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ABSTRACT
Multi-tip scanning tunneling microscopy (STM) is a powerful method to perform charge transport measurements at the nanoscale. With four
STM tips positioned on the surface of a sample, four-point resistance measurements can be performed in dedicated geometric configurations.
Here, we present an alternative to the most often used scanning electron microscope imaging to infer the corresponding tip positions. After
the initial coarse positioning is monitored by an optical microscope, STM scanning itself is used to determine the inter-tip distances. A large
STM overview scan serves as a reference map. Recognition of the same topographic features in the reference map and in small scale images
with the individual tips allows us to identify the tip positions with an accuracy of about 20 nm for a typical tip spacing of ∼1 μm. In order to
correct for effects such as the non-linearity of the deflection, creep, and hysteresis of the piezoelectric elements of the STM, a careful calibration
has to be performed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0073059

INTRODUCTION

The method of multi-tip scanning tunneling microscopy
(STM) has recently gained increased interest, as it has unique advan-
tages when studying charge transport on the nanoscale. The stan-
dard approach for nanoscale charge transport measurements is to
use lithographic methods for contacting nanostructures. An alter-
native approach for the contacting of nanostructures is to use the
tips of a multi-tip scanning tunneling microscope, in analogy to the
test leads of a multimeter used at the macroscale. The advantages
of this approach are as follows: (a) In situ contacting of “as grown”
nanostructures still under vacuum allows us to keep delicate nano-
structures free from contamination, which otherwise can be induced
by lithography steps performed for contacting. (b) Flexible position-
ing of the contacting tips and different contact configurations are
easy to realize, while lithographic contacts are fixed. (c) Probing
with STM tips can be performed non-invasively (high ohmic), while
lithographic contacts are typically invasive (low ohmic). Meanwhile,
a fast growing community of researchers using multi-tip STM has

evolved, and it is already hardly possible to compile a comprehensive
list of publications in this field. Here, we mention exemplary publi-
cations in this field.1–22 Moreover, several reviews of the scientific
work in this field are available.23–29

An important initial task in multi-tip scanning tunneling
microscopy is to move the individual tips to the desired positions.
This is done under observation of the tip positions with a scan-
ning electron microscope (SEM) integrated to the multi-tip STM
instrument or with an optical microscope monitoring the tips. As
charge transport measurements on the nanometer scale are most
desirable for a multi-tip STM, the SEM is preferred over the opti-
cal microscope due to its much higher spatial resolution. However,
despite its much lower resolution, the use of an optical microscope
also has advantages, as SEM imaging can lead to contaminations on
the sample. In normal SEM imaging at pressures of ∼10−7 mbar,
the well-known carbon deposition on the sample due to decomposi-
tion of hydrocarbons in the residual gas occurs. However, it has also
been shown that in some cases, even the use of an ultra-high vac-
uum (UHV) SEM used at pressures of ∼10−10 mbar can lead to SEM
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imaging induced contaminations on the sample30 or to a change in
the electrical properties of the sample.31,32 In this regard, the use of
an optical microscope is beneficial, as it leaves the surface free of con-
taminants and does not alter the electrical properties of the sample.
Moreover, the cost and the effort to operate an SEM are much larger
compared to an optical microscope.

Here, we present a method to position all four STM tips in
an area smaller than 1 μm2, with a precision of ∼20 nm for the
determined inter-tip distances without the use of an SEM. Following
an initial positioning of the tips under observation with an optical
microscope with a resolution of about 2 μm, imaging with the STM
tips is used to move the four tips of the multi-tip STM to their desired
positions. For this purpose, a large overview image (several microm-
eters width), obtained with one of the tips, is used as a reference.
Subsequently, small STM scans are recorded with each tip to identify
topographic features that are also seen in the overview scan. Once a
topographic feature is recognized, the position of the correspond-
ing scanning tip is known. Further adjustment of each tip position
can then be achieved by fine lateral movement of the tips. Potential
sources of error in the tip positioning, such as thermal drift, piezo
creep, and the non-linearity of the piezo extensions, have to be con-
sidered carefully in order to increase the position accuracy of the
tips.

