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Strontium-deficient Sr,Co0O,-CoO, nanotubes as a high
ampacity and high conductivity material

Miniaturization of electronics demands interconnectors

with high ampacity and conductivity, which conventional
conductors cannot offer. Our strategy converts a quasi-1D
into a 2D crystal structure that rolled into tubular structures,
producing a large quantity of Sr-deficient misfit
SrCo0,-Co0, nanotubes, shows the highest reported
ampacity value in any inorganic oxide-based material and
the highest breakdown power per unit channel length among
regular interconnect materials. These nanotubes are potential
building blocks for high-power electronic applications.
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Continuous miniaturization of electronics demands the develop-
ment of interconnectors with high ampacity and high conductivity,
which conventional conductors such as copper and gold cannot
offer. Here we report the synthesis of Sr-deficient misfit Sr,CoO,—
CoO; nanotubes by a novel crystal conversion method and inves-
tigate their electrical properties. Bulk Sr¢CosO;5 having a quasi-
one-dimensional CoOg¢ polyhedral structure (face-sharing octahe-
dron and trigonal prismatic CoOg arranged in one-dimension) is
converted to Sr,CoO,-Co0O, nanotubes where CoO, adopts a two-
dimensional edge-sharing CoO, layered structure in a basic hydro-
thermal process. Electrical properties measured on individual
nanotubes demonstrate that these nanotubes are semiconducting

with a conductivity of 1.28 x 10* S cm™

and an ampacity of
10° A cm™2, which is the highest reported ampacity value to date
of any inorganic oxide-based material. The nanotubes also show a
breakdown power per unit channel length (P/L) of ~38.3 W cm™,
the highest among the regularly used interconnect materials. The
above results demonstrate that Sr,CoO,—CoO, nanotubes are

potential building blocks for high-power electronic applications.

1. Introduction

Intercalated layered cobalt oxides have shown rich physical
phenomena and drawn significant attention due to their
eccentric electrical, thermal, and magnetic properties."” These
intercalated layered cobalt oxides have been applied as
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New concepts

To date, the literature reports the synthesis of low dimensional materials
from high to low dimensional, e.g. from 3D to 2D/1D materials. In this
work, we report crystal structure conversion from quasi-one dimensional
to 2D in misfit strontium cobalt oxide for the first time. Upon achieving
the two-dimensional crystal structure, it further rolls into tubular
structures due to existing misfit strain and stabilizes the metastable
Further
demonstrates a unique crystal structure representing edge-sharing
CoO, layers intercalated by a unit of CoO, and SrCoO,, which has not
been reported earlier. Along with this, we have also explored the electrical
properties of these nanotubes at the individual nanotube level. These
nanotubes show a conductivity value of 1.28 x 10* S cm ', even higher
than that of CNTs and an ampacity of 10° A cm™ 2, which is the highest
reported ampacity value to date of any inorganic oxide-based material.
These nanotubes also exhibit a breakdown power per unit channel length
(P/L) of 38.3 W cm ™", the highest among the regularly used interconnect

structure. investigation of the metastable 1D nanotube

materials suggesting that these materials could be building blocks for
high-power electronic applications. We believe the synthetic strategy
developed in this work opens up possibilities to produce many
metastable compounds.

cathodes in rechargeable batteries.>* They show high Seebeck
coefficients regardless of their metallicity, which will be applic-
able for thermoelectric devices.>>® When these CoO, layers are
decoupled (by intercalating with water, Na,3;C00,-1.3H,0),
they exhibit unconventional superconductivity.” CoO, and
other transition metal dichalcogenide layers intercalated with
two-dimensional layers with different lattice parameters (the
so-called misfit layered compounds (MLC)) have generated
some interest lately.*® CoO, layers are proposed to show ferro-
electric instabilities when intercalates are progressively
removed. However, making intercalated CoO, nanotubes
(NTs) is found to be synthetically challenging. Recently, the
synthesis of CaCoO,/SrCoO, intercalated misfit CoO, nano-
tubes was demonstrated starting from bulk misfit Ca;Co,04
or Sr;C040,.'>"" The band gap of these nanotubes is found to
be dependent on the type of intercalate, being 1.9 eV in
CaCo0,-Co00, and 1.2 eV in SrCo0,-Co0,.'"'* However, the
yield of CaCo0O,-Co0O, nanotubes is found to be low, and the
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yield of SrCoO,-CoO, nanotubes depends on the ability to
synthesize bulk metastable Sr;Co,O,. Moreover, the electrical
properties of these nanotubes have not been studied yet, which
demands further research on improved synthesis methods and
investigation of the properties of these materials.

Here, we report, a rather unique crystal conversion process
to make metastable Sr,CoO,-CoO, nanotubes. The quasi-one-
dimensional crystal structure of bulk SrgCosO;s5 is treated
under basic hydrothermal conditions to form Sr,CoO,-CoO,
nanotubes (SCO-NTs, x < 1), which are Sr-deficient compared
to the previously studied misfit SrCo0O,~Co0, NTs."" The nano-
tubular phase of Sr-deficient Sr,Co0,-CoO, has been indicated
as SCO-NTs throughout the manuscript for simplification.
Commonly, inorganic nanotubes are synthesized directly from
pure elements or from the corresponding bulk structure,’
which is in contrast to our approach as the SCO-NT structure
is different from that of the parent bulk. X-ray photoelectron
spectroscopy (XPS), high resolution (scanning) transmission
electron microscopy (HR(S)TEM) imaging, selected area elec-
tron diffraction (SAED) along with energy-dispersive X-ray
spectroscopy (EDS) and electron energy-loss spectroscopy
(EELS) measurements were conducted to identify the structure
and the chemical composition of these nanotubes.

