-tip STM to a conducting
structure on an insulating substrate is to approach the STM
tip under SEM control until a slight bending or motion of the
tip is visible in SEM images upon the contact to the structure.
The other tips can be approached more gently by electrically
detecting the contact via the already contacted sample (by the
first tip). This method can of course also be used if the desired
structure is already contacted by lithographic contacts.

An example in which a Sb, Te; nanowire has already been
contacted by two gold contacts fabricated using lithographic
methods is shown in Fig. 13(a). Such Sb,Te; nanowires, with
a diameter of about 100 nm, are grown by CVD.”® Due to tech-
nical limitations, it was only possible to provide two contacts
and to perform two-point resistance measurements. Due to this
limitation, the quantitative influence of the contact resistance,
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FIG. 13. Topological insulator nanowire with a diameter of ~100 nm con-
tacted lithographically by gold contacts. Two tips [visible at the very top in
(a)] provide the current injecting contacts to the gold contact pads, while one
tip measures the potential along the TI nanowire [(b)—(d)]. The resulting three
point resistance is shown in (e) and proves a negligible contact resistance.
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which is unknown in two-point measurements and adds to the
device resistance, remained as an unsolved problem in this
two-probe study.

Using the multi-tip STM, a third contact was then pro-
vided by one of the tips. The tip was approached under SEM
control to the nanowire until a current to one of the lithographic
electrodes could be detected. Subsequently, three-point mea-
surements along the nanowire were performed, as depicted in
Figs. 13(b)-13(d). The result of this measurement is shown in
Fig. 13(e). Since the measured three-point resistance at both
ends of the TI nanowire corresponded to the two-point resis-
tance, the contact resistance turns out to be negligible, which
however was not clear a priori.

Control of approach via contrast change in the SEM

The contrast change during SEM imaging can be used to
detect the contact of the first tip to an object on an insulating
substrate. This method of approach is shown in the follow-
ing for the example of a graphene flake exfoliated on SiO;.
Figure 14(a) shows an SEM image of the graphene flake with
the tip positioned above, but not yet in contact to it. The SEM
imaging is performed by the detection of secondary electrons
as an imaging signal. The images shown in Figs. 14(b) and
14(c) show SEM images after the tip was brought into contact
with the graphene flake. In Fig. 14(b), the tip and, thus, also
the graphene are biased at +10 V. The positive potential at the
graphene flake attracts secondary electrons and thus leads to
less electrons reaching the secondary electron detector, which
in turn leads to a darker image of the graphene flake. The oppo-
site occurs if the tip is biased at —10 V, resulting in a brighter
contrast in the SEM image in Fig. 14(c). Thus, SEM imaging
with a biased tip is an effective method to detect the point of
contact between the tip and graphene flake in a non-destructive
way.

Capacitive approach

If the nanostructure of interest resides on the insulating
layer of a back gate, it is possible to approach a tip into a
non-invasive contact to the nanostructure by facilitating an
AC voltage. For this capacitive approach method (also called
AC approach), we consider a sample structure at which the
conducting structure to be contacted resides on top of a thin
(up to several hundred nanometer thick) insulating layer, e.g.,
an oxide layer, which then again resides on a conductive
substrate.

Such a sample structure is, for example, given by a nanos-
tructure on a silicon-on-insulator (SOI) substrate [as shown in
Fig. 15(a)] or a 2D flake on an oxidized silicon wafer. Together
with the tip, such a sample structure corresponds to a circuit of
capacitors, as shown in Fig. 15(b). For a SOI sample, the lower
capacitor Cgample-gate CONSists of the oxide layer as dielectric
and the back-gate silicon as well as the thin sample layer as
capacitor plates. Cijp.sample consists of the tip-sample vacuum
gap as dielectric, the tip as a top electrode and the thin sample
layer as a bottom electrode. Furthermore, there is a capacitance
between the tip and the gate electrode Ciip-gate-

For the capacitive approach of the tip to the nanostructure
at the sample surface, an AC voltage is applied to the back
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FIG. 14. Contacting of a graphene flake under SEM control using a biased
tip. (a) The tip is close to the graphene, but not yet in contact. The images are
taken at a beam voltage of 5 kV. (b) If the tip comes into contact with the flake
and biases it to +10 V, the secondary electron emission from the graphene
becomes lower, leading to an instantaneous darker SEM image. (c) If the tip is
biased to —10 V, the SEM image of the flake switches to brighter upon contact
of the tip.

gate of the sample while the tip is held at constant potential.
Because the nanostructure is coupled capacitively to the back
gate and also to the approaching tip, a capacitive AC current
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Sio ip-gate T “sample-gate
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FIG. 15. (a) Silicon-on-insulator (SOI) sample with the top sample layer to be
contacted non-invasive by a tip. (b) Equivalent circuit diagram of the different
capacitances occurring in this structure.
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is induced in the tip and can be measured using the regular
STM electronics. The applied AC oscillation frequency needs
to be chosen such that it is below the bandwidth of the current
amplifier (about 1 kHz) and above that of the STM feedback
loop (~100 Hz); thus, we used an oscillation frequency of
500 Hz. In the following, we briefly consider how this AC
current signal is processed by the STM feedback loop.