TIP POSITIONING WITH THE OPTICAL MICROSCOPE

The experiments described here are performed with a UHV
multi-tip STM from mProbes.33 The optical microscope used is a
Zoom 160 (EHD imaging GmbH) and is directed toward the sam-
ple from below with a working distance of 50 mm. A normal UHV
NW40 viewport is used between the microscope (ambient) and the
sample (UHV).33 An exemplary optical micrograph of a measure-
ment configuration with inter-tip distances of ∼4 μm is shown in
Fig. 1(a). When estimated from the top view provided by the micro-
graph, contact points of the tips are assumed to be at the perceptible
end of each tip along the mirror symmetry axis of the tip, as denoted
by the red dots in the image. In the presented example configu-
ration, inter-tip distances are close to the microscope resolution
such that a significant uncertainty of the measured tip positions
results. However, the precise knowledge of the tip positions on the
sample and the tip–tip distances is required for nanoscale trans-
port measurements. For instance, in a classical four-point measure-
ment, the resistivity to be extracted depends directly on the tip–tip
distances.29

An additional problem in the determination of tip distances
using an SEM or optical microscope is a possible introduction of
systematic position errors due to tip deformations, as depicted in
Fig. 1(b). While lateral tip deformations, e.g., due to tip collisions,
are easily seen from the top view of the tip arrangement, upward
tip deformations cannot be identified, as the projected shape of the
bent tip appears to be straight. Plastic upward deformations like this
result from indenting a tip into hard surfaces. With tip positions
nominally assumed to be at the end of the tip shape as it is per-
ceptible in the microscope image, such a deformation introduces
an additional error in the determination of inter-tip distances in
the order of the bent length segment. As this source of errors is
due to the top view of the tip setup being a projection of three-
dimensional objects onto the sample plane, the influence of this

FIG. 1. (a) Optical micrograph of an exemplary linear tip configuration used for four-
point resistance measurements. While determining inter-tip distances from optical
microscopy, the contact points of the tips are assumed to be at the end of the
perceptible tip shape along the mirror symmetry axis, as indicated by the red dots.
With inter-tip distances of ∼4 μm, the dimensions of the configuration are close
to the resolution limit of the microscope. For smaller tip distances, the influence of
the uncertainty is too large to reasonably determine the tip positions. (b) Schematic
illustration of a systematic position error due to a plastic tip deformation. When a tip
is bent upwards, e.g., due to crude contacting, the respective deformation cannot
be identified from the top view. As a result, the actual point of contact to a sample
surface is shifted compared to its assumed position at the tip end as determined
from the projection.

issue is also present when tip positions are monitored by SEM
imaging.

PRINCIPLE OF TIP POSITIONING USING STM SCANS

In order to circumvent the outlined uncertainty issues and
reach nanometer scale precision of tip positions, a positioning
method relying on STM imaging is employed. By using the topog-
raphy of the sample surface as a basis for tip positioning, tips can
be navigated across the surface in tunneling contact with greatly
enhanced spatial precision. Furthermore, by using STM scans for
identifying the desired tip placements on the sample topography,
plastic tip deformations do not introduce positioning uncertain-
ties, since the STM images are acquired in tunneling contact by
the actual contact point itself. In principle, it can be difficult to
obtain clear STM topography images with strongly deformed tips.
In our experiments, the tips are indented into the surface with
less than 10 nm nominal depth such that the damage is min-
imal. We generally find that it is still possible to acquire ade-
quate scans even when the deformed tip section is up to ∼1 μm
in length. Altogether, tip positioning via STM imaging enables
a large range of possible tip configurations only limited by tip
radii.

The general concept of the nanoscale positioning technique
is to determine the position of each tip on the surface using
the recorded topography of the underlying sample as a reference.
This approach is enabled by exploiting the ability of all four STM
tips to function as individual scanners and is comprised of five
steps:

1. calibration of the non-linear piezo response of one of the four
tips via optical microscope images,

2. recording of a large overview STM scan with the calibrated tip,
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3. acquisition of small STM scans in the mapped overview
area with all four tips to identify their current position via
topographic features,

4. navigation of all four tips toward their target position in the
overview scan, and

5. lowering of all four tips to the sample surface for electric
measurements.