Also, we have explicitly studied both the physical and the
electrical properties of SCO-NTs at the individual nanotube
level by patterning them via electron beam lithography. The as-
synthesized SCO-NTs can sustain a breakdown current-carrying
capacity (J) of as high as 0.88 x 10® A cm™? (without contact
resistance correction) and 2.49 x 10° A em ™~ (contact resistance
corrected) for a single NT, which is a few orders of magnitude
higher than those of the conventional interconnect metals (Cu,
Al, Au, etc.)"*™ and van der Waals materials®*>’ and even
comparable to that of multi-wall carbon nanotubes (MWCNTsS)
(1.23 x 10®° A ecm 2).**73° Compared to the state-of-the-art
materials, e.g., graphene,®™*> MWCNTs,* and single-wall
(SW)CNTs,**®> SCO-NTs show higher conductivity (¢) on the
order of 1.28 x 10" S em™", which is one order of magnitude
higher than that of SWNTs and graphene. Besides, SCO-NTs
exhibited a high breakdown power per unit channel length
(P/L) ~ 38.3 W em™ ", which is the highest among all of the
regularly used interconnect materials and close to the highest
reported value for boron nitride coated-SWNTs (~45 W cm™*).*
This value indicates the electrical robustness of these materials
under a high voltage sweep. These high values of current carrying
capacity with high conductivity open a window for these materials
to be used as a very promising interconnect candidate.

2. Results and discussion
2.1 Structural characterization of Sr,C00,-C00, (SCO-NTs)

SCO-NTs have been achieved upon reaction with SrsCo50;;5 (see
crystal structure in Fig. 1 and X-ray diffraction analysis in
Fig. S1 in the ESIf) under basic hydrothermal conditions at
220 °C for 12 h. SEM images show a high yield of nanotubes
(Fig. 2(a) and (b)) with the presence of some 2D flakes and
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unreacted bulk material (Fig. S2 in ESIt). These NTs have
external diameters of 10-70 nm and lengths ranging from
600 nm to 4 pm. Several high-resolution (HR)(S)TEM images
on different nanotubes are presented in Fig. 2(c)-(e) and Fig. S3
and S4 in the ESL{ which clearly show that the nanotube is
crystalline with several defects and imperfections. The area of
the acquired HRTEM image is marked by the green square in
the inset TEM image of Fig. 2(e). The line profile taken along
the blue line (Fig. 2(e)) shows that this nanotube contains two
types of d-spacings along the c-axis, one with ~0.89 nm and
another with ~0.54 nm. The former spacing corresponds to
SrCoO, intercalate between the CoO, layers matching with the
existing SrCo0,-Co0, misfit phase."* The latter spacing does
not agree with the d-spacing of pure metastable CoO,
(0.45 nm). However, it can be linked to the distance between
two successive CoO, layers, a Sr-deficient misfit phase, possi-
bly intercalated partially with Na ions coming from the basic
medium reaction conditions. This d-spacing was observed
in low amounts in pure SrCoO,-CoO, misfit NTs and was
declared as a stacking fault.'* In the following, we refer to this
phase as intercalated CoO, layers. Fig. 2(c) shows an HR-STEM
image of another SCO-NT with a well-ordered stack of com-
plete misfit layers and intercalated CoO, layers indicated by
black and red lines, respectively. Distortion in the outer
boundary has also been observed in some NTs with both
misfit and intercalation phases (Fig. 2(d)). Fig. S4 in the ESIT
further presents HRTEM images for different nanotubes with
various wall thicknesses. The relative amounts of misfit
SrCo0,-Co0, and intercalated CoO, phases differ consider-
ably between NTs as can be seen from these additional images
in Fig. S4 (ESIY).

To gain more insight into the crystal structure, we collected
and analyzed selected area electron diffraction (SAED) patterns
of individual nanotubes (Fig. 2(f)). In the SAED pattern, all the
spots with similar interplanar spacing are marked with dashed
circles. The measured d-spacings with corresponding Miller
indices are annotated, and the original diffraction pattern
without annotations is also given in Fig. S5 in the ESI{ for
reference. The green double arrow in the SAED pattern marks
the tubular axis. Along the c-axis, a periodicity of 0.9 nm is
observed, with a strong {003}, a weak {002} and a broad {001}
pattern suggesting the existence of a superstructure of alter-
nating CoO, and SrCoO, layers. Known from the misfit NTs,""
there are eight spots of {110} and {220} reflections of SrCoO, on
the red marked circles with d-spacings of 0.36 and 0.18 nm,
respectively. These planes have a multiplicity factor of four,
implying two types of SrCoO, sheets in the same nanotube,
which are rotated by 30° with respect to each other. There are
twelve pairs of CoO, reflections of {200} and {020} (indicated
with blue dashed circles) with d-spacings of 0.25 and 0.14 nm,
respectively. These planes have a multiplicity factor of six,
implying two types of CoO, sheets in the same nanotube, which
are rotated by ~20°. Most investigated NTs showed two sets of
sheets but NTs with a single set or multiple sets of sheets were
found. The spots of both subsystems are spread by equal angles
(4°); thus, the layers’ chiral angle is 2°, which is equivalent to

This journal is © The Royal Society of Chemistry 2022
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(@) and (b) Crystal structures of SrgCosOs15 bulk through the c-axis and ab-plane, respectively. Crystal structures of the proposed Sr-deficient

SCO-NTs with intercalated CoOs; layers: (c) along the cross-sectional direction, and (d) along the a-axis.

half of the azimuthal spreading of the spots. The lattice
parameters of CoO, and SrCoO, in the a-direction are com-
mensurate. Thus, the two sets of spots, which are marked by
green dashed ellipses (Fig. 2(f)) and are related to the reflec-
tions of the {200} planes with a d-spacing of 0.25 nm, come
from both the CoO, and the SrCoO, layers. There are two sets of
spots with a d-spacing of 0.27 nm, marked by red circles in
Fig. 2(f) corresponding to {020} reflections of SrCoO,. Thus,
SAED confirmed that SCO nanotubes have a composite crystal
structure of primary CoO, layers between SrCoO, layers in the
misfit structure.