A typical STM feedback takes the absolute value of the
current signal (optionally followed by taking the logarithm).
Subsequently, the feedback controller acts like a low pass filter
with a bandwidth lower than the frequency of the AC sig-
nal applied to the back gate. The resulting DC signal has an
amplitude proportional to the capacitive AC signal.

When the tip is still far away from the sample,
Ciip-sample and Cyip_gate are small compared to typical values of
Csample-gate- Nevertheless, a capacitive current can be measured
at the tip. Thus, the current set-point stopping the approach of
the tip has to be chosen high enough that the capacitive signal
does not stop the approach when the tip is not yet in contact
with the sample. In practice, we set the set-point current for
the approach (at which the approach is stopped) just above
the AC current observed with the tip still far away from the
sample. As the tip is approached and comes into tunneling
contact with the nanostructure, the capacitance Ctip-sample 1S
effectively bypassed (leading to a large capacitance Clip-sample»
as an infinite capacitance can be assigned to two conductors
in contact’”), resulting in a sudden increase in the capacitive
current observed at the tip. This increase above the set-point
current stops the approach procedure. As a result, the tip is in
the tunneling range of the nanostructure and the nanostructure
can be contacted by extending the tip. Once the nanostructure
is contacted by a tip, its electric potential is fixed and fur-
ther tips can be approached to it using the usual DC approach
methods.

An example in which the capacitive AC approach method
was used is a topological insulator layer on a SOI sample
allowing gate dependent multi-probe measurements.’8

CONDUCTIVITY OF 2D SHEETS

If the sheet conductivity of small 2D flakes from mate-
rials such as graphene or transition metal chalcogenides has
to be measured, the van der Pauw method is very powerful,
as it can be applied to irregularly shaped small flakes. The
requirements for the application of the van der Pauw method
are a thin 2D sample (¢ <« w, L) with a homogenous isotropic
conductivity, which is singly connected, i.e., without holes. If
the current injecting probes as well as the voltage probes are
placed on the periphery of the 2D sample, the sheet resistivity
can be obtained from two different four-point measurements,
as described in Refs. 79-81.

In Fig. 16, a lithographically structured topological insu-
lator film is shown, which is contacted by four tips in order to
perform a van der Pauw measurement. The substrate is a sili-
con on the insulator (SOI) sample on which the top Si layer was
etched away selectively in order to fabricate rectangular silicon
mesa structures. Subsequently, a 20 nm film of the topological
insulator material (Big ;Sbg9),Te; was deposited by molecu-
lar beam epitaxy.®? The approach of the tips to the topological
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FIG. 16. Van der Pauw measurement on a structured topological insulator
film. The SEM image shows a topological insulator film mesa structure
(10 um X 4 pm) contacted with the four tips of the multi-probe instrument.

insulator thin film on top of the non-conducting oxide sur-
face was performed using the AC current upon modulation
of the back-gate voltage as discussed in the subsection titled
Capacitive approach. Finally, the tips were positioned at the
periphery of the topological insulator film and a van der Pauw
measurement of the sheet conductance was performed with
the four-probe instrument, resulting in a sheet conductivity of
200 Q/o.

Another method to determine the sheet conductivity of
small 2D flakes is to perform four-point measurements with
the four tips placed on the flake, in contrast to its periphery
as in the case of the van der Pauw method. However, for a
small flake the equations valid for an infinite system can no
more be applied because the tip spacing s is no more much
smaller than the dimension of the flake. In order to relate the
measured four-point resistance to a sheet conductivity, finite
element calculations can be used. In Fig. 17, the result of finite
element (FEM) calculations for a graphene flake, whose shape
was measured by SEM, is shown. For a certain position of the
current injecting tips at positions 1 and 4, the potential land-
scape for a homogenous isotropic 2D sheet was calculated
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FIG. 17. Calculations of the potential map for a 2D flake with a specific
geometry using the finite element method are shown in a color scale. The
white and gray lines correspond to equipotential lines with 2 4V and 10 4V
spacing, respectively, for an applied voltage of 1 V and an assumed sheet
conductivity of 1 S/m. From these calculations, also the voltages relevant for
the voltage probing tips 2 and 3 can be obtained.
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using the FEM method, as shown by the color scale and the
equipotential lines. From a comparison between the measured
four-point resistance to the one determined from the FEM cal-
culations, the sheet resistivity for a finite small 2D flake is
obtained.

