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ABSTRACT

Metal oxide heterostructure assemblies made of ZnO-Co;0, core-shell nanowires enable high-performance self-powered
optoelectronic devices with potential applications in wireless, autonomous, low maintenance medical implants or environmental
sensors. Surprisingly, the experimental study of the single core-shell heterostructures forming the assembly was never reported
until now. We unveil the transport phenomena occurring in individual ZnO-Co;0, core-shell nanowires by engineering ionic
liquid-gated nanotransistors. The nanostructures are isolated on fabrication substrates and equipped with a set of metallic
electrodes probing selectively different sections of the nanowire, in three different configurations labelled core-core, shell-
shell and core-shell. The observed electrical responses reflect the properties of the ZnO core, the Co shell and the core-shell
heterojunction. The ultrahigh capacitive coupling of the ionic liquid to the nanowire and its conformal feature reveal multiple
transport regimes in the same nanodevice: the core, the shell and the core-shell heterojunction act as a linear, nonlinear,
and rectifying nanoelectronic components, respectively. This work shines light on the transport properties of individual metal
oxide nanowire heterostructures employed in self-powered optoelectronics, suggesting potential applications as multifunctional
nanoelectronic components. The methodologies developed in this research set the benchmark for the investigation of nanoscale
building blocks of functional semiconductor nanomaterial assemblies for electronic and optoelectronic applications.

1 | Introduction to silicon [1, 2] due to their unique combination of electri-

cal and optical properties, abundance in nature, high thermal

The availability of novel hardware devices such as sustainable,
efficient and affordable self-powered sensors, wearable and wire-
less devices and healthcare implants, is essential to unlocking
the full potential of the top trending cutting-edge technolo-
gies such as augmented reality, Internet of Things, advanced
robotics and personalized medicine. Among the material families
potentially suitable for these applications, metal oxide (MO,)
semiconductor nanostructures stand out as a potential alternative

and chemical stability, non-toxicity and cost-effectiveness. MO,
materials represent, for instance, an ideal platform for elec-
tronic and optoelectronic devices, solar cells, photodetectors,
and sensors operating under various environmental conditions
[3, 4], thanks to their wide range of bandgaps supporting
light absorption in a broad spectrum ranging from UV-vis to
infrared (IR), coupled to interesting electronic properties at the
nanoscale [5].
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MO, nanostructures with large aspect ratio - quasi 1D materials -
exhibit enhanced properties compared to their bulk counterparts
[6]: the high specific surface area facilitates extensive interaction
with the external environment [3], while the high aspect ratio
[7] might enable effective tuning of electronic properties through
field effect mechanisms, particularly in the case of all-around
gate geometries implemented via ionic liquid gating [8-11]. In
this context, the ZnO system is applied in various fields of
physics and technology [12-14] and increases interest in the
nanoscience and technology community [15-17]. In particular,
ZnO nanowires (NWs) provide a mature nanotechnology plat-
form, with well-developed growth processes and extensively
investigated properties [18]. They are typically n-type materials
with a wurtzite crystal structure and a large direct bandgap of
3.37 eV at room temperature [19]. Notably, considerable research
efforts currently aim at developing heterojunctions based on ZnO,
in order to create all-MO,-based functional devices. To this end,
several oxides are being investigated as p-type absorbers and
cuprous oxide, with a bandgap of 2 eV, is among the most relevant
[20, 21].

Among ZnO-based NW systems, a novel type of quasi 1D core-
shell heterostructure is emerging, with the ZnO nanowire (NW)
core n-type conformally surrounded by the p-type Co;0, shell
[22, 23], engineering a radial ZnO/Co;0, heterojunction along
the NW axis. Even in bulk and thin films, this heterojunction
has proven an outstanding electro-optical response [22, 24, 25],
where Co;0, act as a p-type absorber with two direct bandgaps
at 1.5 and 2.2 eV, allowing coverage of a wide spectral range
from infrared to visible [26], and with a favorable band alignment
with ZnO, promoting charge carrier separation [27, 28]. At the
nanoscale, the heterojunction offers even better performance,
thanks to the shorter distances that carriers have to travel before
collection, reducing the probability of charge recombination.
Additionally, in the NW architecture, the large aspect ratio
provides a significantly large surface area available for absorption,
while requiring less material. In this framework, densely packed
arrays of ZnO-Co;0, core-shell NWs have been used for self-
powered photodetectors: the array was grown on conductive
glass with fluorine-doped tin oxide, which serves as the front
contact of the device, while the back of the array was electrically
contacted by a thin layer of sputtered gol [22, 23]. Remarkably,
despite the exciting perspectives for the application of this new
family of nanostructured systems, the experimental study of the
electrical transport properties of their individual building blocks
still represents a formidable challenge, both at the scientific and
nanotechnological levels, and has never been tackled up to now.