As described in detail in the section titled Calibration of non-
linear piezo response, step 1 is performed prior to tip positioning
by emulating the isolated x-motion of the scanning process of step
2. With step 2, the detailed topography of an investigated sample
is related to spatial dimensions using the preceding calibration of
the scanning tip. In principle, steps 1 and 2 can also be combined
to perform a live calibration of the scanning tip displacement during
the recording of the overview scan. Steps 3 and 4 constitute the actual
tip positioning and are performed iteratively until all tips are in the
desired measurement configuration.

The principle of steps 2 and 3 is illustrated in Fig. 2, where a
BiSbTe3 sample was imaged.34,35 Prior to the scanning process of
the overview scan, the other tips are moved out of the scan range
to avoid collisions [Fig. 2(a)]. One of the four tips (e.g., tip 1) is
used to acquire an overview STM scan of a large area of the sam-
ple surface, as indicated in the optical microscope image Fig. 2(a)
and presented as an STM image in Fig. 2(c) for the case of a scan
of 4 ×10 μm2 size. The scanned area is the area of interest for the
eventually desired tip configuration (i.e., a linear tip configuration
for a four-point measurement in this case). This STM topography
scan serves as a reference map for the navigation of all tips.

After the completion of the overview scan, the idle tips are
moved into the scanned region, as indicated in Fig. 2(b). With the
overview scan being large enough, the optical microscope offers suf-
ficient accuracy to do so without tip collisions. Being situated in the
scanned overview area, all tips are brought into tunneling contact
to perform small scans of the sample surface. In case of the exem-
plary sample, these scans are presented in Figs. 2(d)–2(f). It is noted
that Figs. 2(d)–2(f) present actual scans performed with tips 2, 3,
and 4 and are not an enlarged view of Fig. 2(c). For the position-
ing procedure, it is crucial that all tips are located somewhere in the
large overview scan in order to guarantee an overlap in the imaged
topography with these small scans performed with each tip.

By recognition of distinct features of the imaged sample topog-
raphy, the small scans can be located in the image of the large
overview scan [Fig. 2(c)]. Prominent features that are useful for this
purpose can be grainy step edges, islands, or other characteristically
shaped constituents of the topography. As an example, two char-
acteristic islands (one with a screw dislocation) are highlighted by
cyan ellipses in the four STM images shown in Figs. 2(c)–2(f). In
our example system, the topography is rough and offers many char-
acteristic features on the surface. If an investigated sample surface
happens to have a plain, flat topography without distinct characteris-
tics, still, steps and defects can be used for orientation in the scanned
area. In more extreme cases of ideal samples with no defects, fea-
tures can, in principle, be generated artificially on the surface prior
to performing the overview scan. For this purpose, voltage pulses
can be applied with the STM tips while in tunneling contact with
controlled separations, leaving marks which can be used as anchor
points.

FIG. 2. Principle of the tip positioning procedure based on overlapping STM scans used for transport measurements on the nanoscale. (a) Tip 1 is used to acquire a large
overview scan, indicated as a black rectangle. The recorded overview scan [shown in (c)] constitutes a reference map for precise tip navigation. (b) Subsequently, all four
tips are moved into the mapped area (monitored by the optical microscope) to perform individual small scans, which are shown by the three rectangles in (c). STM images
of the small scans are shown in (d)–(f). Note that the presented example scans in (d)–(f) are not an enlarged view of the overview scan but the actual scans performed with
tips 2, 3, and 4. The positions of all tips are identified within the reference map by recognition of topographic features from the corresponding small scans in the overview
scan, as indicated exemplary by cyan ellipses for two particular islands. After identifying all tip positions in the reference map, the tips are navigated to their target positions
in the desired tip configuration. After every displacement step, the exact position of each tip can be reconfirmed by further scans.
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With the small scans identified in the STM image of the large
overview scan [Fig. 2(c)], the locations of the respective scanning tips
within the overview scan are identified as well. In order to realize a
desired tip arrangement on the mapped surface, the tips are navi-
gated across the surface to their target position by fine xy-control of
the scanning piezos without leaving tunneling contact. Fine move-
ment in this fashion is controlled blindly by applying voltage to the
scanning piezo without immediate visual confirmation. Therefore,
tips are moved in steps with small STM scans performed in between
to reaffirm the changed position within the overview image.