SCANNING TUNNELING POTENTIOMETRY (STP)

Scanning tunneling potentiometry (STP) implemented
into a multi-tip scanning tunneling microscope setup allows
flexible in situ contacting of samples and simultaneous mea-
surement of the local sample topography and transport field
as a result of a lateral current through the sample surface.
The resulting spatial and voltage resolution is as low as A
and uV, respectively. Since the invention of STP by Muralt
and Pohl,®® several different technical implementations of
STP have been reported mostly in single-tip STM setups®+-86
for which the transport field is usually applied to macro-
scopic sample contacts up to several mm away from each
other. As a result, the current density in the region of mea-
surement can be low, resulting in a bad signal-to-noise ratio.
By contrast, a multi-tip STM enables flexible contacting of
the sample with several electrodes under ultra-high vacuum
conditions "%

In Fig. 18, a multi-tip STP setup is shown schematically.
Two tips inject a lateral current, while a third tip is scanned
point-by-point across the sample surface as in regular STM
measurements. However, at each scan point after the topog-
raphy z(x, y) is acquired, the tip is held at constant height for
a short time and an additional potential feedback loop is acti-
vated to determine the electric potential at that scan point. The
final value of the potential feedback is then saved as the sample
potential at the momentary position V(x, y). Afterwards, the
topography feedback is re-enabled and the scan is continued by
moving to the next scan position. In this way, topography and
potential maps are simultaneously acquired across the sample
surface. More details on this particular STP scheme can be
found in Refs. 86 and 88.

A different scheme proposed originally by Muralt and
Pohl®? is also used.®”-# In this implementation, an AC modu-
lation of the tunneling voltage and two feedback loops are used,

48

FIG. 18. Schematic of the four-tip STP setup viewed from top. Tips 1 and 2 are
in direct contact to the sample surface and inject a lateral current represented
by the colored equipotential lines. Tip 3 is in tunneling contact and is scanned
across the surface. The scan area is indicated as red square.



101101-14 Voigtlander et al.
one loop adjusts the distance between the tip and sample using
the (rectified) AC component of the tunneling current, the other
provides the measurement of the local potential underneath
the tip using the DC component. However, it has been shown
recently that this implementation is prone to artifacts in the
potentiometry signal.®’ With this AC modulation method, the
potentiometry signal is only free from artifacts if the local
density of states around zero voltage is constant, leading to
a linear / — V characteristic. Any non-linearity in the / — V
curve within the range of the AC modulation voltage leads to
artifacts due to an asymmetric averaging over the I — V curve
when extracting the DC component by averaging over the AC
signal.

In the following, we demonstrate some principles for STP
data analysis, which show how to determine the microscopic
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transport properties such as the step resistance and the 2D
resistance on terraces. Here, we consider as an example the
Si(111)-(7 x 7) surface.

Figures 19(a)-19(c) show the results of the STP measure-
ments on the Si(111)-(7 x 7) surface, where we observe sharp
potential drops located at the topographic steps. If charge trans-
port occurs through a 2D (surface) channel exclusively or the
fraction of the current transmitted by the surface channel is
known [as it is the case for the Si(111)-(7 x 7) surface?>%7],
the current density at the position of the potentiometry tip
can be calculated from the injected current:'? Let the distance
between current injecting tip and current draining tip be d and
the potentiometry scan is conducted in the middle between
these tips at the distance d/2 from both other tips. If a cur-
rent / is injected into a 2D sheet (and drained in infinity),
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QC_) ing potential map showing sharp jumps in the electric
potential. (¢) Line profiles indicated in (a) and (b). The
20 inset shows the SEM image of the tip setup on the sam-
ple surface. (d) Overlay of the measured topography and
potential showing the potential jumps are located at the
step edges of the topography. Tunneling conditions are
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the current density at a distance d/2 from the point of injection
is j = I/(nd). As the total current density is a superposition
of the current densities from the source and drain, the cur-
rent density in the middle between the current injecting tips is
Jj=2I/(nd).

Distance-dependent four-probe measurements on the
Si(111)-(7 x 7) determined that an amount of 70% of the lat-
eral current is transmitted by the surface conduction channel, in
the middle between the current injecting tips with a distance
of d = 65 um.?> From the injected current density and the
respective voltage drops at the step edges and on the terraces,
the step resistivity and the terrace resistivity can be deter-
mined as pgep = 0.101(32) Q m and prerrace = 149(14) kQ/O,
respectively.

Thus, if the local current density at the position where
the potentiometry measurements are performed is known, the
resistance of the terrace, the steps, as well as also the resistance
of defects like domain boundaries can be determined easily.”’
Moreover in general, scanning tunneling potentiometry allows
us to map the potential landscape while a current flows through
a nanostructure and has the unique potential to access the spa-
tial distribution of resistances at the nanoscale as can be seen
on the overlay of topography with a potential map shown in
Fig. 19(d).

An undesired signal in scanning tunneling potentiometry
is a thermovoltage between the scanning tip and the sample
surface, which arises already from small temperature differ-
ences between the tip and sample.®®®® This undesired signal
can be excluded using an additional potentiometry measure-
ment with the reversed lateral current direction, which inverts
the current induced potential signal, but leaves the thermovolt-
age signal unchanged, or by a measurement without a lateral
current applied.

Stable contacts of the current injecting tips to the sam-
ple could be established by lowering the respective tips out
of tunneling contact until a stable current of about 1 uA is
observed. The contact stability can be improved by carefully
pushing the tips onto the sample surface. To maintain constant
contacts over the duration of the measurement, drift, e.g., due
to temperature fluctuation of the STM setup, needs to be min-
imized. In this way, contacts stable for the long measurement
durations required in STP (several hours for one scan) can be
formed. The resulting current fluctuation over the course of
the measurement shown in Fig. 19 is on the order of 1%.