In this work, we started from a ZnO-Co;0, core-shell NW array
and, rather than focusing on the collective electrical response of
the entire array, we used nanomanipulation and nanofabrication
techniques to isolate individual core-shell NWs and use them to
engineer nanoscale devices. This approach allowed us to exper-
imentally address the electrical transport phenomena occurring
in nanoscale multifunctional devices based on quasi- 1D MO,
core—shell heterostructures, with the n-type ZnO nanowire (NW)
core conformally surrounded by the p-type Co;0, shell. Specifi-
cally, individual NWs were selectively removed from the grown
matrix using nanomanipulators and isolated onto a Si**/SiO,
substrate. Accurate scanning microscopy imaging allowed us
to discriminate between NW sections where the ZnO core was

exposed and NW portions where the core was covered by the
Co;0, shell. A comb of metal nanoelectrodes was then realized
by electron beam lithography along the entire length of the
heterostructure body, with a geometry enabling the probing of
electric transport in three different measurement configurations,
hereby referred to as “core-core” (C-C), “core-shell” (C-S), and
“shell-shell” (S-S). This architecture implements a multifunc-
tional electronic device: the core-core electrode configuration
performs as a nanoscale ZnO field effect transistor, the core-
shell configuration behaves as an all-oxide-based pn junction
nanodiode suitable for operation as a photodetector, and the
shell-shell configuration returns the electrical response of a two-
terminal device with two Schottky contacts. The nanowire core
(shell) exhibits transport properties characteristic of a linear (non-
linear) n-type (p-type) electronic component, while the core-shell
junction acts as a rectifying element. In other words, each of
the three sections of the nanowire probed in our transport
experiment behaves as an independent, well defined unipolar
electrical component: the core, as an n type semiconductor
(ZnO); the shell, as a p type semiconductor (Co;0,), the sec-
tion including the core-shell radial interface, as a p-n junction
realized within a semiconductor material (ZnO-Co;0, radial
heterostructure).

Notably, in all three measurement configurations, conventional
solid-state back-gate induces fairly poor field-effect modulation
of electrical conductivity. To investigate the nature of charge
carriers involved in transport mechanisms and to explore field-
effect-induced modifications in transport behavior, we resorted to
iontronics and in particular, to ionic liquid gating [8, 9, 29, 30], a
technique that has shown superior performance compared to the
standard solid-state back gates in tuning the electronic properties
of nanostructures with large aspect ratio. Iontronics science and
technology include all systems and methodologies associated
to the use of mobile ions -their arrangement and movement-
for controlling electronic devices [29]. Systems for iontron-
ics include ionic liquids (molten salts at room temperature),
gels [31], polyelectrolytes [11] and even solid electrolytes [32].
Tontronic methodologies encompass any technique suitable for
building and controlling electric-double-layers (EDLs) at the
interface between the ionic system and the active device channel:
EDLs generate ultrahigh electric fields which modulate electrical
currents in the devices. The combination of iontronic techniques
and nanoscale semiconductor devices has shown superior perfor-
mance compared to standard solid-state back-gates in tuning the
electronic properties of nanostructures with large aspect ratio [8,
9, 30, 33].