Fig. S6 in the ESI{ presents the elemental composition
analysis of the NTs by STEM-EDS. Fig. S6(a)-(d), ESI{ show
examples of the EDS spectra, where the main contributions of
O, Co and Sr and Na are clearly visible. Fig. S6e, ESI shows the
mean, minimum and maximum atomic percentages of O, Co,
Sr and Na found in the analysis of several NTs. The average
composition is 73.2% O, 16% Co, 7.1% Sr, and 3.8% Na with
two exemplary spectra presented in Fig. S6(a)-(d), ESL1 The
atomic percentage of Sr compared to Co is considerably lower
than expected for a pure misfit SrCoO,-CoO, phase (14%),
confirming that the NTs primarily consist of CoO, layers. A
variation of the elemental composition within a single NT could
not be detected. The Co and Sr contents are found to vary
considerably between different NTs, while the sum of both
elements (Co + Sr) is rather constant (Fig. S6e, ESIt). This shows

This journal is © The Royal Society of Chemistry 2022

that the relative amounts of Na-stabilized CoO, and CoO,
stabilized between SrCoO, layers in the misfit structure differ
between NTs.

X-Ray photoelectron spectroscopy (XPS) analysis was per-
formed to determine the chemical environment and oxidation
state of cobalt in SCO-NT. Fig. S7a in the ESIf indicates the
wide spectra of the NT where the binding energy peaks located
at 131.8 eV, 780.2 eV and 531.9 eV correspond to Sr 3d, Co 2p
and O 1s, respectively. A high-resolution scan for Co 2p shows
two peaks corresponding to 2p;,, and 2p,,, centered at 779.8 eV
and 794.8 eV and a satellite peak at 790 eV, respectively
(Fig. S7b in ESIt). It has been reported that the satellite peak at
790 eV confirms the presence of Co®".>” In the case of LiCoO,
and delithiated Li,C00,, it has been shown that the broadening
of the satellite peak (i.e., full width at half maximum) and its
relative area help in understanding the cobalt oxidation state
and the amount of lithium present (x).>” Therefore, assuming a
similar dependency for Sr-based CoO,, we fitted the peaks for
Co 2p, and the full width at half maximum (FWHM) for the
satellite peak (790 eV) is found to be 3.1 eV with a relative area
of 5.2%. This observation suggests partial oxidation of Co®" to
Co"". Deconvolution of Co 2p;,, peaks indicates the presence of
three peaks centered at 780 eV, 781.3 eV and 782.8 eV, which
can be assigned to the contribution of Co*" (area 62.07%),
multiplets of Co**/Co*" (area 30.9%) and Co*' (area 7.03%),
respectively (Fig. S7c in ESIt). The Co atoms seem to be present
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(a) and (b) SEM images of SCO-NTs. (c) HRSTEM image of an SCO-NT with a well-ordered stack of complete SCO misfit layers and intercalated

CoO;, layers indicated by black and red lines. (d) HRSTEM image of a NT with a rather disordered outer border, where both misfit and intercalation phases
can be seen. (e) TEM analysis of an SCO-NT: HRTEM image and corresponding line profiles show two d-spacings at the NT border, which are attributed
to intercalated CoO,; (0.54 nm) and the SCO misfit structure (0.89 nm). Inset shows a low magnification TEM image of the nanotube, where the area of
the HRTEM image is marked with a green square and the corresponding area selected for diffraction (SAED pattern in (f)) is marked by a black circle.
(f) SAED pattern of the nanotube. A long green double-sided arrow indicates the tubular axis and small green arrows indicate basal reflections. Dashed
circles denote spots corresponding to the same interplanar spacings, and measured values are given together with the associated Miller indices. The
SrCoO, and CoO, subsystems are represented by red and light blue, respectively. The original diffraction pattern without annotations is given in Fig. S5 in

the ESIT for reference.

primarily in the 3+ oxidation state, which agrees well with the
reported literature.®” The Co 3p core XPS spectrum is recorded
to understand further the oxidation process of Co®" (Fig. S7d in
ESIT). The splitting of Co 3p into Co 3p;,, and Co 3p,, is not
observed because of the minimal binding energy difference/
spin-orbit coupling constant. The satellite peak located at
70.6 eV has a FWHM of 4.1 eV with a 9.1% relative area,
strongly suggesting the oxidation of Co®", and is in good
accordance with the reported literature for cobaltates.®” It is

218 | Mater. Horiz., 2022, 9, 2115-2127

known that the core 3s peaks are very sensitive to the metal spin
state for transition metals.’” To understand the spin state (low
spin or high spin), we further recorded the Co 3s XPS spectrum
(Fig. S7e in ESIY). Fig. S7e in the ESIt shows a main peak at
102.4 eV and a very weak satellite peak in the binding energy
region of 109-115 eV. The FWHM of the main peak is found to
be 3.6 €V, which suggests a low spin configuration (d°) of Co"",
supporting the findings in the literature. This clearly supports
the (partial) oxidation of Co®" to Co*" in our Sr-deficient misfit

This journal is © The Royal Society of Chemistry 2022
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nanotubes. Also, Na 1S XPS gives a prominent peak at
1070.3 eV, which proves the presence of Na ions as intercalates
between CoO, layers (Fig. S7f, ESIt). Furthermore, we have
deconvoluted O 1s peaks into three peaks located at 529.9 eV,
531.5 eV and 533.2 eV, which can be assigned to the contribu-
tion from lattice oxygen (area 47.55%), adsorbed surface hydro-
xyls/strontium carbonate on the surface (area 46.44%) and
adsorbed H,O on surface (area 6.01%) species, respectively
(Fig. S7g in ESIY), based on the reported literature.**™*! Detailed
analysis of Co 2p;z, and O 1s for SCO-NT is presented in
Table S1(a) and (b) (ESI¥).

