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ABSTRACT

Self-organized epitaxial nanorods, obtained by an adapted annealing process after 

deposition of metallic strontium vanadate perovskite (SrVO3) thin films, are analyzed to 

determine their structural, chemical and electrical properties. After the identification of the 

Sr3V2O8 phase of the nanorods by electron diffraction; Electron Energy Loss Spectroscopy 

investigations show the vanadium oxidation state (V5+) for the nanorods. Two scanning probe 

techniques are deployed to determine the specific local electrical properties of these Sr3V2O8 

nanorods. In ambient conditions, local electrical properties are studied by Scanning Spreading 

Resistance Microscopy based on an Atomic Force Microscope and multiple probe scanning 

tunneling microscopy is used for the study in ultrahigh vacuum. Both techniques reveal that 

local electrical resistances of the nanorods are five order of magnitude higher than the resistance 

of the perovskite SrVO3
 matrix. Futhermore, the nanorods are found to be etched by repeating 

scanning of the conductive Atomic Force Microcopy probe, enabling a three-dimensional depth 

profile of the nanorods resistance with 3D-Spreading Resistance Microscopy mode. A partial 

embedding of the nanorods in the underlying SrVO3 film is proved and the impact of the water 

meniscus at the origin of the selective etching observed during Scanning Spreading Resistance 

Microscopy, in ambient conditions, is discussed.

INTRODUCTION

Nowadays, bottom-up approach of self-assembled oxide nanoparticles is an elegant way 

to obtain functional and organized nanostructures. It is a one step process which can provide 

regular size and spacing at the nanometer scale.1 This low cost approach is very efficient for 
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the nanofabrication of functional devices or chips2,3 and allows the growth of nanostructures on 

large area surfaces, avoiding the costs related to top-down lithography techniques.4 Although 

self-assembly of nanostructures has been widely studied in classical metals and semiconductors 

materials, fewer investigations on functional complex oxides have been reported, because the 

presence of auto-organized nanostructures is less abundant. This family of materials exhibits 

yet an exceptionally broad range of versatile functionalities (insulator to superconductor, 

ferroelectric, magnetic …) controllable by external stimuli (electric/magnetic fields, light, 

stress…) arising from the complex interplay between charge, orbital, spin and lattice degrees 

of freedom.5 The bottom-up synthesis of nanostructures from these functional materials would 

therefore open the way to multifunctional nanoelectronics.6,7

Among these functional oxides, metallic strontium vanadate SrVO3 (SVO), grown by 

pulsed laser deposition (PLD) on SrTiO3 (STO) substrates, has recently attracted attention: 

depending on the oxygen pressure, the temperature during deposition and the post-annealing 

step, self-organized epitaxial nanorods (NRs) were observed on top of the SVO thin films.8 

Chemical analysis of the NRs was carried out,9 underlining the importance of the Sr segregation 

in the formation of these structures. Furthermore, it was shown that by a chemical etching with 

water, the NRs could be removed from the surface, leaving a network of valleys at the former 

location of the NRs.

So far, the local electrical properties of these NRs have not been studied. Thus, the aim 

of this report is to investigate the electrical properties of the NRs using scanning probe 

microscopy techniques in different environments. Scanning Spreading Resistance Microscopy 

(SSRM) based on an Atomic Force Microscope (AFM) is used to measure local electrical 

properties of the film in ambient conditions. Moreover, measurements obtained in ultrahigh 

vacuum (UHV) based on and multiple tip Scanning Tunneling Microscopy (STM), are analyzed.
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RESULTS 

Structural and chemical analysis of the nanorods 

First, the topography of the obtained NRs is investigated with the AFM tapping mode. 

From the AFM topography of the surface of SVO thin films grown on STO, self-organized NRs 

are revealed in Figure 1. The scan area of 5 µm  5 µm (Figure 1.a) shows that the NRs form 

a two-dimensional network with specific orientations (Figure 1.b), the long axis being aligned 

along the <110> in-plane directions of the STO substrate (Figure 1.c). 
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Figure 1. AFM tapping-mode topography image in ambient conditions for scan sizes: a) 5 
µm × 5 µm and b) 1 µm × 1 µm. c) Distribution of the orientation of the NRs with 
respect to the [100] direction of the SVO film. d) Height, width and length distribution 
of the NRs measured from a).

.