Thanks to the iontronic gating, we observe device-level coex-
istence of both electron and hole channels within the same
nanostructure, as well as the selective addressability of each
channel. Our results demonstrate complementary n- and p-
type conduction in distinct sections of the same individual
core-shell nanowire, i.e., ambipolar functionality at the device
level. For sake of completeness, we notice that while our work
focuses on core-shell metal-oxide nanowires and their multi-
functional response, considerable work has been reported on
the optical/photonic analogues of our system, enabling photonic
and optical logic functionalities associated with the occurrence
of ambipolar transport features. These include, for instance,
self-assemblies of branched organic crystals [34], systems for
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FIGURE 1 | (a) False colored top-view scanning electron micrograph of one of the electronic nanodevices fabricated starting from an individual

Zn0-Co;0, core-shell nanowire. The nanowire core (shell) is pink (blue) colored, metallized electrodes are yellow colored. Fabrication substrate is

heavily p-doped Si/SiO2 substrate, with SiO, thickness of 300 nm. Inset: scanning electron micrograph of the as-grown core-shell nanowire array.
(b) Pictorial representation of the device, equipped with a comb of four metal contacts, enabling two- probe measurements in three device configurations:

core-core (leads 3-4), shell-shell (leads 1-2) and core-shell (leads 2-3).

the hierarchical integration of organic core/shell microwires
for advanced photonics [35, 36] and branched homostructures
displaying asymmetric optical waveguiding, suitable for opera-
tion as optical logic gates [37].

Compared with these materials, oxide nanowires are attractive for
the chemical stability, nontoxicity, and abundance, providing an
excellent material platform for optoelectronic device manufactur-
ing under ambient condition [22]. In general, it is worth noting
that the realization of devices based on metal oxides p-n junction
is quite challenging, due to the difficulty of finding suitable p-type
materials (e.g., difficulty in p-type doping in ZnO [38]) and due
to the relatively low mobility of the charge carrier in most of the
metal oxides [22].

Our work discloses the nanoscale transport phenomena
behind the operation of self-powered devices based on
metal oxide nanostructures, experimentally addressing the
building blocks consisting of individual ZnO-Co;0, core-shell
nanowires. In addition, the three different transport behaviors
associated with different measurement -configurations of
the same nanodevice might be exploited for the development of
multifunctional electronic components for microscale/nanoscale
circuitry.

2 | Results and Discussion

Figure 1 illustrates the different preliminary steps of the
transport experiments. In particular, Figure la shows a false
color top view scanning electron micrograph of one of the
devices investigated, while the inset reports a scanning electron

micrograph of the as-grown core-shell NW array. The ZnO
NW core is colored pink, the Co;0, shell in violet, and the
Cr/Au electrical contacts (10 nm/100 nm) yellow. Figure 1b
shows a pictorial representation of the device architecture.
The electrodes are labeled 1 to 4 and allow multiple mea-
surement configurations: S-S configuration (contact pairs 1-2),
C-S configuration (contact pairs 2-3), and C-C configuration
(contact pairs 3-4).

The two-terminal current-voltage (I3—Vy,) characteristics of
the device in the three measurement configurations, at room
temperature under a controlled pressure of 10~®mbar in dark,
were first investigated. Figure 2 reports the experimental results
as three different curves, I4-Vy. In the C-C configuration,
electrical transport occurs throughout the ZnO NW core, between
contacts 3 and 4 (Figure 2a). The characteristic I;—Vy, (Figure 2d)
is linear, indicating the formation of good ohmic contacts at
the semiconductor/metal interface and an electrical resistivity
of approximately 0.7 Qcm, consistent with previous reports
on ZnO NWs with similar diameter [39]. In this configura-
tion, the expected zero bias energy band diagram is shown
in Figure 2g and corresponds to a semiconductor material
of type n with injection contacts at the semiconductor/metal
interfaces. Notably, here, ohmic contacts in ZnO nanostructures
are obtained using metals commonly used in nano- and micro-
fabrication processing and without any additional surface treat-
ment: this represented a challenging task [40, 41] and chromium
as an ohmic contact to ZnO thin film has been only recently
reported [42].

In the S-S configuration (Figure 2b), electrical transport in the
Co;0, shell is probed. The experimental I -V, characteristic
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FIGURE 2 | Electric circuit configuration (in overlay) for the core-core (C-C) configuration (a), for the shell-shell (S-S) configuration (b) and for
the core-shell (C-S) configuration (c). Two-probe I4-Vys characteristic measured in the C-C configuration (d), in the S-S configuration (e) and in the
core-shell configuration (f). Insets in panels (d-f) display the semi log-scale plots of the I-V curves. Dashed red lines in e) and f) are fits to a double

Schottky barrier device response and a pn junction diode, respectively. Energy band diagrams for the unbiased condition: C-C (g), S-S (h) and C-S (i).

