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Stable CoO2 Nanoscrolls with Outstanding Electrical
Properties
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This paper is dedicated to the memory of Professor Leela S. Panchakarla, dear supervisor (K.S.R) and
colleague, outstanding scientist, who died prematurely

Layered CoO2 is of great interest for its promising properties but is
meta-stable in its bulk form. CoO2 is synthesized by converting the quasi-1D
crystal structure of bulk Ca3Co2O6 via a hydrothermal treatment. The
resulting nanostructures are predominantly nanoscrolls with very thin walls,
which exhibit long-term stability. A detailed structural investigation reveals
that the CoO2 is found to crystallize in monoclinic form, similar to the related
CaCoO2-CoO2 misfit structure. Individual nanoscrolls are characterized
electrically and show a p-type semiconducting nature with a high current-
carrying capacity of 4·105 A cm−2 and an extremely high breakdown voltage
of up to 270 kV cm−1. The results demonstrate the possibility to stabilize
meta-stable materials in low-dimensional forms and a promising application
of the nanoscrolls as interconnect in high-voltage electronic circuitry.

1. Introduction

Until the discovery of fullerenes,[1] it was believed that inher-
ent crystal asymmetry was the only driving force to roll layered
structures.[2,3] Later on it was revealed that flat graphene nanorib-
bons are unstable and, under the right conditions, spontaneously
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transform into carbon nanotubes to min-
imize the energy by eliminating the dan-
gling bonds at the nanoribbons’ edges.[4]

Tenne et al. created the layered chalco-
genides WS2 as the first inorganic coun-
terparts of carbon nanotubes (CNTs).[5]

In contrast to nanotubes, where every
wall is formed by an individual, rolled-up
monolayer, nanoscrolls (NSs) are made
up of a continuous sheet spirally rolled
up, resulting in a structure with two open
ends (see Figure 1f).[6–8] This gives NSs
fundamentally different properties com-
pared to 2D sheets and 1D nanotubes. For
instance, carbon NSs can have better me-
chanical characteristics while retaining
the exceptional mobilities from graphene

nanosheets.[9] Furthermore, NSs may possess a variable diameter
along its axis and be readily intercalated, as well as possess a large
solvent-accessible surface area. The formation of NSs is driven
by the van der Waals interactions of overlapping areas of the lay-
ers, which exceed the elastic energy necessary for bending the
nanosheet. In the last years, many-layered inorganic materials
with symmetric and asymmetric structure have been synthesized
into nanotubular/nanoscrolled structures, among them MoS2,
WS2, MoSe2, and WSe2 as well as misfit layered compounds.[3,10]

Most of these synthesized structures have a stable corresponding
bulk layered structure.

Several techniques for producing NSs have been developed, in-
cluding in situ self-assembly, 1D template-assisted scrolling, in-
organic nanoparticle-induced scrolling, and solvent- or polymer-
assisted scrolling.[8] In these techniques, the starting material
would be a 2D-variant or the bulk of the desired layered structure
that is subsequently converted into a NS. However, the above-
mentioned techniques do not work for the synthesis of NTs/NSs,
which have a meta-stable bulk layered structure. Here, we report
the synthesis of CoO2 NSs through hydrothermal conversion of
the quasi 1D crystal structure of Ca3Co2O6 (Figure 1a),[11] sim-
ilar to the process described in our recent paper on SrxCoO2-
CoO2 nanotubes.[12] The NSs of CoO2 are noteworthy, since bulk
CoO2 is meta-stable and is usually obtained only in an interca-
lated form either with alkali metals or 2D intercalates in misfit-
layered compounds.[13–16] Studies have shown that these CoO2-
based materials are highly promising due to multiple interesting
properties, including unusual superconductivity or ferroelectric
instabilities.[17–19] Meta-stable bulk CoO2 has been obtained by
deintercalation of alkali metals by electrochemical means,[20,21]
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Figure 1. a) View along c axis of Ca3Co2O6 crystal structure reveals the separation of Ca and Co columns. b–d) View of pseudo-orthogonal CoO2 crystal
structure along a, c, and b axis of the unit cell, respectively. e) View along b axis of monoclinic crystal structure with 𝛽 = 98°. f) Schematic representation
of a CoO2 NT and a CoO2 NS.

but low-dimensional analogues have not been explored experi-
mentally. In a detailed structural and spectroscopic analysis, the
structure of the thin-walled CoO2 NSs is unraveled. Electrical
properties of the NSs have been studied at individual NS level.