Fig. S8 in the ESIt shows the O-K and Co-L edges obtained
by TEM-EELS measurements on individual NTs. The near-edge
fine structures (ELNES) of EELS for the O-K edge show a sharp
peak at 530 eV followed by a valley and a broader excitation
between 535 and 546 eV. This spectrum closely resembles the
EELS signal obtained on pure misfit SCO-NTs,"" but differs
considerably from the published spectra of CoO, where the Co
ions are found in the Co** configuration and do not show a
peak at 530 eV.*>*? As the intensity at 530 eV increases with
increasing Co oxidation state, such as in Co;0,, the presented data
with a strong peak at 530 eV suggest an even higher oxidation state
of Co®* or higher. This is confirmed by the Co-L edge ELNES
analyses, which reveal a Co-L; peak at a rather high energy of
781 eV as previous studies show that a higher valence leads to a shift
to higher energies of the Co-L; edge.*” In summary, the EELS results
on Co-L and OK edges suggest that Co is found in an oxidation
state of Co®* or even higher, which supports our analysis from Co
XPS spectra. Spatially-resolved (SR) EELS analysis of an NT with both
misfit and intercalated CoO, phases is shown in Fig. S9 (ESIt). The
data indicate that indeed the Sr content is reduced in the inter-
calated phase compared to the misfit phase confirming previous
results from imaging and diffraction. Small changes in the ELNES
of the O-K and the Co-L edges suggest a minor difference of valences
between the two phases.

In addition, we performed optical measurements on the
SCO-NTs. The work function of these NTs is calculated from the
ultraviolet photoelectron spectroscopy (UPS) as explained in
the literature** (Fig. S10 in ESIT) and it is found to be 6.1 eV. We
measured the UV-Vis absorbance spectra of the SCO-NTs
(Fig. S11 in ESIf). It is observed that they show a major
absorption peak around 432 nm. The band gap is calculated
from the Tauc plot and it is found to be 0.6 eV.

2.2  Growth mechanism

In order to understand the growth mechanism of these nanostruc-
tures, nanotubes at different reaction times have been analyzed. The
SEM images of NTs obtained at 6 h in Fig. 3(a) and (b) reveal the
growth point of the nanotubes as marked by red arrows, and yellow
arrows indicate grown SCO-NTs from those growth points. The TEM
image in Fig. 3(c) clearly shows the growth of the nanotubes from
the bulk and Fig. 3(d) indicates the low contrast regions (marked in
yellow arrows) in the bulk, identified as the growth point (as seen in
Fig. S12 in the ESI}).

Fig. S13 in the ESI{ shows a study of the growth mechanism
by a comparison of the reaction product after 0 h (parent bulk),

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) and (b) SEM images of the sample obtained at 6 h (during

growth of the nanotubes), where red arrows indicate where nanotubes are
about to grow and the routes of the grown nanotubes are marked with
yellow arrows. TEM images show (c) the nanotubes growing out of the
bulk (strontium-deficient Sr,CoO,—-Co0O,), and (d) the low contrast regions
act as growth points for nanotubes. (e) EDS spectrum of the area
presented in (d) and the relative atomic percentages of Sr, Co, and O are
shown in (f).

1 h, 3 h and 10 h of reaction time. The rod-like morphology of
the parent bulk is maintained after 1 h, where partial exfolia-
tion is visible on the surface of the Sr-leached bulk. Small NTs
start to appear after 3 h of reaction time, which continue
growing during the prolonged reaction time until almost the
complete bulk material is consumed after 10 h.

SrsCo50;5 consists of infinite columns of face-sharing trigo-
nal prismatic and octahedra of CoO¢ polyhedra that propagate
along the crystallographic c-direction, separated by SrOg units
(Fig. 1 and Fig. S1 in ESIt).*® The distance between two adjacent
cobalt cations in the face-sharing CoO¢ polyhedra is similar or
slightly lower than the distance between two neutral Co atoms
in the metal.*> Thus, the face-sharing configuration requires
high energy due to the increased electrostatic repulsion
between the two closely spaced high valent Co ions. Upon basic
hydrothermal treatment, most of the Sr dissolves in basic
solutions as proven by the EDX analysis (Fig. 3(e) and (f)),
which reveals a very low Sr content in the remaining bulk and
growing nanotubes (average of 0.7-1.3 atomic% of Sr). This
leaves the face-sharing one dimensional (1D) CoOg4 polyhedral
chains unstable, which convert to edge-sharing CoOg sheets.
Due to misfit stress between the SrCoO-CoO, layers and
dangling bonds at the sheet’s edges, these sheets crystalize
into tubular form and these nanotubes may be seen as coming

Mater. Horiz., 2022, 9, 2115-2127 | 2119
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out of the bulk (Fig. 3 and Fig. S12 in ESIt). CoO, could also be
partially intercalated with Na ions that are present in the
solution. One-dimensional growth could result from increased
volume, while converting face-sharing CoOg to edge-sharing
CoOg via oxygen insertion and screw dislocation.

2.3 Electrical properties of SCO-NT devices

The electrical properties of SCO-NTs are studied by fabricating
four and two-terminal devices with NTs as the channel/active
material on a Si/SiO, substrate, with 285 nm SiO, as the gate
dielectric. Fig. 4 shows the schematic representations and SEM
images of two- and four-probe devices. Fig. 5(a) demonstrates the
typical resistance vs. temperature (R vs. T) plot under a vacuum of a
four-terminal device for an SCO-NT with a length of 2.2 pm and a
diameter of 57 nm. The device with equidistant probes, being
405 nm apart, is shown in the inset of Fig. 5(a). The resistance
decreases exponentially from low temperature (10 K) to 170 K
showing that the nanotubes are semiconducting. The resistance
saturates and slightly increases up to 300 K. At room temperature,
the resistance (R) is found to be ~2900 Ohm giving a conductivity
value of 1.28 x 10* S cm™ . It was proposed that for 1D layered
nanotubes, not the entire cross-sectional area does take part in
conduction, but only a few outer layers (attached to the electrode)
participate in the current transport.*® Thus, the conductivity value
reported here could be a lower estimate. We also measured the
resistance at room temperature for a prolonged period of time
showing that the resistance is stable for a time period of 400 s
(Fig. S14 in ESIf). From lower to higher voltage, the I-V graph
becomes linear to non-linear (Fig. S15 in ESIt), suggesting that the
conduction shifts from ohmic-conduction to trap-filling conduction/
defect-mediated conduction. These observations indicate that SCO-
NTs can follow space-charge limited current (SCLC) theory for
conduction.””