E, and E, denote conduction-band minimum and valence-band maximum, respectively; mu is the electrochemical potential, and ®p,; and ® g, in (h)

are the Schottky barriers heights at the metal/Co;0, interface.

(blue dotted line in Figure 2e is symmetric to both positive
and negative voltage sweeps, but exhibits a strongly non-linear
behavior, with electrical resistivity (extracted from the high bias
regimes) of approximately 900 Qcm, i.e., much larger with respect
to the core. This strongly suggests the presence of Schottky barri-
ers with similar heights at both electrical contacts [43], increasing
contact resistance and reducing current levels. Figure 2h shows
the band diagram of the device in a shell-shell measurement
configuration without applying an external bias. Barriers at the
two contacts are denoted as ¢y, and ¢yy,. Barrier heights can
in general, be different, reflecting the morphological features of
the interfaces and their overall quality. This suggests adopting
a two-terminal device model with rectifying contacts [43] which
assumes as equivalent circuit two back-to-back diodes separated
by a series resistance, enabling the extraction of Schottky barrier

heights and the ideality factor, which account for deviations of
conduction from thermionic emission. Accordingly, the current
in this system reads:

. qV
21 I, sinh ( P )
I=————~ ¢)

av. av
IS1 e2xkr + Iszg 2kT

where I; and I, are the reverse saturation currents, expressed as:

N Pp12
I s, = S1,A Tzexp< T 2)

S12, A%, T and k being the areas of the junctions, the Richardson
constant, the temperature and the Boltzmann constant, respec-
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tively. ¢, and ¢y, are defined as the effective Schottky barriers
and take into account the deviation from the ideality via the
formula:

1
$5,.8, = Psorpoz = eVi, <1 - _> 3)

Ny,

®po1> Proz» My, are used as fit parameters. The fit curve is
reported as the red dashed line superimposed on the experimental
curve in Figure 2e. The extracted Schottky barriers values are
similar, approximately 0.47 eV each, and both the ideality factors
are around 1.02. The formation of Schottky barriers for hole
conduction at the Cr/Co;0, interface (Cr is used as an adhesion
layer for metal contact fabrication, as shown in Methods) can be
justified by the difference in the metal and semiconductor work
functions, by resorting to the ideal Schottky-Mott theory for the
contact between a metal and a semiconductor with higher work
function (Co;0, work function was estimated in the literature to
be around 5.2 eV [44], while Cr work function is 4.5 eV [45]).
In the literature, for Co;0, NWs, non linear I-V characteristics
were observed also in the case of favorable alignments of the work
function (as in the case of Pt contacts, having a work function of
5.65 €V) [46]. These deviations from the expected behavior were
attributed to other conduction mechanisms, such as Fermi-level
pinning [47], space-charge-limited conduction, and phenomena
related to intrinsic material properties. In our case, the ideality
factors approximating 1 for both barriers suggest that we can
consider thermionic emission as the dominant mechanism.

In the C-S configuration (Figure 2c), electrical transport through
the ZnO-Co;0, junction is probed. The output characteristics
(Figure 2f) displays the clear rectifying behavior of a p-n junction
diode, characterized by an exponentially increasing current in
the forward voltage regime and by a small reverse current in
the reverse voltage regime. The overall current intensity in
this configuration is intermediate with respect to the other
configurations. The output characteristics (Figure 2f) display the
rectifying behavior characteristic of a p-n junction diode, with
exponentially increasing current in the forward bias regime and
small current in the reverse bias regime. Semi-logarithmic current
plots indicate rectification ratios for the C-S configuration of 16 at
+2V bias voltage, increasing up to 53 at +5 V bias. The same order
of rectifications was reported for ensembles of oxide nanoscale p—
n devices (ratios 10 at 1 V in ZnO-CuO [48]): in these disordered
systems, extracting information on the single nanowire building
block is barely impossible. Larger rectifications (exceeding 100)
were reported only in the case of fully engineered interfaces
in optimized material pairs [49]. Although rectification ratio in
our systems is all but optimized and, likely, it is detrimentally
affected by Schottky-limited contacts to the p-type shell, however,
our finding represents the first direct experimental estimate of
the electrical parameters (including rectification) of individual
nanoscale heterojunctions implemented in core-shell all-oxide
(Zn0-Co;0,) nanowires.