The dimensions of the NRs were analyzed for an ensemble of 150 NRs. The height 

distribution (Figure 1.d) shows a narrow distribution with a mean value at 30 ± 4 nm. This 

value is slightly larger than the one found in previous studies,8,9 this change being attributed to 

a longer annealing time. Thus, the growth of the NRs is not a self-limited mechanism, and NRs 

of different heights and sizes can be synthesized by adapting the growth and annealing 

conditions of the SVO matrix. The NRs show an elongated shape, with one short in-plane axis 
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(width) and a long one (length). While the width distribution shows a rather narrow distribution 

around 80 nm, the long axis shows a broader distribution (Figure 1.d), ranging from 50 to 600 

nm. 

X-ray diffraction (XRD) pattern of the SVO studied film, grown on (100)STO, is 

represented in Figure SI-1. In addition to the (h00) peaks of the substrate, the pattern displays 

also the (h00) peaks of the SVO film, but the NRs reflections intensities are too weak to be 

observed. Therefore, electron diffraction was performed along the normal direction to the film 

surface. Electron diffraction pattern (EDP) along the [100] SVO zone axis displays weak 

reflections in addition to those of SVO (inset Figure 2.a). From these analyses, the Sr3V2O8 

phase of the self-organized epitaxial NRs is identified. These reflections were ascribed to the 

(110) and (1-15) planes of the Sr3V2O8 phase along the [-552] zone axis (Figure 2.b). Actually, 

the (110)Sr3V2O8 reflections (2d110 = 5.62 Å) are in coincidence with the (011)SVO reflection 

(2d011 = 5.52 Å), due to the epitaxy between both materials. Since (011)SVO is equivalent to (01-

1)SVO, there are therefore two equiprobable possibilities for Sr3V2O8 to grow on SVO, i.e. 

(110)Sr3V2O8 // (011)SVO and (110)Sr3V2O8 // (01-1)SVO. The two corresponding EDPs schemas are 

shown in Figures 2.c and d, and the complete EDP simulation with the reflections of both 

variants together with the SVO reflections in Figure 2.b, well reproducing the experimental 

pattern. 
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Figure 2. a) EDP of the SVO film along the [100] zone axis. The inset shows weak 
reflections due to the NRs close to the strong reflections of SVO. b) Scheme of the 
experimental pattern showing the contributions of SVO (black circles) and of both NR 
variants (red and blue circles, respectively) along the [-552] zone axis of Sr3V2O8. The 
(110)Sr3V2O8 reflections are in coincidence with the (011)SVO and (01-1)SVO 
reflections. c) Scheme of the EDP of a single NR variant with the (110)Sr3V2O8 // 
(011)SVO orientation. d) Same for the second variant with the (110)Sr3V2O8 // (01-1)SVO 
orientation.

Figure 3.a and b show the TEM observations in bright field and dark field mode in 

plane-view of a fragment of the SVO film, obtained by collecting the sample surface with the 

help of a diamond scribe. To establish the direction of elongation, HRTEM was performed on 

a single NR (Figure 3.c). The fast Fourier transform (FFT) performed on the HRTEM image 

(Figure 3.d) corresponds to the [-552] zone axis of Sr3V2O8, with the [110]* direction parallel 

to the NR elongation direction (as seen on Figure 2c). Moreover, for purpose of comparison, 

HRTEM and corresponding FFT were also registered on the SVO film next to the NR, and 



7

confirms the previously established (110)Sr3V2O8 // (011)SVO relation (Figure 3.e,f). From these 

observations, a sketch of the crystalline NR was established and drawn in Figure-3.g. 

Figure 3. a),b) Bright field and dark field TEM images showing a plane-view of a fraction 
of the SVO film with several elongated NRs. c) HRTEM image of the NR encircled in 
a). d) FFT of the area surrounded in c), showing that the [110]* direction is parallel to 
the NR elongation. e) HRTEM image of an area of the SVO film close to the NR. f) 
FFT of the area surrounded in e), showing the orientation relationship between the NR 
and the SVO film. g) Scheme of the structure and of the in-plane orientation of a single 
NR along the [-552] zone axis. The long axis is parallel to the [110]* direction, while 
the short axis is parallel to the [1-15]* direction. The cell drawn in red is aligned on 
the cubic cell of the SVO film displayed in the inset. The epitaxial relationship is 
governed by the close mismatch between d110 of Sr3V2O8 and d110 of SVO.