In the case of two-probe measurements (device setup as in
Fig. 4(a) and (b)), the voltage applied to the NTs was gradually
increased, and the current flow along the NTs was measured.

Back Gate
v,
o

Back Gate

Ve

Fig. 4 (a) Schematic representation of a typical two-probe device of
SCO-NT FET showing the source, drain and back-gate electrode.
(b) SEM image of a two-probe device. (c) Schematic representation of a
four-probe device of SCO-NT, where current is sourced from outer
electrodes and inner electrodes sensed the voltage drop. (d) SEM image
of a four-probe device.
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In total, we have measured I-V curves for around 30 devices in a two-
probe configuration with tube diameters ranging from 10 to 50 nm
(see Fig. S16 in ESIT). The output and transfer characteristics of one
of these devices can be seen in Fig. 5(b) and (c), respectively,
measured under ambient conditions at room temperature for a
channel length of 176 nm and a diameter of 13.5 nm. Fig. S17 in the
ESIt represents the output and transfer characteristics of a typical
two-probe device for a channel length of 185 nm and a diameter of
16.2 nm. It is necessary to mention here that gate leakage current
has also been monitored throughout all the measurements, as seen
from Fig. 4.

The drain current (Ig) for a typical two-terminal nanotube
device could not be altered significantly by applying a gate
voltage (V) as high as 50 V (Fig. 5(b)). This suggests that the
nanotubes might be of semi-metallic nature where the mobile
charge carriers are not considerably affected by the applied gate
voltage (V). In Fig. 5(c), the V, is swept from —50 V to +50 V for
a fixed V4 of 3 V. Both Fig. 5(b) and (c) reveal that the nanotubes
are of p-type semiconducting nature (slight increment in the
current at negative Vy).

From the linear regime of the transfer characteristics graph
(Fig. 5(c)), we can extract the linear field-effect mobility using

2

Ci 7 X 3—2 where, L = the length
of the NT, V4 = the drain voltage and C,x = the gate to channel
capacitance. Cox = 2me € L/In(2h/r) is calculated with & ~
3.6 the average dielectric constant of SiO,, 2z = 285 nm the
thickness of the SiO, substrate and r = the radius of the
nanotube, which gives a value of x = 0.9 + 0.2 ecm®> V' ' S,
We measured several devices and the mobility of the NT varies
from 0.6 to 0.9 em? V™' ™. Several effects influence this value
making it only a lower estimate. As it has been obtained from
two-probe measurements, contact resistance can significantly
decrease the obtained mobility value. To calculate the contact
resistance, we use the following equation: R = Ryr + 2R, where,
R = the total resistance from the two-probe measurement, Ryt =
the resistance of the nanotube and R, = the contact
resistance.’®*® Several four-probe measurements (Fig. 5(a),
and Fig. S14 in ESI{) reveal that the nanotube resistance is in
the order of 3000-4000 Ohm at room temperature. Considering
these values, the contact resistance varies from 15 kOhm to
28 kOhm, which is almost 5-7 times higher than the nanotube
resistance. The high contact resistance therefore strongly
affects the measured curves (Fig. 5(b)-(d)) and the determined
mobility value. Moreover, the fact that the current does not
saturate with increasing voltage, leading to device breakdown,
further decreases these mobility values. Also, the samples were
spin-coated from solution for the contacting process, in which
solvent residues and moisture can be trapped between the
layers acting as a scattering center and could further decrease
the determined mobility.>® Further studies are required to
explicitly eliminate these effects in order to have more accu-
rate values. Considering u = 0.9 cm® V™' S, we calculated
the carrier concentration following the equation ¢ = ney, where,
¢ = the conductivity, n = the carrier concentration, e = the

the following equation: u =

This journal is © The Royal Society of Chemistry 2022
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(SEM image of the device is shown as an inset). Output (b) and transfer

(c) characteristics of a two probe SCO-NT FET (SEM image of the device is shown in the inset of (b)). (d) Iq—V4 graph up to breakdown for the two-probe
device shown in the inset. (e) I4—V4 graphs up to breakdown for four different two probe devices with different channel lengths (L) and diameters (D).
Maximum current density with respect to NT diameter and the device channel length is represented in (f).

electronic charge and u = the mobility, which gives a value of
n ~ 10** em 2.

We have performed temperature-dependent I-V characteris-
tics for typical two-probe devices. The consistent increase in
resistance with decreasing temperature confirms the assump-
tion of a semiconducting behavior for these NTs (Fig. S18a in
ESIT). A plot of logarithmic current with drain voltage shows
that the current is measured starting from a small voltage
(50 mvV), which indicates that, despite the large contact resis-
tance, the contact is of ohmic nature and the NTs possess a
minimal barrier height for current flow (Fig. S18b in ESI{). The
ohmic nature at low voltages is as well evident in Fig. S15a
(ESIT). Moreover, the dopant activation energy (E,) can be
the Arrhenius equation follows:

calculated from as

o o el "/KT) where K, is the Boltzmann constant.*””*® The
activation energy (E,) is calculated to be 0.1 meV considering
the fact that contact resistance has a negligible effect on the
activation energy, as reported previously (Fig. S18c in ESI{).*”>"
The activation energy is very small compared to the thermal

energy KT ~ 25 meV at room temperature. This implies a very

This journal is © The Royal Society of Chemistry 2022

high charge carrier concentration for these NTs, which is in
agreement with the calculated carrier concentration () at room
temperature. These values indicate that SCO-NTs act as a highly
intrinsically doped semiconductor. In order to determine the
nature and origin of the dopant thoroughly for these NTs,
further experimental and theoretical studies are needed, which
is beyond the scope of the present work.