2. Results and Discussion

2.1. Structure and Composition of CoO2 Nanoscrolls

Bulk Ca3Co2O6 was used as the starting material for the synthe-
sis of the CoO2 NSs. Figure S1 (Supporting Information) shows
an X-ray diffraction (XRD) pattern and typical low-resolution
scanning electron microscopy (SEM) images of as-synthesized
Ca3Co2O6. The XRD pattern coincides well with Ca3Co2O6 (ICSD
collection code 246281).[22]

As bulk CoO2 is meta-stable, experimental data on its crystal
structure is scarce.[14] Figure 1b–d shows the pseudo-orthogonal

representation of the hexagonal CoO2 structure with a =
0.483 nm, b= 0.282 nm, and c= 0.424 nm along the three axes. In
misfit-layered compounds, CoO2 is intercalated between sheets
of another layered material and the structure adopts a mono-
clinic structure with 𝛽 ≠ 90°,[23–25] being 98° for the (Ca2CoO3)0.62
- CoO2 compound.[24] Figure 1e shows the view along the b axis of
CoO2 with 𝛽 = 98° (Crystallography Open Database #3000496).

CoO2 NSs are generated via hydrothermal treatment of
Ca3Co2O6 in a basic solution (2.5M NaOH) at 220 °C. The high
yield of CoO2 nanostructures achieved by this approach is visible
in the SEM images of the reaction product revealing a predomi-
nant presence of thin rolled-up sheets, which in many cases form
a closed hollow structure (Figure 2a,b). The open structures show
diameters ranging from 120 to 200 nm and lengths ranging from
0.5 to 1 μm.

Transmission electron microscopy (TEM) confirms the hollow
morphology of CoO2-NSs and shows that they have extremely
thin walls when compared to its diameter. The exemplary NS

Figure 2. a,b) SEM, c) TEM, and d) STEM images of CoO2 NSs reveal their hollow structure and their extremely thin walls. The stepped red line in (c)
confirms the scroll structure. e) SAED pattern with different reflections marked, see text for discussion. Pattern is obtained from NS shown in the inset
image. Width of pattern is 17.9 nm−1 and of inset image 280 nm.
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displayed in Figure 2c exhibits a diameter of 135 nm and a wall
thickness of 5 nm. A step in the thin wall is indicated by a red line.
The fact that this additional sheet is located on opposite sides of
the wall, i.e. on the inside of the upper and on the outside of the
lower wall, reveals the scrolled structure. Additional images con-
firming the scrolled structure are shown in Figure S2 (Support-
ing Information). High-resolution (HR)TEM images show lattice
fringes with a periodicity of 0.44 nm across the wall (Figure S3,
Supporting Information). This interplanar spacing of 0.44 nm is
found in all of the examined NSs and agrees with the c-axis of the
crystal structure of CoO2. Figure 2d shows a high-angle annular
dark-field (HAADF) scanning TEM (STEM) image of the wall of a
CoO2-NS, which as well reveals lattice fringes corresponding to a
0.44 nm layer spacing perpendicular to the wall (light blue double
arrow). In the outer layers of the wall, atomic columns are visible
along the NS wall with an inter-columnar distance of 0.24 nm,
which can be linked to the (200) direction of CoO2 (orange dou-
ble arrow in Figure 2d). Moreover, the atomic columns are found
to encompass an angle of 98° (green lines), similar to the mon-
oclinic structure of related misfit-layered compounds but with-
out an intercalated second layer.[3,16,25] Both inner and outer layer
show a thickness of ≈4–5 atomic layers, suggesting that the NS
could be made up of a single sheet of CoO2 with this thickness.
The difference in contrast could stem from scrolling, which in-
duces an orientation change of the sheet from inner to outer layer.
Figure S4 (Supporting Information) shows additional HRSTEM
images of CoO2 NSs with similar appearance.