After navigating all tips to their target positions, all STM tips
are lowered to the sample surface from tunneling contact to establish
electrical contact29 and perform the desired charge transport mea-
surement, e.g., to perform a four-point measurement. If distance-
dependent four-point measurements are performed,15,34,36–38 the tip
positions need to be varied in between electrical measurements. This
is done by retracting the respective tips that are intended to be
moved back into tunneling contact to navigate them to the next mea-
surement position, while leaving the static tips at their position in
hard contact.

From the realized tip configurations in a measurement series,
the corresponding tip distances are determined from the positions
of the tip in the large overview scan, as indicated in Fig. 2(c). By
considering the non-linearity and the hysteresis of the displacement
by the piezo element of the tip that is used for recording the overview
scan, as shown in the section titled Calibration of non-linear piezo
response, distances in the scan can be determined more precisely.

CALIBRATION OF NON-LINEAR PIEZO RESPONSE

A first approximation of distances read from the overview scan
is given by the known calibrated linear (low voltage) piezo constant
of the corresponding scanner,39 which relates the applied voltage to
the piezo element from the starting conditions of the overview scan
to a nominal lateral displacement x0 and y0 in the surface plane. This
constitutes the nominal coordinate system indicated in Fig. 2(c).
However, as it can already be seen from distortions at large x0 and y0
in the large scan image, the actual displacement x and y of the scan-
ning tip follows a non-linear relation with the applied piezo voltage.
To determine this non-linear relation between the actual tip dis-
placement x and y and the nominal tip displacement x0 and y0, a
quantitative evaluation of the tip displacement as observed by the
optical microscope is carried out in the following.

The key idea is that the tip positions extracted from the opti-
cal microscope are real distances, not subject to all the piezo-related
distortions. In the following, we describe how tip distances can be
measured with a precision of ∼ 20 nm for a typical tip spacing of
1 μm in spite of the relatively low resolution of the optical micro-
scope of about ∼2 μm. For this purpose, the tip that is intended
for recording the overview scan in the experiment is moved along
the x axis with a speed corresponding to the scanning motion (e.g.,
∼30 nm/min). By evaluating the relative tip movement in the opti-
cal microscope, it is possible to find a relation between the nominal
displacement x0 (applied piezo voltage times the low voltage piezo
constant) and the actual displacement x (measured with the opti-
cal microscope), i.e., a calibration of the movement of the scanning
tip, for a specific movement protocol. Constituted by the starting
voltage, the voltage range, and the speed of voltage application, the

movement protocol is chosen to emulate the isolated x-motion of
the scanning process during acquisition of the overview scan. Opti-
cal micrographs that are taken at different stages of displacement
during the tip motion are converted into a matrix containing bright-
ness values that can be used for quantitative analysis. It is noted
that due to piezoelectric hysteresis, the actual tip displacement as
a response to an applied piezo voltage is not only non-linear but
also dependent on the initially applied voltage prior to the dis-
placement. To prevent the influence of hysteresis on the distances
determined from the overview scan image and to be able to treat the
relation of actual displacement to nominal displacement as repro-
ducible, it is necessary that the overview scan in the experiment
is performed under the same conditions as the calibration. There-
fore, it is crucial to perform the overview scan with the scanning
tip after several hours of rest and strictly according to the same
protocol as in the calibration regarding the range and speed of the
applied piezo voltage. The use of a consistent movement proto-
col allows us to neglect hysteresis effects and ensures that the tip
displacement during the overview scan in the experiment follows
the same non-linear behavior that is observed in the calibration
procedure.

Before the actual displacement can be inferred from the tip
movement in optical microscope images, it is important to first iden-
tify the orientation of the x axis of the scanning system in the optical
microscope image. To do this, the brightness of the first microscope
image during x-motion is evaluated along a profile line that is drawn
across the projection of the tip, as depicted in Fig. 3(a). The posi-
tion of minimum brightness along the profile line is determined as
a distinct reference point for the lateral tip position. In the other
microscope images that are taken during the movement protocol,
the same reference point can be found by sampling multiple pro-
file lines that are parallel to the one in the previous image across
the tip projection and finding the corresponding minimum with the
same brightness. This is illustrated in Fig. 3(b). The connecting line
between the minima in the microscope images defines the x axis of
the piezo movement.