Regarding the leakage currents exhibited by the diode-like sec-
tion of our nanodevices, currents in the 1-10 nA range (relatively
high, sub-optimal) are typically observed.

Unbiased energy band diagrams reported in Figure 2i represent a
schematic, not-to-scale illustrations of the transport mechanisms

behind the three different transport responses observed in our
device, useful for the qualitative rationalization of the experimen-
tal findings. While the n-type core forms ohmic contact with the
metallic electrode, the p-type Co;0, shell forms a Schottky barrier
for holes. The experimental results are best fitted by the pn diode
model with a series resistance, R,:

q(V+IRy)
= zs(eTr - 1> @

I, nand R, were used as fit parameters. The fit curve is reported
as the red dashed line superimposed to the experimental curve
in Figure 2f. The extracted value of the series resistance is about
1 MQ, relatively high most likely due to the poor quality of the
electrical contact at the Co;0, shell.

The Si**/SiO, substrate was voltage-polarized through the highly
doped silicon substrate and was used as a backgate to investigate
device operation as a field effect transistor (Figure 3a). With
this approach, each device configuration (C-C, C-S, and S-S)
was tested upon application of the back-gate voltage, Vg, and
very poor or negligible modulation of the current was observed
(Figure 3b-d, black curves). As for the core-core configuration
(Figure 3b), for applied Vg in the range from 430 to -30V, just
a few per cent modulation of the current is observed, with an
estimated field-effect mobility of a few cm?/Vs. In both core-
shell (Figure 3c) and core- core (Figure 3d) configurations, the
poor efficiency of the back-gate is further reduced by the system’s
geometry. The exposed portion of the core, in fact, is not in direct
contact with the substrate but is suspended at a few tens of
nanometers, corresponding to the shell thickness of the adjacent
segment.

To overcome these limitations of the conventional field effect
approach and fully disclose the electrical transport properties of
the investigated nanomaterials, a different approach based on
iontronics was adopted, using an ionic liquid as the electrolyte
gating medium. Ionic liquids are salts, melted at 300K, consisting
of a charge-neutral ensemble of positive and negative ions: they
are electronic insulators but ionic conductors, where ions can
drift in response to a temperature [11] or a voltage gradient
[50]. When an ionic liquid, in contact with a semiconductor, is
voltage polarized, e.g. by applying a voltage to a metallic element
plunged in the liquid, ions of one sign tend to accumulate at
the liquid/semiconductor interface, while ions of the opposite
sign tend to accumulate at the liquid/metal interface. For positive
(negative) ion accumulation onto the surface of an n-type (p-
type) semiconductor, a positive (negative) charged layer builds
up, inducing the accumulation of an electron (hole) layer in
the semiconductor. These two opposite charge distributions at
the nanometer scale distance realize an electric double layer
typically characterized by nanogap capacitance and an electric
field exceptionally large, up to uF cm™ and 100 MW/cm,
respectively [8, 29]. The advantage of this approach, referred
to as ionic liquid gating, is manifold: In addition to the ultra-
high capacitive coupling with the semiconductor, it is fully
compatible with room-temperature device operation (preserving
the ionic system in the liquid state) and it provides conformal
gating to the semiconductor, whatever its geometry, shape, and
dimensions.
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FIGURE 3 | (a) Schematic of the dual-gated device architecture. The device is embedded in a droplet of imidaziolium-based ionic liquid

([EMIM™][TFSL], consisting of positively and negatively charged ions as depicted in the top inset. A 100 um? square electrode, fabricated at a few tens
of um from the nanodevice, can be voltage-polarized (Vy;,) to control the spatial distribution of ions inside the ionic liquid surrounding the nanowire,

as shown in the bottom inset. The Si/SiO, substrate acts as a back gate upon the application of Vgg. (b), (c) and (d) show the transfer characteristics

measured as function of back-gate applied voltage (black lines) and ionic liquid gate voltage (purple lines) for the C-C, C-S and S-S configurations,

respectively.