ELECTRICAL MEASUREMENTS AT FREESTANDING
NANOWIRES

Charge transport through nanowires is frequently studied
in nanoscience. Particularly, nanowires grown by the vapor
liquid solid method (VLS) are of interest.”® These nanowires
grow in a freestanding manner on the substrate, often perpen-
dicular to the surface, as shown in Fig. 20. The usual way
in which the charge transport through these wires is studied
is that they are chopped off, put down on an insulating sub-
strate, and subsequently contacted by lithographic methods
in order to conduct charge transport measurements.”® Direct
electrical measurements at the freestanding nanowires are pos-
sible with the multi-tip STM technique and have the following
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FIG. 20. (a) Schematic for a safe approach process of a tip to the nanowire.
(b) Schematic of a four-point measurement on a nanowire with three tips
contacting the nanowire. (c) SEM image of a freestanding nanowire contacted
by three tips. The STM tips act like the test leads of a multimeter, however,
contacting objects like the nanowire at the nanoscale. (d) Resistance profile
along a nanowire measured at many different points along the nanowire. On
the top in (d) the two step growth process is indicated with the nanowire base
grown at high temperature (orange), leading to an undesired high resistance
at the nanowire base [as shown in the lower part of (d)]. The upper part of the
nanowire (red) has the desired low resistance (12 kQ/um).

advantages: (a) No contamination due to lithographic pro-
cessing occurs,’’*? (b) a resistance/doping profiling along
the nanowire is possible with a nm spatial resolution, (c)
in situ measurements are possible, avoiding oxidation of the
nanowires,”* (d) the electrical properties of the transition
region between the nanowire and the substrate are accessible.

When monitoring the approach of the tips to the nanowire
to be measured using SEM imaging, the usual geometry with
the SEM beam perpendicular to the sample is not advanta-
geous. A geometry with a tilted sample allows a better obser-
vation of the approach of the tips to the nanowire. Of course
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in this case, the direction perpendicular to the sample appears
foreshortened in the SEM images (Fig. 20).

A disadvantage of the tilted sample configuration is that
also lateral motions of the tip can lead to an (unwanted) tip
sample contact. Since the coarse positioning of the tips is per-
formed by slip stick positioners, a lateral motion of the tips
can lead to damaging of the tip (tip crash). One issue which
complicates the contacting of the nanowires by the tips is that
monitoring this approach by SEM gives good accuracy only in
the lateral direction. The depth (z) resolution of an SEM is poor,
and thus the information how close the tips have approached
toward the sample is very limited. In the following, a safe pro-
cedure to bring the tips to a nanowire will be described. In a
first step shown in Fig. 20(a), the tip is approached under nor-
mal STM feedback control to the substrate sample. The lateral
position of the tip is monitored by SEM imaging to be later-
ally opposite to the desired contact position (upper end of the
nanowire in this case), relative to the base of the nanowire. For
a sample tilt of 45°, this lateral position on the sample corre-
sponds to the z-position of the end of the nanowire as indicated
in the left panel of Fig. 20(a). This procedure gives good control
on the desired z-position along the nanowire. Subsequently, the
tip is slightly disengaged from the sample and moved laterally
toward the end of the nanowire [the middle panel of Fig. 20(a)].
In a third step, a voltage difference between the tip and sample
is applied before the tip is lowered toward the nanowire [the
right panel of Fig. 20(a)]. The onset of a current indicates that
contact between the tip and the nanowire has been established.
This mode should be used to contact the gold particle at the
end of the nanowire. A suitable compliance resistance should
be used to limit the current because in the worst case a too high
current can melt or vaporize the nanowire.

When contacting the side of the nanowire with the voltage
probing tips, the voltage probe mode should be used. When
the nanowire is contacted, a change in the voltage signal can
be observed. Before contact to the nanowire is established,
the measured voltage is drifting to the supply voltage limit, in
contact it jumps to the nanowire potential at this location.

The example shown in Fig. 20(c) is freestanding GaAs
nanowires grown by the VLS method with a diameter of
100 nm.”"¥2% Usually, not much is known about the dopant
incorporation and the resulting electrical properties of such
freestanding nanowires. The schematics in Fig. 20(b) and an
SEM image in Fig. 20(c) show three tips brought into contact
with a nanowire, realizing a four-point resistance measurement
(with the substrate as fourth contact). Tip 1 injects the current
to the nanowire with the substrate acting as current drain, while
tip 2 and tip 3 act as voltage probes. In this way, a four-point
measurement is realized.

A requirement for a four-point measurement is that the
current supplied by the current injecting tips has to be high
enough to induce a measurable voltage drop between the volt-
age probing tips. The demand for the contact resistance of the
voltage measurement between the two inner probes [green in
Fig. 20(c)] is not stringent due to the high input resistance of
the voltage measurement device.