The lattice spacing d110 of the cell of the NRs shows a low mismatch of 3.4 % with the 

strained SVO matrix along the <110> directions, while along the perpendicular [-11-5] 

direction of the NRs, the mismatch is up to 14 %. Therefore, the growth of the NRs along their 

[110] directions is favored, leading to their elongated shape. The growth of the long axis of the 

NRs being therefore promoted compared to the short axis, the long axis shows a much broader 

distribution, yielding an aspect ratio distribution between 2 and 8. 



8

In order to confirm the chemical and structural properties of the NRs, we have 

performed electron energy loss spectroscopy (EELS) and energy-filtering transmission electron 

microscopy (TEM) spectrum imaging (EFTEM-SI) with the help of an energy spectrometer 

combined to a TEM. In the TEM, electrons pass through the sample and lose a certain amount 

of their energy by inelastic interactions with the present elements. Therefore, EELS allows to 

discriminate the oxidation states of the V ions10. The EFTEM-SI technique allows to map the 

spatial distribution of the oxidation states with the help of an energy filter and a CCD camera 

combined with the spectrometer11. Figure 4.a is a bright field zero-loss TEM micrograph 

showing a plane-view of a fragment of the SVO film. The fragment of the SVO film is a 400 nm 

wide strip on which several elongated NRs are visible on its edge. EELS was performed on 

pure SVO, and on pure Sr3V2O8 areas (Figure 4.e). The EELS spectrum of SVO is similar to 

that of previous works,12 while that of Sr3V2O8 is similar to spectra of other V5+ vanadate phases, 

such as LaVO4
12 and V2O5.13 EFTEM multiple linear least-squares (MLLS) fits of each valence 

state (Figure 4.b.c) together with the combined RGB image (Figure 4.d) show that V5+ valence 

state is present principally in the elongated NRs while V4+ is present in the matrix only. Indeed, 

SVO films with a vanadium oxidation state V4+ are only stabilized at low oxygen pressure (10-4-

10-5 Pa) during deposition8. If the partial oxygen pressure is left after deposition at high 

temperature, a higher and more stable vanadium oxidation state (V5+) can be induced at the 

surface of the film, which crystallizes in a new Sr-V oxide parasitic phase with a higher valence 

state. 
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Figure 4.  a) Bright field zero-loss TEM image showing a plane-view of a fraction of the 
SVO film with several elongated crystals. b) V4+ state MLLS fit map of the same area. 
c) V5+ state MLLS fit map. d) Combined RGB map. e) Vanadium-L3,2 and oxygen-K 
EELS spectra acquired at two locations: “1” corresponds to the SVO film and “2” to 
one Sr3V2O8 nanostructure.

SSRM imaging and tomography on the Sr3V2O8 nanorods 

While SVO is a metallic paramagnetic material that can be used as electrode,14–17 the 

different stoichiometry of the NRs might lead to a significant change of the material resistivity. 

In the bulk form, Sr3V2O8, is an insulating material with low dielectric losses.18,19 In order to 

determine the local electrical properties of the self-organized Sr3V2O8 NRs, SSRM 

measurements were performed. Based on an AFM, in SSRM measurements, a bias voltage (Vdc) 

is applied to the sample while the scanning probe is grounded. In this local electrical mode, 

simultaneous mappings of the topography and local resistance are obtained. The current flows 

from the tip through the sample to the back-contact and is recorded through a seven decades 

logarithmic current amplifier with a current range (I) from 10 pA up to 0.1 mA.20–22 The SSRM 

output voltage (Vout) corresponds to a logarithmic scale of the local resistance (R) of the nano-

contact between the conductive tip and sample, using the following equation:
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, (1)Vout =± K ×  log (I ×  106

Vdc ) =± K ×  log (  106

R )

where ± is the sign of the applied DC bias voltage to the sample (Vdc), K = 1 V is the scale 

factor of the amplifier, R the local resistance in Ohm and Vout is the output signal of the 

logarithmic current amplifier of the microscope in Volt (see supplementary information figure 

SI-2 for more details)23–25. 

For each pixel, the overall measured resistance (R) includes: the resistance of the probe, 

the spreading resistance, the resistance of the sample and the resistance of the back contact with 

the chuck.26 In order to determine the mechanisms describing the carrier transport properties of 

the NRs, two Vdc biases with opposite polarities are applied. The measured mapping of the 

output signal Vout is represented in Figure 5Figure 5.a for two different bias voltages: 

Vdc = + 100 mV for the upper part of the image and Vdc = -100 mV for the lower part (each 

pixel of the scanned area is related to the corresponding color). For this acquisition a force of 

4 µN is applied to the AFM cantilever (the applied force is calculated from the spring constant) 

The measured conductivity of the sample (SVO matrix and nanostructures) shows symmetric 

responses as a function of the sign of the applied Vdc bias, indicating that the contact between 

the AFM conductive tip and the sample is ohmic-like in the range of here applied Vdc. The 

resistance mapping, determined with the formula (1), is shown in Figure 5.b. 