We will now focus on the current-carrying capacities of the
SCO-NT devices. The maximum current depends primarily on
three parameters such as connector geometry, electrical resis-
tance and temperature rise.”> Among them, the effect of con-
nector geometry is uncomplicated and easily achievable. In
contrast, the electrical resistance is a quantity that depends on
many interconnected factors. Similarly, many parameters affect
the material’s thermal conductivity, affecting the maximum
allowed temperature rise. SCO-NTs have a resistivity of 8.8 x
10> Ohm cm. This low resistivity can be attributed to the high
charge carrier concentration and the small band gap (0.6 eV
from Fig. S11 in ESI¥). A single nanotube of length 670 nm and
diameter 13.5 nm can withstand a 208 pA current under
ambient conditions before breakdown (at zero gate voltage)
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(Fig. 5(d)), and this gives a current density of 0.88 x 10° A cm™>
(without R, correction), which outperforms conventionally used
metal (Cu, Al, Au etc.) interconnects.>>>*"” This value of high
current density is comparable to the highest reported value for
WS, NTs*® (2.4 x 10° A cm™?) as inorganic nanotubes (INTSs)
and even close to the reported value for MWCNTs (1.23 X
10® A ecm™?).”®?° Elimination of the contact resistance gives a
value of 2.49 x 10° A cm 2, which is almost similar to the
reported value for SWCNTs (3.4 x 10° A em™?).*®*® Our find-
ings of maximum current density could be a lower estimation
as the devices do not reach saturation with applying bias. The
SCO-NT devices can endure a high voltage (V) until the failure
point, even higher than that of CNTs.** The sharp decrease in
the current in Fig. 5(d) indicates the failure/breakdown of the
NT. It is known that, due to effective Joule heating, the
resistance for all the NTs shoots up just before the point of
breakdown, which might decompose the sample.>®

More than 30 devices, in addition to the more than 30 for
the two-probe configuration, have been studied with various
diameters and channel lengths to understand the influence of
both parameters on the maximum current carrying capacity
(Fig. 5(e) and Fig. S16 in ESIY). Fig. 5(¢) demonstrates that the
nanotubes can carry a maximum of 150-210 pA current depend-
ing on the diameter and channel length giving a current density
ranging from 0.14 x 10°-0.88 x 10° A cm ™. The dependence of
the current-carrying capacity on the nanotube diameter and
channel length is shown in Fig. 5(f). Like CNTs, the maximum
current density decreases with increasing diameter and chan-
nel length.>® The best value is observed for an NT with a
diameter of 13.5 nm and a channel length of 176 nm. The
reason behind this can be explained by the Joule heating
associated with current conduction. It is well understood that
the heat generated needs to be dissipated to reach a high
current density. It has already been reported that inner shells
show a higher temperature increase for any applied voltage
than the outer shells.>® Thus, in the case of NTs with a bigger
diameter, outer shells can dissipate the heat faster than the
inner shells, thus making the inner shells more susceptible to a
temperature high enough to result in a breakdown of the
device. Similarly, devices with smaller channel lengths can
carry high current as hot phonons can readily decay into metal
contacts. A device with a longer channel length (poor Joule heat
dissipation as the contacts are far apart) is thus prone to easy
breakdown with lower current carrying capacity.

SEM imaging was performed after the breakdown of the
device to understand the breakdown process. Fig. S19 in the
ESIT shows that the failure took place along the nanotubes and
not inside the metal contacts, as pointed out by the yellow
arrow. In order to analyze the mechanism of electrical break-
down, we used the power-law dependence, i.e., J oc p~™, where
m = 0.5 for the breakdown triggered by the ideal Joule heating
and m > 0.5 for the defect-induced electromigration and
p = the resistivity of the NT.?® Fig. S20 in the ESIt shows the
plot of logJ vs. log p with the fit of the power-law equation with
m = 0.64. This value suggests that the breakdown in these
devices does not follow the ideal Joule heating. The breakdown

2122 | Mater. Horiz., 2022, 9, 2115-2127

View Article Online

Materials Horizons

could be due to defect-induced electromigration coupled with
Joule heating before the tube decomposes. As seen from
Fig. S19 in the ESIL T the failure is more likely to occur near
the cathode (neither at the center nor near the anode), which
could be due to electrical stress. This can be explained as
follows: when the current flows from the cathode to the anode,
electron-wind force (F) is applied close to the cathode, causing
the atomic displacement (electromigration) and hence the
breakdown. Under ambient conditions, moisture and oxygen-
related species can easily get adsorbed on the surface of the NT.
So, the breakdown is influenced by electromigration as the
formation of defects, vacancies and diffusion at the surface
escalate the rate of electromigration. This electromigration
could be suppressed under vacuum measurements or capping
by any dielectric layer. Likewise, we observed an increase in
current under a vacuum (~ 10> Torr) compared to ambient
conditions, which supports our assumption (Fig. S21 in ESIT).
Under a vacuum, the surface-adsorbed moieties are largely
removed, resulting in better contact, leading to lower
electromigration.

The fabrication of the contact lids by the deposition techni-
que might affect the measurement results in several ways.”® To
diminish the effects, a minimal dose and low acceleration
voltage has been used for locating the nanotube and imaging
the device after fabrication. On the other hand, the high current
used in the deposition process of contact lids might damage
the Si/SiO, substrate.