To further elucidate the structure of the CoO2 NSs, we per-
formed selected-area electron diffraction (SAED) on individual
NSs. Figure 2e displays a SAED pattern of the selected NS, shown
in the TEM image (inset of this Figure 2e). In the pattern, the c-
axis periodicity of ≈0.44 nm is confirmed by the corresponding
(001) reflections (blue ellipses) lying perpendicular to the tube
axis (purple double arrow). Several independent 001 reflections
can be observed, which are also considerably smeared. This is
consistent with the observed thin walls and indicates a scrolled
structure and local variations in the interplanar distance. Higher-
order 00l reflections are weak or completely absent, which agrees
with expected intensities of such higher orders in the monoclinic
structure. Several rings of diffraction spots may be observed,
which can be mainly linked to the (200) (0.24 nm) and (020)
(0.14 nm) lattice distances of the CoO2 structure (brown dashed
circles in Figure 2e). A detailed investigation of the SAED pattern
in Figure 2e shows that the spots on the (200) ring are actually
composed of several individual reflections with slightly different
interplanar distances. These additional reflections are consistent
with the monoclinic CoO2 crystal structure (Figure 1e). In con-
trast to the orthogonal structure (Co atoms from adjacent layers
in c direction sitting directly on top of each other, see Figure 1d),
which leads to single (200) and (020) reflections, the monoclinic
structure possesses a tilted c-axis (𝛽 = 98°), which leads to the ap-
pearance of additional reflections ((110): 0.243 nm, (−201): 0.224
nm) with distances close to the (200) orientation (0.239 nm). In
the SAED pattern (Figure 2e), the main reflections can be iden-
tified as (200) planes and one set of six reflection spots equally
distributed on the circle by 60° has been marked by red ellipses.
Each spot is split in two reflections, which encompass an angle
of 6°, the chiral angle of the NS is thus 3°. A second set of (200)
reflections is present, which is rotated by 30° with respect to the

first set (not marked). The (110) reflections have a multiplicity
of four and are not equally distributed along the circle but en-
compass angles of 60° and 120°. In Figure 2e we marked four
(110) reflections (yellow circles), which are rotated by 30° with re-
spect to adjacent (200) reflections. The orientations and distances
are marked in a schematic representation in Figure S5 (Support-
ing Information). Thus, the detailed analysis of the SAED pat-
terns confirms the monoclinic CoO2 crystal structure observed in
HRSTEM imaging. Additional diffraction patterns are shown in
Figure S6 (Supporting Information). Possible spots coming from
a CaCoO2 layer of the misfit system at 0.36 nm (110) and 0.18 nm
(220) are weak or completely absent confirming the CoO2 struc-
ture.

An X-ray diffraction (XRD) pattern obtained from the synthe-
sis product is shown in Figure S7 (Supporting Information). It re-
veals that the bulk precursor has completely reacted, as no match
to the Ca3Co2O6 structure is found. Instead, an fcc CoO phase is
detected and small CoO crystallites have indeed been observed in
TEM analysis (not shown). Additionally, a very broad and weak
peak located at the expected position of the 001 reflection of the
CoO2 crystal structure is observed. The absence of a clear signa-
ture of the CoO2 NSs in the XRD pattern is however not surpris-
ing and expected, as the crystallite size of the NSs is very small in
c direction (sheets with a thickness of a few atoms) and is small
and bend in a/b direction due to scrolling, which causes a strong
broadening and reduction of the XRD intensity.[26]

Energy-dispersive X-Ray Spectroscopy (EDS) performed in
STEM mode on individual NSs reveals the presence of Co, O
and a small amount of Ca (see exemplary spectra in Figure 3a;
Figure S8 Supporting Information). The composition is homo-
geneous throughout the investigated NSs (Figure S8, Supporting
Information). Together with imaging, the spectroscopic results
indicate that Ca is merely a dopant in a structure based on Co
and O. Although a quantitative analysis of EDS with theoretical k
factors has to be taken with care,[27] such an analysis of the data
acquired on the CoO2 NS is instructive. The average composi-
tion obtained from the acquired spectra is 21–23 at% Co, 75–78
at% O and only 0.5–1.2 at% of Ca, yielding a ratio between O and
Co of 3.4, much higher than expected for a CoO2 structure. The
excess O may be linked to surface hydoxyl groups and indeed,
when applying a sample cleaning step on the sample dispersed
on the grid,[28] EDS measurements result in a composition much
closer to the expected composition (Figure S9, Supporting Infor-
mation). In sum, EDS analysis confirms and agrees with a Ca-
doped CoO2 structure.