As we can see, all Sr3V2O8 NRs have a larger resistance than the SVO matrix. In Figure 5.c, 

the profile of the local resistance and the topography along the line AA’ extracted from the 

Figure 5.b is displayed. In Figure 5.d, the histogram of the resistance, shows two markedly 

different resistance ranges for the SVO matrix (105 – 107  and the NRs (1010  to 1.4 × 

1012  On average, the NRs increase the total resistance through the sample by about 5 orders 

of magnitude.
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Figure 5. a) 2D-map of the Vout signal from SSRM mode. b) 2D-map of the local resistance. 
c) Resistance profile along the line AA’. d) Resistance distribution in the scanned area. 
The brackets in the data scale indicate data threshold.

The particular mechanical property of the SSRM tip, which is diamond-coated, allows 

for unveiling the electrical properties in the depth of an individual NR by performing a 

resistance tomography, referred to as 3D-SSRM.17–20 The methodology of electrical AFM 

tomography for 3D analysis is described in.30 Based on the tip-induced material removal and 

subsequent scans, 3D-SSRM achieves electrical analysis of NRs in the third direction.22 The 

topography and electrical resistance are simultaneously recorded on an individual NR (Figure 

6), the scan area is 500 nm  500 nm. With four subsequent scans of the same area, the sample 

surface is progressively etched by the tip. As we can see, on Figure 6, due to the hard probe, 

matter is removed. During SSRM scan the probe indents and scratches the surface. After 4 

scans, the tip digs the surface of the NR for a total depth of 55 nm (from 30 nm (pristine NR) 

to -25 nm). When the probe indents two times, the resulting topography recorded during the 

second scan shows that a crater is formed (Figure 6.b). Interestingly, the resistance profile 
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indicates that a high resistance is still measured. Thereby 3d-SSRM investigations points out 

that the NRs is embedded within the SVO perovskite volume. In addition, a fifth SSRM scan 

of a larger area about 1.5 µm  1.5 µm is represented in Figure 6.c with corresponding 

topography and resistance mappings. The larger SSRM acquisition shows that the etched 

nanostructure at the center of the image leaves a 30 nm-deep hole behind. Figure SI-3-4 shows 

data obtained in another location of the studied film. This result is in agreement with the 

dissolution of the NRs by water that left holes inside the SVO matrix as observed earlier.9 Also, 

this embedding can be observed in the EELS combined map (Figure 4.d), where the presence 

of V5+ ions is observed also inside the V4+ area only below the NRs.

The NRs show a higher level of resistance over the entire thickness of the nanostructure, 

in comparison with the SVO matrix, consistent with a different chemical composition. 

Furthermore, we note a change of the maximum resistance between the first scan and the next 

ones, which could be caused by the presence of species at the surface, may be carbonated 

species and other organic contaminants, making it more resistive.9,29 In addition, in Figure 6.a, 

a small topographical depression is observed between the SVO matrix and the NR. This 

depression, observed on all the NRs, points toward a growth from the material available 

underneath a nucleation center in the SVO matrix and a change of the composition of the film 

in these areas, leading to the enhanced resistance. 
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Figure 6. 3D-SSRM results (500 nm × 500 nm) for successive scans: a) AFM topography 
acquisitions and resistance maps for each scan. b) Line profiles of the topography and 
resistance along the line BB’. c) Topography and SSRM 2D-map of a larger scan 
1.5 µm x 1.5 µm centered on the area previously scanned. 
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Electrical properties of individual Sr3V2O8 nanorods

As water bridges between the AFM tip and the surface of the sample can play an 

important role in mechanical contacts, where they can affect friction in ambient conditions, for 

a comprehensive study, electrical measurements were also performed in UHV. A multiple-

probe STM is used to selectively study the nanostructures and the matrix. In order to obtain 

reproducible contact resistances between the samples and the STM tips, the sample was 

degassed at 700°C, an annealing step that has been shown to remove the strontium carbonates 

species.7 The similarity between the SEM image of the sample acquired after the high 

temperature annealing (Figure 7.a) and the AFM image (Figure 1.a) reveals that the Sr3V2O8 