In the above described STM based approach of nano-
contacting, four-point measurements can be performed not
only in one single configuration, as it is the case for the
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lithographic approach, but many configurations can be mea-
sured by moving the tips along the nanowire (a movie of this
procedure can be accessed in the web”). In this way, resis-
tance profiles can be measured along the nanowire with 40 to
50 data points. Figure 20(d) depicts a resistance profile along
a GaAs nanowire, which shows a small resistance in the upper
part of the wire, while at the nanowire base the resistance
becomes very high.”! This can be correlated with the two-step
growth process of the nanowires: An initial high temperature
growth step was used in order to nucleate straight vertically
growing nanowires, while a lower growth temperature leads
to a more efficient incorporation of the doping species. The
identification of the undesired very low doping of the base of
the nanowires is a very valuable information triggering subse-
quent efforts toward improving the electrical properties of the
nanowires (increasing the doping) by using different growth
conditions.

Contact resistances

Generally, the four-point measurement method is inde-
pendent from the contact resistances. While this statement is
valid for a wide range of contact resistances, there are limits
for the contact resistances. It is obvious that no current can
be injected and no voltage can be detected if the respective
contact resistances are too large. Therefore it is in some cases
desirable to know the contact resistances. In the following, we
show how contact resistances of the current injecting contacts
as well as the voltage probe contacts can be measured. Here we
use the example of VLS grown freestanding nanowires, while
the principles are generic and can be applied to other cases as
well.

The contact resistance of the current injecting tungsten
tip and the gold droplet at the end of the nanowire can be
measured as shown schematically in Fig. 21(a), in which a
further voltage probing tip is positioned on the nanowire, very
close to the upper end. This setup corresponds to a three-point
measurement in which the voltage difference AV between
the current injecting tip and the voltage probing tip is mea-
sured. The corresponding measured voltage as a function of
the current injected to the nanowire is shown in Fig. 21(b) and
corresponds to aresistance of 130 kQ. This value represents the
resistance of the contact between the tip and the gold droplet
at the end of the nanowire, plus the contact resistance between
the gold droplet and the nanowire, plus the short nanowire
segment between the gold droplet and the voltage probing tip.
Since the two last resistance contributions can reasonably be
assumed to be small, the measured resistance is an approxima-
tion of the contact resistance between the current injecting tip
and the nanowire. This resistance was observed to vary only
marginally upon repeated contacting of the same nanowire.
The data for such a three-point measurement can be acquired
at the same time with a normal four-probe measurement and
are thus available from a four-point measurement with one
voltage probing tip close to the end of the nanowire.

The optimal choice of the polarity of the applied volt-
age for the three-point measurements depends on the contact
resistance at both ends of the nanowire and the nanowire resis-
tance itself. In the current case, the nanowire-gold droplet to
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FIG. 21. (a) Schematic of the tip arrangement and the circuit for the measure-
ment of the contact resistance at the current injecting contact at the end of the
nanowire. (b) / — V curve for the current injecting contact corresponding to an
upper bound of the contact resistance of 130 k€. Steps due to the digitization
of the voltage measurement are apparent in the graph. (c) Schematic of the tip
arrangement and the circuit for the measurement of the contact resistance at
the voltage probing contact at the side of the nanowire. (d) I — V curve for the
voltage probing contact corresponding to a contact resistance at the voltage
probe of 140 MQ.

tip resistance is low compared to the nanowire resistance and
the resistance to the substrate. As a result, the polarity of the
current injecting voltage V should be chosen such that the
current injecting tip (not the sample) is on ground. In this
case, the voltage at the voltage probing tip is close to zero and
can be measured with a higher sensitivity than a small voltage
deviation relative to a large (offset) voltage. This case would
occur if the sample is chosen to be on ground and the current
injecting tip is at the potential V.

Another contact resistance results from the contact
between the voltage probing tip and the nanowire. This contact
resistance is expected to be larger than the one of the current
injecting contact, which is a contact between a metallic tip and
the metallic gold droplet. The higher contact resistance to the
side of the nanowire is due to an oxide layer and a depletion
layer at the surface of the nanowire. This contact resistance
can be measured by a two-point measurement between the tip
contacting the end of the nanowire and a voltage probe tip to
the side of the nanowire, positioned close to the end of the
nanowire. A schematic of the measurement setup is shown in
Fig. 21(c), and the I — V curve with the resulting two-point
resistance of 140 MQ is shown in Fig. 21(d). In spite of
the fact that this contact is a metal-semiconductor junction,
the I — V curve is reasonably linear around zero voltage.
Since this resistance is more than thousand times larger than
the contact resistance at the nanowire top [Figs. 21(a) and
21(b)], the measured two-point resistance of 140 MQ corre-
sponds to the contact resistance between the voltage probing
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tip and the nanowire at a position at the side of the nanowire.
The value of 140 MQ for the contact resistance is still much
smaller than the input resistance of the voltage measuring oper-
ational amplifier (e.g., 10 TQ), resulting in a valid voltage
measurement.