Electron energy-loss spectroscopy (EELS) in TEM mode has
been performed to obtain information on the elemental com-
position and chemistry of the NSs. Figure 3b,c show exemplary
EEL spectra of the low-loss region (Figure 3b) and the core-loss
region including Ca–L, O–K, and Co–L edges (Figure 3c). The
low-loss area exhibits two peaks located at 3 and 7 eV indicating
a rich plasmonic structure of the NSs. The second peak at 7 eV
seems to be composed of two individual contributions. The bulk
plasmon positioned ≈23 eV overlaps with the Ca–M edge (24 eV).
The core-loss region may be used to quantify the composition
of the investigated region by using calculated scattering cross
sections,[29] and the composition is determined to 64 at% O, 35
at% Co, and 1 at% Ca, being in good agreement with the EDS
results and a predominant CoO2 structure. The analysis of the
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Figure 3. a) EDS spectrum of an individual NS shows main contributions from Co and O and minor amounts of Ca. Cu and C originate from specimen
support structures. Inset TEM image (500 nm width) shows the area from which the spectrum has been obtained. b,c) EEL spectra of NSs for (b) low-loss
region revealing rich plasmonic features and (c) core-loss region revealing presence of Co, O and Ca obtained from the area shown in inset TEM image
(500 nm width).

energy loss near-edge structure (ELNES) of the Co–L and O–K
edges reveals a high energy for the Co-L3 peak position (781 eV)
and a strong pre-peak at 530 eV for the O–K edge, which varies
only slightly with the investigated NS (Figure S10, Supporting
Information). In previous studies, a high energy of the Co–L3
peak was linked to a higher Co valence,[30] while a pre-peak of the
O–K edge is highly untypical for conventional cobalt oxides[30,31]

and resembles more the spectrum of magnetite Fe3O4. The
spectra are similar to the ones observed in a related structure
based on strontium cobalt oxide.[12] In sum, the EELS analysis
suggests a high Co valence, which could be Co4+ as expected
for CoO2.

2.2. Growth Mechanism

Ca3Co2O6 is made up of one-dimensional columns of face-
sharing octahedra and trigonal prismatic CoO6 polyhedra in-
tercalated by Ca atoms that move along the crystallographic c-
direction (Figure 1a).[11] The distance between two neighboring
cobalt cations in the face-sharing CoO6 polyhedra is compara-
ble to or slightly less than the distance between two neutral Co
atoms in the metal. As a result of the higher electrostatic re-
pulsion between the two closely spaced high valent Co ions, the
face-sharing arrangement requires a large amount of energy. Ca
atoms of the bulk dissolve rapidly in basic solutions during hy-
drothermal treatment, rendering the face-sharing 1D CoO6 poly-
hedra chains unstable. As a result of the missing stabilization by
Ca atoms in the lattice, the face-sharing CoO6 polyhedra change
to edge-sharing CoO6 sheets, which subsequently crystallize into
a tubular, scrolled shape. A possible step in the crystal-conversion
process could be the Ca2CoO3-CoO2 misfit phase, which, how-
ever, in the ongoing hydrothermal treatment converts into almost
pure CoO2 NSs. Figure S11 (Suppotrting Information) depicts
the analysis of the synthesis products after 6h and shows that al-
ready at this stage the NSs possess a small wall thickness when
coming out of the bulk at the growth points. It is noted that these
CoO2 NSs were found in minute quantity also in the synthesis
product of our recent work on strontium-deficient SrxCoO2-CoO2
nanotubes.[12] The difference between the Ca and Sr-based ap-

proach may thus only be the higher solubility of Ca compared to
Sr in the basic solution.

Together with the Ca doping, the curvature in the tubular or
scrolled morphologies is a reason for the apparent stabilization
of the meta-stable bulk phase of CoO2. The thin wall and the
limited diameter indicate that this stabilization only occurs for
a narrow range of bending radii. The observation of the mono-
clinic unit cell by STEM imaging and SAED diffraction suggests
that this crystal structure is slightly more stable than the orthogo-
nal one. Further studies, including theoretical and computational
investigations, will be necessary to explain the stability of the
CoO2 NSs.