With the orientation of the x axis being known, the actual dis-
placement x of the tip can be determined as a function of nominal
displacement x0 from the same microscope images as above. For
this purpose, the image brightness is evaluated using a profile line
through the tip projection along the identified x axis in all micro-
graphs, as shown in Figs. 4(a) and 4(b). The brightness along the
profile line consists of an increasing brightness toward the end of
the tip, fitted by an empirical model function to the line profile, as
well as an approximately constant brightness level beyond the end
of the tip, fitted by a straight line. The crossing points of the two
red lines in Fig. 4(b) correspond to the relative tip displacements
with respect to the starting point x0 = 0. This method of determining
the displacement exploits the fact that while the optical microscope
does not provide a high resolution to identify the absolute position
of a tip, relative changes of the tip positions between the images, as
obtained from the crossing points of the model functions, can be
determined with a precision of about 60 nm. Another conceivable
method of evaluating the actual displacement x, instead of the cross-
ing points in Fig. 4(b), is the determination of the weighted average
location of the distribution of brightness in a small area around the
tip. This two-dimensional approach combines the identification of
the movement axis (Fig. 3) and the determination of the crossing
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FIG. 3. Identification of the x axis of the tip movement caused by the piezoelectric actuator. As the tip is moved slowly along the x-direction of the scanning system, a series
of microscope images is recorded. (a) In the first micrograph, the brightness values of the image are evaluated along a profile line that is drawn across the tip projection. As
shown in the inset, the brightness minimum along the line profile is determined as a reference point for the tip position. (b) In another micrograph, multiple line profiles that
are strictly parallel to the one in the first image are evaluated across the tip projection. The same reference point as defined in the first micrograph is found by identifying
the profile line minimum with the same brightness value, as demonstrated in the inset. The x axis of the piezo actuation in the microscope perspective is determined as the
connecting line between the recognized reference points in the images (indicated by open circles).

points in (Fig. 4) and, as such, is essentially equivalent to the method
presented in this section.

The actual tip displacement x, inferred from this quantitative
method, is presented in Fig. 4(c) as a function of nominal tip dis-
placement x0. The acquired dataset is modeled heuristically by a
second order polynomial function,

x(x0) = a ⋅ x2
0 + b ⋅ x0, (1)

which is featured as a red curve in Fig. 4(c). Using this model, any
nominal tip position x0 in the overview scan shown in Fig. 2(c)
can be related to its actual displacement measured from the start-
ing point at the top of the scan. Distances between the tips in the

x-direction can, therefore, be determined as

xi − xj = a ⋅ (x2
0i − x2

0j) + b ⋅ (x0i − x0j) (2)

⇔ s = a ⋅ s0(x0i + x0j) + b ⋅ s0, (3)

with s0 and s denoting the nominal and actual tip distance between
a pair of tips indexed by i and j. It is emphasized that this
model is understood to reproduce the actual tip displacement in
the x-direction during the overview scan only for the specific
movement protocol (speed of motion) it is calibrated to. Fur-
thermore, it is stressed that the actual navigation of the tips into
target positions—after the overview scan is recorded—is carried
out by using topographic features as beacons, as demonstrated in

FIG. 4. Calibration of the non-linear piezo response by quantitative analysis of optical microscope images. (a) and (b) While being moved along the x-direction according
to a defined protocol, optical microscope images are taken of the tip at different nominal displacements x0. The brightness values obtained from the micrographs along
the identified x axis are used to determine the relative movement of the tip projection from one image to another by fitting an empiric model function. The moved distance
along the x axis with respect to the first image corresponding to the starting position x0 = 0 is identified as the actual displacement. (c) The quantitatively obtained values of
the actual displacement x follow a characteristic non-linear relation with the nominal displacement x0. The actual displacement is modeled heuristically by a second order
polynomial function. The obtained set of model parameters is strictly associated with the used movement protocol.
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Figs. 2(d)–2(f). Due to the hysteretic behavior of the piezoelectric
actuators, the distance covered by tips generally depends on their
previous action. Therefore, it is not advisable to rely on the nominal
tip displacements according to Eq. (1) as a means of navigation.