Influence of the presence of the probing tips

In the following, we discuss the general question if the
four-point resistance determined in a four-point measurement
is influenced by the presence of the probing tips. The pur-
pose of the current injecting tips is to source current into the
structure under study. Of course the positions of the current
injecting/draining tips have to be known and have an influ-
ence on the measured four-probe resistance on a particular
sample. If there is only one conductance channel present (as
in a 2D conductive sheet), details of the sourcing (e.g., the
tip radius) do not influence the measured four-point resistance
as the injected current is measured and the equipotential lines
are approximately circles, as shown in Fig. 18. The situation is
more complicated if the injected current distributes into several
conductance channels.!!37 Here the distribution of the current
among the different conduction channels (e.g., surface state,
space charge layer, and bulk) is important. However, often also
here the details of the current injection are only a minor issue
for the four-point resistance.

Another question, which we will discuss in the following,
is, if the presence of the voltage probing tip has an influence on
the four-point measurement. It will turn out that conceptually
the voltage measured with the voltage probe at a certain posi-
tion may be different from the voltage at this position without
the tip present. We will also discuss how this effect can be mea-
sured. In our example of the nanowires, we could not detect
an influence of the tips on the four-point resistance.

The voltage measurement at the voltage probing tip per-
formed with a very high internal resistance can conceptually be
viewed as a compensation measurement. The potential of the
tip is adjusted to a value such that no current flows. This value
is the voltage of the sample at the position of the tip. In this
case, the Fermi levels of the tip and sample are aligned. Any
kind of finite barrier cannot influence the final equilibration
and it looks as the presence of the tip (as well as the barrier
between the tip and sample) does not influence the voltage
measurement.

The influence of the tip on the measured voltage is more
indirect, as we will show in the following. The presence of
the tip can influence the current flow in the (nano-) structure
via a modified band bending at the surface. Since this effect is
strongest for semiconductor samples, we will consider these
in the following. If the tip comes close to the sample, there
is a potential barrier between both, either a vacuum barrier
or an oxide barrier. Even if the metal tip comes into direct
contact with the semiconductor, a Schottky barrier occurs. In
the following, we will consider a vacuum barrier as an example.

The influence of the voltage measuring tip occurs via its
influence on the band bending at the surface of the semi-
conductor (nano) structure through which the current flows.
Such a band bending leading to the formation of a space
charge layer close to a semiconductor surface occurs due to the



101101-18 Voigtlander et al.

presence of surface states.®® If now a tip is present close to
the semiconductor surface, an additional band bending can
also be induced by a voltage of the tip relative to the sample.
This effect is called tip-induced band bending.”® Some of the
applied voltage between the tip and sample is dropped within
the semiconductor, leading to an additional band bending and
the formation/modification of the space charge layer. A simple
one-dimensional model of the tip-induced band bending is
outlined in the supplementary material, using the Schottky
approximation for the space charge layer. However, because
the Fermi levels of the tip and sample are aligned at the position
of the potential measuring tip, as no voltage is applied, the tip-
induced band bending due to a tip-sample voltage difference
does not apply.

Another reason for a (additional) band bending at a semi-
conductor surface in the presence of a tip is the work function
difference between the tip metal and the semiconductor [also
called contact potential difference (CPD)]. In order to focus on
the influence of the work function difference on the formation
of a space charge layer, we consider in the following the case
that there is no (previous) band bending and no space charge
layer due to surface states present: i.e., flat band condition at
the surface without the presence of the tip. An initial situation
in which the tip and sample are not yet electrically connected is
shown in Fig. 22(a). In this situation, the tip and sample share
a common vacuum level and the electric field between them
vanishes. When the tip and sample are connected electrically
and the voltage of the probing tip V is adjusted such that the
current vanishes, as it is done in a four-point measurement,
the situation shown in Fig. 22(b) occurs. The alignment of
the Fermi levels by the application of the voltage V induces
charge at the tip and the semiconductor surface. The charge
at the metal tip is located at the very surface of the tip, while
the charge in the semiconductor is distributed over a larger
depth, leading to the formation of a space charge layer and
correspondingly to a band bending close to the surface of the
semiconductor.’*0 In this case, the work function difference
AD = @y — Dy drops partially over the barrier AQpypier and
partially due to the band bending inside the semiconductor Vg
as AD = ADp,pier + V.

While for a nm sized barrier, the quantities @, and ®gc
may be different from the corresponding work functions (in
the definition of these, an electron has to be removed out of
the solid to a large distance compared to atomic distances), the
main quantity of importance, the difference A® (local contact
potential difference), also exists for an nanometer sized barrier
and can be measured using AFM methods.””-

As above considerations show, a contact potential differ-
ence between the metal tip and the semiconductor leads to
a band bending close to the surface. This local band bend-
ing induced by the presence of the tip and due to the contact
potential difference can in principle change the charge trans-
port through the current carrying (nano-) structure, as the
conductivity can be changed locally due to a modified space
charge layer. This modified conductivity can in turn lead to a
different voltage at the position of the voltage measuring tips
in a four-point measurement.