To perform the ionic-gating experiment, as pictorially repre-
sented in Figure 3a, the device was also equipped with a large
metallic electrode (square shape, 100 um side), realized in the
same single step lithography used to fabricate the nanodevice.
The ionic liquid is drop-casted and embeds the entire device,
comprising the four-contact core-shell nanowire device and
the gate electrode, thus the application of a voltage to the
electrode drives ionic motion and arrangement. Imidaziolium-
based ionic liquid, ((EMIM*][TFSL]), was used, and the two
ions that make up the liquid are depicted in the top inset of
Figure 3a. Voltages in the range from -1.5 to +1.5 V were applied
at room temperature to the large electrode to polarize the ionic
liquid preserving its electrochemical stability [51]. The bottom
inset in Figure 3a schematically depicts a detail of the ionic-
gated nanowire device: mobile ions in the electrolyte, arrange
conformally on the surface of each section of the nanowire,
including the core, which is separated from the substrate and
thus very poorly coupled to the capacitance of the silicon oxide
layer. Figure 3b-d report the transfer characteristics measured
against back gate voltage (black line) and ionic liquid gate
voltage (pink line) for the three operations of the multifunctional
device.

The ionic liquid, with its capacitive coupling to the semicon-
ductor nanostructure, exceeding almost two orders of magnitude
the nanowire-to-backgate coupling (from the rough estimation
of transfer curve slopes), provides the key to full control of
the device by field effect, as is reported in detail in Figure 4.
Figure 4a—c show the transfer characteristics, i.e., the source-
drain current, Iy, vs. ionic liquid gate voltage, V;;, measured at
room temperature with an applied source-drain voltage bias of
5 mV for the C-C configuration and 500 mV for S-S and C-
S configurations. C-C transfer curves in Figure 4a indicate a
n-type semiconductor material. I, increases monotonically for
increasing Vy;, semiconductor depletion and device off-state are
achieved with a threshold voltage of approximately -1 V, On/Off
current ratio exceeds 10%, and negligible hysteresis is observed
upon sweep direction reversal of V; for sweep rates below 2
mV/s. S-S transfer curves are shown in Figure 4b and indicate a p-
type semiconductor material, with I decreasing monotonically
as Vy, increases. In this case, the current modulation does not
exceed one order of magnitude. C-S transfer curves reported
in Figure 4c are consistent with an overall n-type behavior
of the investigated nanowire section, suggesting a dominant
contribution of the n-type core. Figure 4d-f show the output
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FIGURE 4 | Ionic liquid gated device operation. (a), (b) and (c): transfer curves vs. Vj; measured in the core-core, shell-shell and core-shell

configuration, respectively (forward and reverse sweeps are shown; the inset display the transfer curves in semi-log scale). (d), (e) and (f): output

characteristics (Igs vs. Vgs) measured at different values of the applied ionic liquid gate voltage Vy; in the core-core, shell-shell and core-shell

configuration, respectively. (g), (h) and (i): I;; measured as a function of Vs and V7, for the three configurations.

characteristics, i.e. Iy vs. V, measured at room temperature
with different applied V;; for the device configurations as in
panels (a-c), respectively. Finally, the color maps shown in
Figure 4g-i report I as a function of (V) and Vy;, for the three
different configurations.

It is worth noting that the multi-terminal device architecture
engineered starting from an individual radial nanostructure
(ZnO(core)/Co;0,4(shell) nanowire) is functional to selectively
address different sections of the nanostructure, each behaving
as a specific electrical component. Using the pair of terminals
(electrodes) labeled as “core” (C-C configuration measurement)
it is possible to probe electrical transport in the ZnO core,
resulting ohmic and n-type semiconductor-like. Using the two
“shell” terminals (S-S configuration), electrical transport in the
shell can be measured, revealing the occurrence of two back-
to-back Schottky barriers at the metal-Co;0, shell interface
(symmetrical, non-linearity electrical response). Using the “core-
shell” (C-S) configuration measurement, the radial p-n junction
is probed, observing a rectifying behavior. In this frame, the ionic
liquid used for electric-double-layer gating couples conformally

to each section of the nanowire, the shell but also the core that,
being separated by the substrate by the shell thickness, cannot
be efficiently back-gated: iontronics thus enables the nanowire
section-resolved electrostatic control of the device. The use of
ion-gating applied to the nanoengineered multiterminal device
architecture allows us to fully unveil the relation between the
nanomaterial structure (heterostructure), the device architecture
and the electrical response.