NRs do not undergo major modifications during this post-treatment in UHV. The stability of 

the NRs is further confirmed by the STM scan performed on a 1 µm x 1 µm area (Figure 7.b) 

where the NRs are clearly distinguished. Here the STM is used as a nanometer-precision tool 

for geometrical measurement and contact positioning of the tips. Keeping one STM tip in 

contact with the SVO matrix, a second STM tip selectively contacts the SVO matrix or 

individual NR to drive a current through the structure. The transport properties of individual 

nanostructures and the matrix are compared in Figure 7.c. The I(V) measurements performed 

on the SVO matrix (blue) shows a metallic behaviour, yielding a resistance of 2.2x105 Ω 

consistent with the typical resistances determined with SSRM mode. In contrast, the I(V) curve 

acquired on the NR exhibits a non-linear characteristic. In the linear region around zero volt, a 

resistance of 1.5x1011 Ω is found, in good agreement with the SSRM profile (performed at low 

biases) of Figure 6.c. As the annealing process is known to lead to the removal of the 

carbonated species and other organic contaminants that could modify the resistance at the 

surface of the NRs, this result confirms the high resistance of the bulk part of the NRs and 

stresses on their robustness since their structural and physical properties (shape, size, and 

transport) are maintained despite their annealing up to 700°C in UHV. 
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As the STM tips are known to drift in time, we acquired consecutive I(V) spectra over 

25 minutes. As shown in Figure 7.d, which displays 42 consecutive voltage sweeps, the current 

increases by about two orders of magnitude at a fixed voltage. While this increase can be caused 

by a larger contact area between the tip and the NR or/and by the strain of the lattice that is 

known to change the electrical conductivity of correlated transition-metal oxides,31 it is 

interesting to observe that these effects do not modify the morphology of the NR. As shown by 

the insets of Figure 7.d, obtained before and after the acquisition of the spectra, the UHV 

environment preserves the integrity of the NRs, suggesting that the water meniscus contributes 

to the efficient etching of the NR in SSRM measurement performed in air.

Figure 7. a)  SEM image (5 µm x 4 µm; 5 kV) of the Sr3V2O8 NRs grown on the SVO 
matrix together with two STM probes. b) STM image (-1.5 V, 600 pA) of the area 
highlighted by a square in the SEM image. c) I(V) curves taken with a tip in contact 
with the SVO matrix (blue) or on a Sr3V2O8 NR (red). For each measurement the 
reference ground was fixed by an additional probe connected to the SVO matrix. d) Set 
of 42 (on a time of 1500 s) consecutive I(V) curves acquired at the position of the cross 
shown on the Sr3V2O8 NR visible in the insets. The black arrow indicates the evolution 
of the current during the acquisition. The STM images of the NR obtained before and 
after the acquisition of I(V) curves shows the integrity of the NR. The color contrast 
corresponds to the one displayed in b). The scale bar is 150 nm. e) SEM image of NRs 
grown on the SVO matrix that was acquired prior to the acquisition of the I(V) curves 
and where the area imaged in d) is highlighted by the dotted rectangle. f) SEM image 
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of a more limited area (with rotation of  90°) that shows the morphological inalterability 
of the NR after the acquisition of the I(V) curves.

CONCLUSION

Structural and electrical properties of self-organized Sr3V2O8 NRs formed on SVO thin 

films were investigated by TEM, EELS, EFTEM and local electrical probe SSRM and STM 

techniques. The epitaxial relationship between the NRs and the SVO matrix was deduced and 

EELS and EFTEM-SI underline the vanadium oxidation state (V5+) of the Sr3V2O8 NRs.While 

the SVO matrix is metallic, SSRM and STM measurements revealed the insulating character of 

the self-organized NRs. Moreover, we analysed the local resistivity of the Sr3V2O8 NRs in full 

three-dimensions. This 3D-analysis shows that the NRs are embedded in the SVO perovskite 

matrix. As a result, the Sr-rich composition of the NRs does not only account for the higher 

electrical resistance of the NRs, but also for its faster mechanical etching rate due to the higher 

reaction of the NRs surface with water in comparison with the SVO matrix. These results open 

the way for the preparation of local nano-imprints on a metallic surface and deposition of nano-

objects for accurate electrical characterizations of individual object as demonstrated in this 

paper. 