2.3. Electrical Properties of CoO2 Nanoscrolls

In addition to the structural analyzes, a dedicated study of the
electrical properties of the NSs was performed. Figure 4a denotes
the schematic representation of a typical two-probe device, which
was realized by electron-beam lithography (see experimental sec-
tion). Figure 4b represents the output characteristics of an ex-
emplary two-probe device measured under ambient conditions
at room temperature. A SEM image of the device is shown as an
inset in Figure 4b revealing a channel length of 340 nm and a
scroll diameter of 192 nm. The drain voltage (Vd) is swept from
–5 V to +5 V while stepwise increasing the gate voltage (Vg)
from –50 V to +50 V (Figure 4b). With increasing gate voltage
(negative), the channel current is increasing, indicating a p-type
semiconducting nature of the NSs. Moreover, the current is ob-
served to increase stronger than linearly with the applied drain
voltage. Although a contribution from Schottky contacts cannot
be completely excluded in the two-probe setup, this non-linear
increase very likely occurs due to Joule heating and a resulting in-
crease in electrical conductivity of the semiconducting NSs, espe-
cially considering the large maximum current densities between
≈0.25 and 1.5·105 A cm2 (gray and cyan curves at Vd = –5 V
in Figure 4b, respectively). Temperature-dependent I-V charac-
teristics (Figure 4c; Figure S12, Supporting Information) show
a decrease in current with decreasing temperature, confirm-
ing that the nanotubes are of semiconducting nature. We have
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Figure 4. a) Schematic representation of a two-probe device. b) Output characteristic of a NS (inset image) for different gate voltages. c) Temperature
dependence of the output characteristics. d) I–V characteristics until the breakdown of the NS depicted in the SEM image in (b).

measured I–V curves for ≈20 devices in a two-probe configura-
tion with channel lengths varying from 300 to 600 nm.

The current-carrying capacity of a device depends on three
parameters: the geometry, the electrical resistance and the ther-
mal conductivity, which determines the induced temperature
rise. Even when the device architecture is uncomplicated, the
interplay between resistance and temperature rise is a complex
phenomenon and depends on many factors. Single CoO2 NSs
can withstand electrical currents of 20–25 μA under ambient
conditions before failure (at Vg = 0 V) (Figure 4d; Figure S13,
Supporting Information), resulting in a maximum current den-
sity of up to 4·105 A cm−2, assuming a wall thickness of 5 nm.
Although lower than boron nitride (BN) coated carbon nan-
otubes (CNTs),[32] this value of high current density surpasses
metals like Au, Pt and W,[33] and is comparable to compounds
like TaSe3, Nb-Ti, PbSe or SnO2.[34–36] The measured maximum
current density is most probably only a lower approximation as
the current does not saturate with applied bias.

Interestingly, the breakdown voltage per channel length is sur-
prisingly high for these devices (9.2 V/340 nm = 270 kV cm−1

for Figure 4d), as high as for BN-capped CNTs.[32] The break-
down would occur when the electric field is sufficiently strong
enough to pull electrons from the material and ionize it. Due to
the high oxidation state of cobalt, the ionization process is diffi-
cult, resulting in high stability under high voltages. The break-
down is thus more likely to be a result of Joule heating and/or
electromigration. The SEM image in Figure S13d (Supporting
Information) shows the NS after device failure indicating that
the device breakdown occurred not inside the metal contacts
but inside the NS, close to the contact. This observation, to-

gether with the rounded shape after breakdown (Figure S13d,
Supporting Information) suggests that defect-induced Joule heat-
ing caused the melting and breakdown of the NS. When looking
at the breakdown power per channel length (P/L), the CoO2-NSs
can withstand ≅7.5 W cm−1 (Figure S13, Supporting Informa-
tion), which outperforms most used interconnect candidates, i.e.
Cu (polycrystalline)[37] and stands close to BN-capped quasi-one-
dimensional TaSe3 (≅6.8 W cm−1).[38] A measurement under vac-
uum or capping the device with a dielectric layer (hexagonal BN,
Al2O3, SiO2 etc.) could suppress the electromigration process and
further increase the breakdown power and the current-carrying
capacity.[32]

It is worth to mention that no leakage through the sub-
strate was observed as proven by a measurement without NS
(Figure S14a, Supporting Information). Furthermore, the devices
are stable for over 16 months at ambient conditions (Figure S14b,
Supporting Information), suggesting a high device and NS stabil-
ity, making use of the CoO2 NSs, for example as interconnects,
in real-life applications promising.