The uncertainty of tip distances σs determined in this manner
is influenced by the uncertainties of the model parameters σa and σb
from the fit and is obtained from the propagation of errors as

σs

s
=

√

(s0 + 2x0j)
2σ2

a + σ2
b

a(s0 + 2x0j) + b
. (4)

For a set of parameters a = (8.2 ± 0.3) ⋅ 10−5 nm−1 and b = (0.77
± 0.02) obtained for the exemplary movement protocol presented
in Fig. 4(c), the relative uncertainty of the determined distances
amounts to ∼2.5%. For tip configurations with typical nominal
inter-tip distances of s0 ≈ 1 μm, this results in an uncertainty of
σs ≈ 20 nm. The entire displacement calibration procedure relies on
the principle that contrary to absolute positions, relative changes
in the tip position between several images can be determined
confidently by quantitative analysis from optical micrographs.

In principle, the calibration of a defined movement protocol
could also be done by applying a pattern recognition algorithm to
the series of micrographs as a more sophisticated way of determin-
ing the tip displacement. It is further noted that it is only necessary
to characterize the non-linearity of the piezo actuator corresponding
to the tip which is performing the large overview scan. Distortions
in the smaller scans acquired by the other tips are not relevant, since
the determination of tip positions is made via the identification of
topographic features in the overview scan. In typical multi-probe
transport experiments, linear tip configurations are realized. In that
case, the symmetry axis of the tip can be chosen to correspond with
the x axis of the overview scan when positioning the tips on the
sample surface, and inter-tip distances can be inferred from the cali-
brated scan image. If required, e.g., if measurements with non-linear
tip configurations are planned, an analogous calibration of the y-
motion of the scanning tip as a function of nominal displacement
y0 can be done using the same principle. For this purpose, the tip
intended for recording the overview scan is moved along the y-
direction to emulate scanning motion and the corresponding axis is
identified in the same manner as presented in Fig. 3. Subsequently,
optical micrographs that are acquired during the motion are used
to evaluate the image brightness along a profile line in y-direction,
i.e., across the tip shape. Similar to the insets of Fig. 3, a Gauss curve
can be modeled to the brightness data following the profile line. The
coordinate of the related brightness minimum from each micro-
graph corresponds to the relative tip displacement with respect to
the starting point y0 = 0. Consequently, the nominal displacement
y is obtained as a function of y0 for the specific movement proto-
col, and as such, the overview scan corresponding to the protocol is
calibrated in two dimensions.

OTHER SOURCES OF IMAGE DISTORTION

Apart from the non-linear piezo response, a displacement
caused by the piezoelectric effect is subject to creep, thermal drift,
and hysteresis effects.39 These sources of error for distance deter-
mination from the scan image are evaluated in the following.

Piezoelectric creep is an effect that only persists for a relatively short
time after applying a voltage to the scanning piezo. The impact of
the initial creep on the recorded overview scan can be circumvented
by waiting for a sufficient amount of time before starting the scan.
In addition, even if an initial creep effect is present at the start of the
overview scan image, its influence on the determined distances can
be easily minimized by realizing a measurement configuration in the
center of the overview scan, where the effect has already faded out.

Thermal drift in the xy-plane as a further potential source
of image distortion is observed to be constant at <0.3 nm/min
in the experiment33 for the relevant time scale of the overview
scan. With an average scanning speed along the slow axis of
∼30 nm/min, the resulting distortion of the scan image arising from
thermal drift amounts to less than 1%. This constant drift effect
enters the actual tip displacement x systematically and is captured
by the calibration procedure as well. While a constant systematic
thermal drift is accounted for in the calibration, possible varia-
tions of the drift speed constitute an additional statistical error.
Since these deviations from the average drift speed are (much)
smaller than the drift itself, thermal drift as a source of error for
the determination of inter-tip distances is therefore regarded as
insignificant.

Finally, the influence of hysteresis on the distances determined
from the scan image can be prevented by strictly following the same
movement protocol in both the calibration procedure and the acqui-
sition in the overview scan in the experiment, as explained in the
section titled Calibration of non-linear piezo response.