To verify that the current measured in a two-probe configu-
ration (till device breakdown) originates from the nanotubes
and not from the Si/SiO, (285 nm) substrate, an I-V curve
between two unconnected metal pads was measured using
the methods as discussed before. However, the current we
observed was in the pA range, suggesting no leakage through
the substrate (Fig. S22 in ESIT). Besides, these devices are stable
for over ten months under ambient pressure and temperature,
as no current degradation was observed in the I-V curves
(Fig. S23 in ESIf), which indicates a high NT stability and
promises a hassle-free real-life application as an interconnect.

Fig. 6(a) shows a comparison plot of ampacity vs conductiv-
ity for metals and nanocarbons and nanocarbon
composites,'?723:2873%,53757,59-62 g0(.NTs are found to be one
of the best materials next to the best reported CNT-Cu
composite® and c-Al NW>® showing a higher ampacity at
slightly reduced conductivity. Considering the fact that achiev-
ing high ampacity and conductivity in the same material is
challenging, SCO-NTs hold a potential chance to replace the
existing interconnects (metals) in the future. Comparing the
current carrying capacity with other existing materials shows
that SCO-NT materials hold a possible chance as an intercon-
nect (Fig. 6(b)).>*273%5%6376> §CO-NT devices show a current
density (J) of 0.88 x 10° A cm > under ambient conditions
(without R. correction), which is higher than most of the
reported inorganic materials (SnO,,>* WTe,,>® TaSes,”” ZrTe;*®
etc.) by a few orders of magnitude and close to the best reported
WS, NTs (2.4 x 10® A cm™?)*° and Te-boron nitride (BN) NTs
(1.5 x 10® A cm~?)** among all inorganic materials. Eliminating

This journal is © The Royal Society of Chemistry 2022
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(a) Ashby plot of ampacity vs conductivity for several materials such as metals (e.g. Cu, Au, Ag, Al, etc.), alloys (e.g. Sn—Pb), nanocarbons (e.g.

single-walled (SW)NTs, graphene) and composites (e.g. carbon NT-Cu) including SCO-NTs. SCO-NTs (without eliminating contact resistance) exceed
the ampacity of metals/nanocarbons and with contact resistance elimination SCO-NTs could have an ampacity as high as that of SWNTs with higher
conductivity than SWNTs. (b) Comparison of the ampacity of SCO-NTs (with/without contact resistance) with other inorganic-based semiconductor
nanowires/nanotubes (NWs/NTs). (c) Averaged maximum input power per channel length (P/L) for different channel materials that can endure under air.

the contact resistance indicates an even higher current density
of 2.49 x 10° A cm™ %, which is immediately next to the highest
reported single-walled (SW) BNNTs (2 x 10" A cm™?)*® and
close to SWCNTs on SiO, (3.4 x 10° A cm™?).>®233° The results
suggest that improving the device architecture and contacts can
even further increase the current density. In Fig. 6(c), we
compared the maximum electrical power per unit channel
length (P/L) that these nanotubes can withstand just before
the breakdown to understand the reliability of NTs under high
bias.?®:31:36:63,66-69 Remarkably, SCO-NTs can endure the high-
est P/L ~ 383 W cm ' (not R, corrected), which surpasses
many of the interconnect candidates such as CVD-grown multi-
layer graphene (MLGr) ~ 9.6 W cm™ ', mechanically exfo-
liated few layer graphene (FLGr) ~ 13.1 W cm '*' and
polycrystalline Cu ~ 0.007 W ¢cm™',°® and stand next to the
best reported BN-SWNT ~ 45 W cm™*.%® It is worth mentioning
that polycrystalline Cu experiences high grain boundary elec-
tromigration resulting in an easy breakdown and low P/L value.
The high value of P/L for SCO-NTs could be because of the
electrical robustness of these nanotubes under electrical stress.
Overall, in this work, we present the electrical properties of
SCO-NTs with a high current carrying capacity along with good
electrical conductivity and high electrical breakdown power per

This journal is © The Royal Society of Chemistry 2022

unit channel length. With the current findings of this work, we
believe that the use of any capping layer (e.g. Al,O3, h-BN etc.),
high thermal conducting substrate (e.g. sapphire) and measure-
ments under a vacuum could significantly improve the device
performance, which requires further experiments in detail.

3. Conclusions

We have developed a strategy to synthesize Sr,CoO,-CoO,
nanotubes (SCO-NTs) with high yields. A quasi-one-
dimensional crystal structure, i.e., SrsC050;5, is converted from
face-sharing polyhedra (from 1D crystal structure) to edge-
sharing octahedra (2D layered crystal structure). In the
obtained nanotubes, CoO, layers are stabilized in combination
with the SrCoO, layer (making a misfit unit) and additionally
intercalated in between these misfit units, possibly with the aid
of Na ions, yielding a structure predominantly made of CoO,
layers. HR(S)TEM, SAED, EDS, EELS and XPS studies on these
nanotubes distinctly proved the presence of CoO, layers, both
in the misfit units with SrCoO, and in the intercalated form.
The growth of these nanotubes has been spotted to emerge
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from the SCO bulk, revealing the growth mechanism based on a
crystal conversion process, unlike the usual rolling mechanism.

SCO-NTs act as highly intrinsically doped semiconductors
showing a high current-carrying capacity (~10° A cm™2) along
with high conductivity (1.28 x 10* S cm™') and high electrical
breakdown power per unit channel length (~38.3 W cm™ ).
These electrical properties suggest that SCO-NTs are likely to be
a promising candidate as an interconnect, fulfilling the require-
ments suggested by ITRS. We believe that the device perfor-
mance could be improved further by using a high thermal
conducting substrate capping layer (e.g., Al,O3;, hBN etc.),
shorter device channel length (<100 nm) and applications
under vacuum, which requires further experiments in detail.
Nevertheless, we expect that with constant improvement of the
synthesis/fabrication techniques, these SCO-NTs may emerge
as a highly interesting research topic on their own.