Up to now, we have considered for simplicity flat band
conditions at the semiconductor surface without a tip present.
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FIG. 22. (a) Schematic of the energy levels of a metal tip and a semiconductor
for the case that both are electrically not yet connected (vacuum levels aligned).
In order to focus on the work function difference A®, no band bending at the
free semiconductor surface is assumed (flat band condition). For simplicity,
we define @gc as the difference between the vacuum level and the Fermi
level, also if there are no electrons at the Fermi level in a semiconductor. (b)
Situation when the tip and semiconductor are connected electrically and the
voltage V) has a value leading to a vanishing current / and the Fermi levels
of the tip and sample are aligned. In this case, the potential of the voltage
measuring tip is that of the semiconductor at this position. The work function
difference A® drops partially over the barrier AQy,ier and partially due to
the band bending inside the semiconductor Vg as A® = AQpyyier + V. (€)
The tip-induced band bending leads to a creation or modification of the space
charge layer of the nanowire at the position of the tip (position 1), which leads
in turn to a modified current in the nanowire.

In most cases, however, there is already a band bending present
at the surface of the semiconductor due to the presence of
surface states. In this case, the presence of a tip (with a contact
potential difference) will modify this initial band bending and
will therefore influence the conductivity and in turn the voltage
measured by the voltage probing tip.

For the sake of simplicity, we have used a one-dimensional
model in Figs. 22(a) and 22(b). For quantitative results, a more
realistic three-dimensional treatment has to be performed.”® A
sketch how a modified band bending might look like for the
case of a nanowire is shown in Fig. 22(c). The space charge
layer present without the influence of the tip is bulged out at
the position of the tip (position 1) due to the contact potential
difference, which leads in turn to a modified current in the
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nanowire. Due to this modified charge transport, the voltage
of the nanowire at the position of the tip changes from V(1) to
V'(1).

Another small effect may arise due to the tip potential
being different from the potential on the semiconductor. This
is not the case at position 1 in Fig. 22(c) at which Vy, = V;
due to the voltage measurement procedure. At other positions
along the semiconductor this is no more true. For example, at
position 2 in Fig. 22(c), the potential on the nanowire is V;
(potential drop due to the flowing current without tip present),
which is different from V. This circumstance can lead to a
(slight) change of V', under the influence of the tip potential.

While the above discussion shows that the charge trans-
port may in principle be influenced by the presence of the
voltage probing tip, the question of how strong this influence
is in a particular case, remains. The main effect is that the mod-
ified band bending in the (nano-) structure close to the position
of the tip leads to a modified charge transport behavior and in
turn to a changed voltage. Thus this effect leads to a modified
current through the (nano-) structure. This can be measured as
a modified two-point resistance.

The effect should be stronger the more confined the charge
transport is, i.e., most pronounced in 1D structures, compared
to 2D and 3D charge transport. However, in our measurements
on nanowires we could not measure such an effect. We did not
observe a change in the two-point resistance when moving
the tip to or from the nanowire. In another experiment, we
changed the voltage of the tip by +£10 V when the tip was
very close to the nanowire. Also in this gating experiment, we
could not find a change in the two-point resistance. This means
that while conceptually the presence of the voltage probing

(a) (c)

25 kv
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tip affects the measured voltage, the strength of this effect is
often negligible and can be accessed by a measurement of the
two-point resistance. A much stronger effect is expected for
lithographic contacts, due to their larger size. Thus measuring
the four-point resistance with a very local (STM) probe turns
out to be an advantage with respect to the influence of the
voltage probing contact on the measurement.

Electron beam induced current

A further technique revealing information about charge
transport through nanowires is the measurement of electron
beam induced current (EBIC). This measurement is partic-
ularly useful in order to detect local doping gradients in
nanowires.”> In the measurement configuration we present
here only one tip is required; however, an SEM is required
as well which is often available in multi-tip setups. The princi-
ple of an STM based measurement setup to measure electron
beam induced current at a freestanding nanowire is shown in
Fig. 23(a). An electric circuit is closed by connecting the top of
ananowire with an STM tip and applying (optionally) a voltage
Vo to the circuit. The signal for the contrastin an SEM image is
the (sample) current measured while scanning the SEM beam
over the sample. If the high energy electron beam impinges a
semiconductor, electron-hole pairs are generated locally. The
EBIC image is actually a superposition of a normal sample
current image plus the additional current due to the current
flowing in the electrical circuit formed when connecting the
tip.

If the tip is not yet connected to the nanowire top, the
setup corresponds to the sample current imaging mode of

FIG. 23. (a) Schematic for the setup used to acquire elec-
tron beam induced current (EBIC) images of freestanding
nanowires with an SEM. (b) Sample current image of
nanowires together with a (bent) tip not yet contacting
a nanowire. (c) EBIC image of a GaAs nanowire which
is intrinsic in the lower part and p-doped in the upper
part. An EBIC current is detected at the junction between
both doping regions. (d) EBIC image of a p-n junction
formed by a p-doped nanowire on a n-doped substrate. In
this case Vj = —0.8 V. (e) Schematic of the electron-hole
generation and the charge separation due to the built in
potential at an i-p junction.