EXAMPLE MEASUREMENT

An exemplary distance-dependent four-point resistance mea-
surement realized by the demonstrated positioning technique is
presented in this section. Using the presented positioning technique,
four-point resistance measurements can be performed in tip config-
urations with much smaller tip distances than the ones which can be
realized with position control by optical microscopy and sometimes
even by SEM. By using piezoelectric control to navigate tips across
the mapped surface in tunneling contact and affirm their positions
by performing small local scans, minimum distances between the
tips in the experiment are only limited by their radii.

Figure 5 presents results of an exemplary distance-dependent
four-point resistance measurement on the surface of a template
BiSbTe3 sample. The optical microscope view of the linear tip
arrangement with all four tips aligned within 1.3 μm is seen in
Fig. 5(a), after all tips have been moved to their final measurement
positions. Evidently, the ends of the tips are indiscernible in the
image for the final tip configuration. The positions of the tip in
a section of the overview scan are indicated by colored circles in
Fig. 5(b).

Within the scope of the corresponding electrical measure-
ments, all tips are in contact with the surface and a current is induced
between the outer two tips (tips 1 and 4) of the linear arrangement
while simultaneously probing the potential difference between the
inner two tips (tips 2 and 3) separated by the distance x. The four-
point resistance is subsequently obtained from a linear fit to the I–V
curve, as presented exemplarily in the inset of Fig. 5(c). In this man-
ner, the resistance is acquired at variable x by moving tip 3 along
the configuration symmetry line in tunneling contact between each
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FIG. 5. Distance-dependent four-point resistance measurement of a 10 nm thick BiSbTe3 film on the nanometer scale. (a) Final tip configuration resulting from positioning
via STM scans as viewed by the optical microscope. With all four tips placed on the surface within a linear section of just 1.3 μm of length, details of the tip arrangement are
completely indiscernible in the optical view. (b) Section of the overview STM scan that is used for the alignment of the tips. The positions of the static tips in the electrical
measurements are marked by green circles, while the position of the mobile tip is indicated in cyan. In the experiment, a current is injected between the outer two tips,
with the inner two tips probing the resulting potential difference. (c) Measured four-point resistance as a function of the distance x between the two voltage probing tips. A
corresponding representative I–V curve is presented in the inset. The acquired data are explained by a 2D conductivity model represented by the red curve. The conductivity
of the sample is determined as (2.76 ± 0.05) mS.

electrical measurement. The measured resistance of the sample as a
function of inter-tip distance x is presented in Fig. 5(c). It is pos-
sible to probe the local resistance at more than ten points for the
moved voltage probing tip (tip 3). As described in the section titled
Calibration of non-linear piezo response, the distance x, as well as
the distances s12 and s24 between the static tips, is determined from
the overview scan image. The acquired data are modeled by apply-
ing the general expression for the four-point resistance of a two-
dimensional system to the geometry of the tip configuration, which
results in34

R2D(x) =
1

2πσ2D
[ln(

s24

s12
) − ln(

s24 − x
s12 + x

)]. (5)

From a fit of the model to the data, the two-dimensional con-
ductivity of the sample is determined as (2.76 ± 0.05) mS, which
coincides well with measurements at macroscopic distances on the
same sample.34

CONCLUSION

In conclusion, we find that using topography scans performed
with each of the individual tips of a four-tip STM to monitor tip
positions enables four-point measurement configurations on the
nanometer scale without the need for an SEM. The use of a cali-
brated STM scan as a reference map for the navigation of tips opens
up a large range of possible tip configurations for transport mea-
surements with tip–tip distances only limited by the tip radii. The
corresponding inter-tip distances are determined from the topog-
raphy scan, with a precision of 20 nm at a typical tip spacing of
∼1 μm. This method also prevents systematic errors in the determi-
nation of tip–tip distances due to bent tips [cf. Fig. 1(b)]. Moreover,
the use of an optical microscope and STM scanning prevents any
contamination issues due to an electron beam or any impact of the
electron beam on the electric properties of the sample, as it can occur
due to the use of SEM imaging. For future studies based on four-tip

STM, the demonstrated tip positioning method can be used to con-
tact delicate nanostructures precisely, allowing for the measurement
of effects in charge transport that are restricted to small dimensions.
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