4. Experimental section
4.1 Synthesis of bulk SrgC050;5 (SCO bulk)

Bulk Sr¢Co50;5 was synthesized by dissolving strontium nitrate
tetrahydrate [Sr(NO;),-4H,0] and cobalt nitrate hexahydrate
[Co(NO;),6H,0] in a 6:5 ratio in Milli Q water. The salt
solution was concentrated by heating at 70 °C for an hour,
which is then transferred to an alumina boat. The alumina boat
was then kept inside a tube furnace, which was preheated at
900 °C. The boat was held at 900 °C for 6 h. After completion of
the reaction, the tube furnace was allowed to cool down to
room temperature naturally.

4.2 Synthesis and analysis of Sr,C00,-Co0, nanotubes (SCO-
NTs)

In a typical synthesis of the core-shell nanotubular phase,
SrsC050;5 bulk (20 mg) was sonicated in a 2.5 M NaOH solution
for 15 min and transferred into an air-tight autoclave. The
autoclave was kept in a constant temperature oven and heated
to 220 °C at a ramp rate of 5 °C min~'. The autoclave was
maintained at that temperature for 12 h and cooled to room
temperature overnight. The product was washed several times
with Milli-Q water until it became neutral (pH = 7) and dried in
an oven by keeping at 60 °C overnight. The dried powder (SCO-
NTs) was used for all the characterization. In order to under-
stand the nanotube formation (growth mechanism), a similar
experiment starting with SrsCosO;5 in basic hydrothermal
conditions is designed for a reaction time of 6 h instead of 12 h.

4.3 Characterization techniques

Multiple characterization techniques were used to study the
structure and composition of the synthesized material at the
individual nanotube level, including scanning electron micro-
scopy (SEM) (ZEISS GeminiSEM 560), transmission electron
microscopy (TEM) with scanning ((S)TEM) (Thermo Scientific,
Themis 300 G3) and coupled with energy-dispersive X-ray
spectroscopy (EDS) (Super-X detector). HR(S)TEM analysis was
conducted using two aberration-corrected Titan microscopes
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(Thermo Fisher Scientific). HRTEM, SAED and TEM-EELS stu-
dies (Gatan Image Filter (GIF) Tridiem, acceptance angle
11.9 mrad) were performed with an image-corrected micro-
scope operated at 300 kV. A probe-corrected microscope
equipped with a high-brightness field-emission gun operated
at 300 kv was used for acquisition of HRSTEM images with a
high-angle annular dark-field detector (convergence/acceptance
angle 25/48 mrad), EDX spectra with an Oxford Instruments
Ultim Max TLE 100 detector and SR-EELS using a GIF tridiem
ESR 866 EEL spectrometer. SR-EELS studies were performed at
80 kv and an acceptance angle of 68 mrad.

The phase of the powder was confirmed by X-ray diffraction
(XRD) using a PANalytical (Netherlands) diffractometer system
(model Empyrean) with CuK, radiation (% = 1.54 A). Chemical
state analysis and ultraviolet photoelectron spectroscopy (UPS)
were conducted using an X-ray photoelectron spectroscopy
(XPS) instrument (Kratos Analytical, AXIS Supra). All the XPS
spectra are calibrated using contaminated C 1s spectra with the
peak at 284.8 eV, and the peak fitting is done using a nonlinear
Shirley background and with a least-square fitting method
using a Gaussian x Lorentzian (70% X 30%). We have used
an Agilent Technologies (model: carry 100 UV-Vis) UV-Vis
spectrophotometer for recording UV-Vis spectra.

4.4 Device fabrication and measurements

Firstly, NT powder was dispersed in iso-propyl alcohol (IPA)
(HPLC grade) and sonicated for 1 min. The suspension was
spin-coated at 3000 rpm for 1 min on a pre-patterned highly
p-doped Si/SiO, wafer. SEM was used to mark and map the
individual nanotubes. Nanotubes of length 1-4 pm with a 15—
50 nm diameter were selected for the SCO-NT fabrication
process. E-beam resist EL9 and PMMA 950K 2% were spin-
coated on the substrate with nanotubes before e-beam expo-
sure. Source/drain electrodes were patterned by electron beam
lithography (Raith 150 two). For development, the substrate
was dipped into a 1:3 MIBK/IPA mixture for 30 s and then
immediately immersed into IPA for 10 s. The work function of
the nanotubes is found to be 6.1 eV by UPS measurements
(Fig. S4 in ESIf). Metal contacts of Cr/Pt/Au (2 nm/50 nm/
50 nm) were deposited by sputtering (an Orion sputter) fol-
lowed by Ar bias cleaning to ensure that the remaining PMMA
on the contact pattern is removed, where Pt (6.35 eV) acts as the
work function material (enabling ohmic contact). Cr was used
because of its excellent adhesion property, which makes the lift-
off process easier. For the final step, i.e., lift-off process, the
metal-deposited substrate was kept in acetone for 5 h and then
washed with acetone, IPA and then dried under a N, gun. Four
terminal devices were also fabricated following the same pro-
cedure. The two probe devices were measured with a probe
station connected to a semiconductor characterization system
(Proxima Keysight B1500A) at room temperature under ambient
conditions. The four-probe devices were measured with a
physical property measurement system (PPMS, Quantum
Design). For a four-probe geometry, the current (I) injected
from the outer two probes, and the voltage developed between
the inner two probes are measured continuously for various

This journal is © The Royal Society of Chemistry 2022
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temperatures. To investigate the temperature-dependence of
the I-V curve for these NTs, the as fabricated devices were
mounted in a vacuum cryostat (Lakeshore, CRX-4K) and the
current-vs.-voltage (I-V) characteristics were governed as a
function of temperature. The ampacity measurements are
performed at ambient temperature and pressure. To ensure
that the imaging and subsequent metal deposition do not
create current pathways on the substrate surface by creeping
or hopping, we designed a test structure using the same
fabrication procedure on a nanotube-free area of the substrate
and the measurements have been carried out similarly like
earlier.
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