(e)
E SEM beam

EC <-/ EC
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SEM. In this mode, the current flowing from the sample to
ground is used as a signal for the SEM image, instead of the
usually used signal from an secondary electron detector. A
corresponding sample current image showing nanowires and
a (bent) tip is shown in Fig. 23(b). An SEM image acquired
in the EBIC mode (with Vo = 0 V) is shown in Fig. 23(c).
The GaAs nanowire is undoped in the lower (left) part and p-
doped in the upper (right) part of the nanowire. At the position
where the undoped and the p-doped parts of the nanowire con-
nect, a strong gradient in the doping profile of the nanowire is
present. This junction gives rise to a built-in potential like the
one known from a p-n junction, as can be seen in the schematic
of aband diagram of an i-p junction shown in Fig. 23(e). When
the electron beam hits the junction, electron-hole pairs are gen-
erated and separated by the built-in potential. These processes
are similar to the ones in a photo-diode when illuminated by
light. The separated charges lead to a current which appears
as dark spot in the area of the doping gradient. The gradient
in the built-in potential separates the electron-hole pair and
leads to a current in the direction opposite to the forward cur-
rent direction of the p-n junction [black spot in Fig. 23(c)]
as in the case of a photo-diode. The electron beam induced
electron-hole pair generation and charge separation is sketched
for an i-p junction in Fig. 23(e). Electrons excited into the
conduction band move to the i-doped part, while holes in the
valence band move to the p-doped part out of the junction
region.

Thus the EBIC technique can be used to quickly detect
doping junctions or steep dopant gradients. While the tech-
nique was presented here as a qualitative imaging technique,
the amount of flowing current can be calibrated in order to
perform quantitative current measurements.

Another example for an EBIC signal is a p-doped GaAs
nanowire on an n-doped substrate forming a p-n junction at the
interface between the nanowire and the substrate [Fig. 23(d)].
In the depletion area (also on the substrate), electron-hole pairs
are generated and separated by the built-in potential.

While the EBIC is a particular example, generally the
electron beam can be viewed as a further probe, which can be
used to inject electrons locally into a (nano-) structure. The
spreading of this injected current over the structures on the
sample can be detected with the other probes.

OUTLOOK

In this review, we focused on the most important general
experimental techniques and data analysis methods of four-
tip STM. Since multi-tip STM is a relatively new technique,
some details of the experimental techniques and data analysis
methods still have to be developed in order to exploit the power
of this method. For instance, in a recent study we measured
the four-point resistance of a thin topological insulator film as
a function of gate voltage. For the analysis of the data effects
like the quantum capacitance of the TI film as well as the
contribution of a space charge layer to the conductivity had to
be included.”’-’8

In the following, we discuss experimental extensions of
the multi-tip STM technique which have either been imple-
mented recently or will be introduced in the near future.
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Each of these experimental extensions opens a new sub-field
with a lot of potential. In parallel with the implementation of
new experimental methods, the corresponding data analysis
methods have to be developed as well.

The use of magnetic tips in multi-tip STM opens new
possibilities to study the spintronic phenomena, e.g., in topo-
logical insulators at the nanoscale.> The possibilities of these
studies can still be enhanced by the application of a mag-
netic field in a multi-tip STM which can be used to revert
the magnetization of the tips and investigate the magne-
totransport phenomena, such as Hall measurements on the
nanoscale.

Another trend is the combination of multi-tip STM with
other analysis techniques like angle resolved photoemission
spectroscopy (ARPES). In a recent study, we have found
that only the UHV transfer between different analysis tech-
niques, in order to study various properties of the same sam-
ple, provides the necessary information to interpret certain
experimental data successfully.’®

A further desirable application of multi-tip STM would
be the study of the time dependence of transport phenomena
on the nanoscale. In order to enable this, the recently devel-
oped technique of time-resolved single-tip STM®® has to be
transferred to the multi-tip platform.

Also, the usual habit to have (only) four tips in a multi-
tip STM can be expanded to more tips, which can be used
for different purposes, for instance, as gate electrodes at nano-
electronic devices.

An important extension of the multi-tip STM technique is
the upgrade to AFM operation. If we think about applications
in nanoelectronics, most of the samples consist of conduct-
ing “target” areas at the surface, separated by non-conducting
areas. In order to guide the tip to the conducting areas an AFM
operation, instead of or in addition to SEM guided positioning
of the tips, can be very useful.®'3

The integration of a multi-tip STM in a cryostat with a
superconducting magnet would be a big step. With this upgrade
to magnetic field operation, the full capabilities of magne-
totransport measurements such as Hall effect, weak (anti-)
localization, and Shubnikov-de-Haas oscillations will become
available at the nanoscale, with the additional flexibility to
reposition the probes.

All these experimental extensions will open new exciting
research fields and will develop the multi-tip STM technique
to an extremely powerful method for the electrical analysis at
the nanoscale.

SUPPLEMENTARY MATERIAL

A simple one-dimensional model of the tip-induced band
bending is outlined in the supplementary material.
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