17

METHODS

Synthesis of Sr3V2O8 nanorods

We used the pulsed laser deposition technique with a KrF excimer laser ( = 248 nm) with 

an energy density of 1.85 J/cm² and 2 Hz repetition rate. Thin films were grown on single-

crystal (SurfaceNet GmbH) (100)STO substrates (10 × 10 × 0.5 mm3) placed at 5 cm opposite 

of a ceramic SrVO3 target. The deposition temperature was 760°C with partial oxygen pressure 

fixed at 10-4 Pa. Film thickness of approximately 100 nm have been determined by conventional 

step-meter measurements (Bruker Dektak 8). The nanostructures are obtained after growth 

when the O2 deposition atmosphere is maintained during the cooling. It is important to note that 

if the temperature is decreased just after deposition and the oxygen partial pressure is removed, 

a smooth SVO surface is obtained. Consequently, the size of nanostructures can be tuned by 

controlling the partial oxygen pressure and exposition time at high temperature before the 

cooling. In previous works, we have analyzed the crystallographic structure of the SVO film8,32, 

showing that it is epitaxially grown on the STO substrate with a cube-on-cube relationship. 

X-ray diffraction (XRD) characterization of thin films was carried out using a θ–2θ Bragg-

Brentano diffractometer (Bruker AXS D8 Advanced) working with a monochromatized Cu 

Kα1 radiation and equipped with a 1D detector (192 channels).

Electron Energy Loss Spectroscopy (EELS) and Energy Filtered Transmission Microscopy 

Scanning Imaging (EFTEM-SI) were performed by using a Gatan Imaging Filter (GIF) 

Quantum ER spectrometer coupled to a transmission electron microscope (TEM) 2100 Jeol 

instrument. The sample was prepared by scratching its surface with a diamond scribe. Small 

fragments of the sample containing film and nanostructures were then collected on a 
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commercial TEM carbon-coated copper microgrid. EELS spectra were collected at 120 kV, 

with an energy resolution of 0.75 eV, at a camera length L = 6 cm, and were corrected of plural 

inelastic scattering contribution after background subtraction. EFTEM-SI images were 

recorded at 200 kV, with an energy step of 1 eV and an energy slit width of 1 eV. The obtained 

data cube was corrected from X-ray artefacts and spatial drift. Reference spectra for the pure 

V4+ and V5+ states were extracted from the raw data, in spatial areas corresponding to the matrix 

and the nanostructures, respectively. Using these reference spectra, multiple linear least-squares 

(MLLS) fitting was then performed to extract chemical shift maps of V4+ (SrVO3 phase) and 

V5+ state (Sr3V2O8 phase), by using the Gatan Digital Micrograph software.

Schemes of structures and of electron diffraction patterns were drawn with the commercial 

CrystalMaker software.  

Near field experiments are carried out with a Bruker AFM. Acquisitions of topology and 

local electrical properties are obtained under ambient conditions. A vibration isolation table is 

employed to eliminate ground vibration and acoustic noise. In order to well-define the 

morphology of the nanostructured surface, the AFM tapping-mode33 is used with a resolution 

of 512 × 512 pixels. In this topography mode, a silicon tip with a nominal tip radius of < 10 nm 

is employed. 

The SSRM mode used for probing the local electrical properties. Based on an AFM, SSRM 

is a nano-electrical contact mode. During measurement, a conductive antimony (n)-doped 

silicon probe, with a coated boron (p)-doped diamond film, is in strong contact with the 

analyzed surface of the sample. The spring constant of the probe is 42 N/m. In our case, it must 

be noted that a relatively high pressure about 4 µN is applied on the tip and that after each scan, 

the tip integrity was verified by using a calibration grid composed of an array of sharp tips 

(TGT1-NT-MDT). In this nano-electrical mode, the current flowing from the conductive tip 

through the sample to the back-contact is recorded at a fixed bias. The overall equivalent 
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resistance (the conductive tip resistance, the spreading resistance of the semiconductor under 

the contact, the bulk resistance of the sample and the back-contact resistance) is experimentally 

determined29 by a logarithmic current amplifier. 

Scanning tunnelling microscopy (STM) and multiple probe nano-transport 

measurements were done in ultra-high vacuum (UHV, base pressure lower than 5x10-10 mbar) 

under scanning electron microscope (SEM) monitoring. The system is operated with a unique 

control system able to run the four STM tips independently with sub-nanometer precision.34 

Tungsten tips were prepared by an electrochemical etching in NaOH and thoroughly cleaned in 

UHV. The electrical measurements were performed in UHV, always with the electron beam 

turned off.
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