The experimental outcomes achieved with ionic liquid gating
reveal transport regimes that were unattainable with back gating
via the substrate. In particular, the iontronic approach unveiled
the possibility of observing ambipolar transport in the device,
with free electrons contributing to the electrical current across
the ZnO core and holes transported in the Co;O, shell. Fur-
thermore, the low gate voltage operating range (V| < 1.5V)
holds the potential for energy-efficient device operation. In
addition, because device operation through ionic liquid gating
does not depend on the type of substrate, one notable additional
benefit of this approach is that it eliminates the necessity of
fabricating devices on expensive wafers: device operation can
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be accomplished using cost-effective substrates such as glass,
plastics, paper or other flexible materials, thus opening the way
to a wide range of low-cost applications.

3 | Conclusion

Using state-of-the-art nanotechnology tools for nanodevice fabri-
cation and exploiting the emerging approach of iontronics for the
field effect control of semiconductor nanomaterials, we experi-
mentally demonstrate multiple transport phenomena occurring
in individual ZnO-Co;0, core-shell nanowires, building blocks
for high-performance self-powered optoelectronic devices oper-
ating without the need for batteries or other external power
sources. Prototypical device architectures developed for this work
feature (i) a comb of four electrical contacts on single core-shell
nanowires, with two contacts on the shell and two on the naked
core, (ii) SiO,/Si** fabrication substrate, that can be operated as a
back-gate, (iii) an ionic liquid droplet embedding the nanodevice
and (iv) a large metallic electrode allowing to polarize the ionic
liquid, operating it as an electrolyte gate. Electrical transport
experiments are carried out by independently measuring the
current flowing in the core, in the shell, and across the core-shell
heterojunction, as a function of source-drain voltage bias and gate
voltage. The nanowire core (shell) exhibits transport properties
characteristic of a linear (non-linear) n-type (p-type) electronic
component, while the core-shell junction acts as a rectifying
element. Ambipolar electrical transport is thus revealed in this
class of metal-oxide core-shell nanostructures. These can be used
for developing innovative multifunctional electronic components
characterized by low-gate voltage operation regime, thanks to
the ultrahigh capacitive coupling between the semiconductor
nanostructure and the ionic liquid electrolyte. To the best of our
knowledge, this work provides the first report on the experimen-
tal measurement of electrical transport properties in individual
Zn0-Co;0, core-shell nanowire devices, selectively addressing
the three different sub-structures (core, shell, core-shell junction)
present in each single nanowire. In fact, the literature of the ZnO-
Co;0, and similar systems is limited to macroscale optoelectronic
devices consisting of disordered assemblies of nanorods strongly
interconnected: the planar areas and contact densities exhibited
by such devices might differ by order of magnitudes from their
single-nanowire counterparts. In other words, our work provides
the actual benchmark for the investigated nanosystems.

4 | Experimental Section
4.1 | Synthesis

Single crystal wurtzite n-type ZnO NWs were synthesized by
hydrothermal synthesis on silicon substrates [52]. A 0.1 M zinc
acetate dehydrate in ethanol was spin-coated on the substrate as
a seed layer for ZnO. The substrate was then annealed for 60 min
in air, at 450°C. The seeded samples were then autoclaved with
an aqueous solution of 100 mM of Zn(NO;),.6H,0 and 100 mM
of hexamethylenetetramine (HMTA) and finally kept at 95°C for
3 h. The p-type Co;0, shell was deposited on ZnO NWs by means
of reactive DC magnetron sputtering using a pure cobalt target
in a reacting atmosphere of 95% Argon and 5% Oxygen, at a
deposition temperature of 300°C.

4.2 | Device Nanofabrication

After growth, the densely packed array of vertical ZnO/Co;0,
core-shell NWs was sonicated in isopropanol to mechanically
remove the NWs from the growth substrate. Single NWs were
then transferred by drop-casting on a Si** substrate with a top
SiO, insulating layer of 300 nm. The deposited NWs were then
inspected by scanning electron microscope, and some of them,
i.e. the ones with a suitable morphology, with core and shell seg-
ments clearly recognizable, were selected and manipulated (using
manomanipulators insiede the scanning electron microscope) for
device fabrication. A comb of metal leads of Cr (10nm), used as the
adhesion layer, and Au (100 nm) was defined on each nanowire by
means of aligned electron beam lithography, followed by thermal
evaporation and lift-off.
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