3. Conclusion

We synthesized bulk meta-stable CoO2 in a stable form of nano-
scrolls (NSs) by a crystal conversion method. The crystal struc-
ture of the NSs is investigated by electron microscopy imaging
and diffraction and CoO2 is found in a monoclinic structure with
𝛽 = 98°. Spectroscopic techniques are consistent with a Co ox-
idation state of 4+. The stabilization of the CoO2 NSs, which
are long-term stable (>1 year) at ambient conditions, is under-
stood to be created mainly by the curvature of the sheets and this
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stabilization seems to occur only for a narrow range of scroll
diameters and wall thicknesses (bending radii). The employed
crystal conversion method is therefore promising to realize more
meta-stable compounds yet to be synthesized. Electrical proper-
ties of individual CoO2 NSs were determined and they exhibit a
high current-carrying capacity (4 × 105 A cm−2) and an extraordi-
nary high electrical breakdown voltage (270 kV cm−1) and power
per unit channel length (≅7.5 W cm−1). These outstanding per-
formances and the stability of these CoO2 NSs make their use as
potential building blocks for high-power electronic applications
highly promising.

4. Experimental Section
Synthesis of CoO2 Nanoscrolls: The NSs were synthesized by dispers-

ing 20 mg of Ca3Co2O6 bulk material in 2.5M NaOH solution via sonica-
tion for 15 min. The dispersion was transferred to an air-tight autoclave,
which was placed in a constant-temperature oven. The oven was heated
to 220 °C with a 5 °C min−1 rate and kept at that temperature for 12h be-
fore letting cool down to room temperature overnight. Milli-Q water was
used to wash the product until it became pH neutral. The final product
was achieved by drying at 60 °C overnight.

Analysis Techniques: The synthesis product was characterized us-
ing various techniques. Scanning electron microscopy (SEM) was per-
formed with a ZEISS GeminiSEM 560. Most of the transmission elec-
tron microscopy (TEM) studies, including selected-area electron diffrac-
tion (SAED) and electron energy-loss spectroscopy (EELS) in TEM
mode (Gatan Image Filter (GIF) Tridiem, acceptance angle of 11.9
mrad) were performed using an image-corrected Titan Cube micro-
scope (Thermo Fisher Scientific) working at 300 kV. High-resolution scan-
ning TEM (HRSTEM) imaging analyzes were conducted in a probe-
corrected Titan Low-Base microscope (Thermo Fisher Scientific) oper-
ated at 300 kV, using the high-angle annular dark-field (HAADF) detec-
tor (convergence/acceptance angle 25/48 mrad). Energy-dispersive X-ray
spectroscopy (EDS) using an Oxford Instruments Ultim Max TLE 100 de-
tector was performed in the same instrument. Some complementary TEM
measurements were performed in a Themis 300 G3 (Thermo Fisher Scien-
tific). The Ca3Co2O6 and CoO2 powders were analyzed by X-ray diffraction
(XRD) using a PANalytical diffractometer Empyrean system with CuK𝛼 ra-
diation.

Device Fabrication and Electrical Measurements: A NS powder disper-
sion was prepared by sonication for 1 min of the powder in iso-propyl
alcohol (IPA) (HPLC grade) and then spin-coated (3000 pm, 1 min) on a
pre-patterned Si (high p-doping) /SiO2 wafer. Individual NSs were marked
and mapped in SEM. For the following electron-beam lithography process
of source and drain electrodes (Raith 150 two), the substrate with NSs
was coated with e-beam resist EL9 and PMMA 950K 2% was spin-coated
on the substrate with NSs before e-beam expose. Development of the re-
sist was achieved by dipping in a 1:3 MIBK/IPA mixture for 30s followed
by immediate immersion in IPA for 10 s. Sputtering of metal contacts
(5 nm Cr/ 50 nm Pt/ 50 nm Au) was performed with an Orion sputter
machine followed by an Ar bias cleaning step to make sure that all PMMA
is removed. Pt (6.35 eV) acts as the work function material and enables
ohmic contact. Cr facilitates good adhesion and a swift lift-off process.
For this lift-off step, the substrate was kept in acetone (5h) followed by
washing with acetone, IPA and drying under N2 flow. Due to the small
length of the NSs, two-probe devices were fabricated, which were charac-
terized with a semiconductor characterization system (Proxima Keysight
B1500A) at room temperature under ambient conditions. Measurements
were also performed at low temperatures (down to 6 K) under vacuum
using a Lakeshore CRX-4K cryostat. Ampacity was determined at ambient
conditions. NSs-free areas were used as test structure to guarantee that
the SEM imaging and subsequent metal deposition do not lead to a con-
tacting of source and drain.
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