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Abstract

In this work, we present all-oxide p-n junction core-shell nanowires (NWs) as fast and stable self-powered
photodetectors. Hydrothermally grown n-type ZnO NWs were conformal covered by different thicknesses
(up to 420 nm) of p-type copper oxide layers through metalorganic chemical vapor deposition (MOCVD).
The ZnO NWs exhibit a single crystalline Waurtzite structure, preferentially grown along the [002]
direction, and energy gap Eg=3.24 eV. Depending on the deposition temperature, the copper oxide shell
exhibits either a crystalline cubic structure of pure Cu,O phase (MOCVD at 250 °C) or a cubic structure
of Cu,0O with the presence of CuO phase impurities (MOCVD at 300 °C), with energy gap of 2.48 eV.
The electrical measurements indicate the formation of a p-n junction after the deposition of the copper
oxide layer. The core-shell photodetectors present a photoresponsivity at 0V bias voltage up to 7.7 pA/W
and time response <0.09 s, the fastest ever reported for oxide photodetectors in the visible range, and
among the fastest including photodetectors with response limited to the UV region. The bare ZnO NWs
have slow photoresponsivity, without recovery after the end of photo-stimulation. The fast time response
for the core-shell structures is due to the presence of the p-n junctions, which enables fast exciton

separation and charge extraction. Additionally, the suitable electronic structure of the ZnO-Cu,O
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heterojunction enables self-powering of the device at OV bias voltage. These results represent a significant
advancement in the development of low-cost, high efficiency and self-powered photodetectors,
highlighting the need of fine tuning the morphology, composition and electronic properties of p-n

junctions to maximize device performances.



1. Introduction

It is very appealing nowadays to exploit natural solar light radiation in high-performance optoelectronic
devices, working without any external power source and prepared with non-toxic, cheap and earth
abundant materials, for self-powered electronic application. Metal oxides (MOX) are a broad class of non-
toxic, cheap, easy to produce and abundant materials used in numerous applications, from
photodetectors[1,2], to solar cells[3-6], gas sensors[7-9] , photocatalysis[10,11], water splitting[12,13].
MOx possess peculiar electronic and optical properties such as favorable bandgap for the light absorption
from the UV to the visible, up to IR spectral region, good light scattering properties, when properly
shaped, and tunable electronic transport, which make them perfect candidates for optoelectronic
devices[14-16].

Among the different applications, photodetection is one of the most interesting. Morphology and
electronic structure of the active materials play a crucial role in determining the main functional
parameters of a photodetector, such as the photoresponsivity, the time response, the stability and the
possibility of self-powering[17]. Self-powered systems that can work independently, wireless, with no
external power source, are very attractive in areas of application such as wireless environmental sensing or
in situ medical therapy monitoring. The target photoactive materials should have high absorption
coefficient as well as suitable electronic properties to induce charge photogeneration, separation and
collection[17].

In the recent literature, several different materials have been used as high performance self-powered
photodetectors, e.g. based on perovskites[18], graphene[19] and composite graphene/perovskite[20],
graphene/ZnQ/Si, using the ZnO as antireflection layer[21], reduced graphene oxide (RGO)/Zn0[22], lead
zirconate titanate (PZT) film[23], CdS:P3HT microwires[24]. In other examples, MOx have been studied
as UV detectors[25].The most studied MOx are Cu.O and ZnO. Cu;O is a p-type direct bandgap
semiconductor with an energy gap Eg = 2.17 eV, which enables visible light absorption. ZnO, n-type
semiconductor, has direct bandgap Eq = 3.37 eV, which limits its light absorption to the UV range.
Cu20/ZnO heterojunctions have been previously investigated in thin film geometry for various
applications[3,26,27]. However, the limited charge transport properties (mainly of the holes in the p-type
semiconductor) impairs the functionality of the final device, imposing a severe constraint on the maximum
thickness of the optically active material, which results in limited light absorption and significant light
losses[28]. One of the most interesting alternatives to solve this open issue is the use of 1-dimensional
(1D) nanostructures, which exhibit a series of advantages, compared to their thin film counterparts[4,29].
From the electronic point of view, 1D structures (especially in their single-crystalline assembly) enable
much faster charge transport, compared to mesoporous/polycrystalline films. For example Docampo et al.

show that SnO, and ZnO nanowire-based devices exhibit light-intensity-independent transport rates of



4x10* s, more than one order of magnitude higher with respect to the nanoparticle-based 3D
networks[30]. From the optical point of view, a disordered nanowire (NW) assembly can act as scattering
layer, inducing strong light confinement of the incident light inside the NW array, thus increasing the
probability of photon absorption[31]. Among the most advanced 1D devices are optoelectronic devices
composed of I1lI-V semiconductors[32,33]. While these structures demonstrated high functionalities
(included, for single GaAs nanowire solar cell, photoconversion efficiency exceeding the classical
limit)[32], they are typically prepared through complex and expensive techniques like molecular beam
epitaxy and other high-vacuum-based routes, which are not compatible with large-scale exploitation. MOXx
1D structures, instead, can be easily prepared through scalable and market-compatible methodologies,
such as hydrothermal synthesis[34,35], which has been demonstrated over the years to hold great potential
for the functional 1D nanostructures of several semiconducting MOX.

In the last years researchers have been working on various optoelectronic devices based on n-type ZnO
NWs covered by Cu,0 as p-type layer[22,36-39] in different nanostructured geometries[40-42]. In most
of them, the ZnO NW array is embedded in a Cu,O film, and the main limitation of hole transport is not
effectively addressed, leading to no improvement compared to thin film geometry.

For this reason, here we report for the first time a core-shell all-oxide ZnO-Cu.O NW n-p junction, in
which the Cu,0 layer forms a conformal shell on top of the ZnO NW array. The rationale of this geometry
for optoelectronics application is (i) the decoupling of light absorption and carrier collection pathways, (ii)
the improved charge transport and collection, (iii) the enhanced light trapping (multiple reflections) and
(iv) the reduced use of materials, compared to bulk/thin film geometry.

We studied self-driven photodetectors based on the n-p junction between ZnO NWs and Cu,O layer of
different thicknesses, by investigating the structural, optical and electrical properties of the device,
including its electrical response in dark and under light exposure. We observed strong and fast photo-
response to 1 Sun irradiation (standard air mass 1.5 global, AM 1.5G, 1000 W/m?), fast recovery time, and
stable signal at room temperature.

The present study represents a step forward on the research of novel and high performing self-powered
nanoscale photodetectors based on earth abundant and sustainable materials like MOX. It demonstrates the
effectiveness of modulating both the shape (through 1D nanostructuring) and structure (through tuning the

thickness of the optically active layer) to boost the functionality of the end-user device.

2. Experimental methods

2.1 Synthesis

ZnO NWs have been synthesized by hydrothermal method[34] and covered by Cu,O p-layer by metal-
organic chemical vapor deposition (MOCVD). We prepared four different samples: bare ZnO NWs



(sample a), 70 nm CuO on ZnO NWs (sample b), 240 nm Cu,O on ZnO NWs (sample c) and 420 nm
Cu20 on ZnO NWs (sample d). The reported nominal thickness of the samples is based on the deposition
of the copper oxide film on a Si reference substrate. For the hydrothermal synthesis of ZnO NWs, first a
seed layer of ZnO was deposited on fluorine-doped tin oxide (FTO) conducting glass (Pilkington TEC 15,
15 ohm/sq) by spin coating 0.1 M of zinc acetate dihydrate in ethanol and heat treatment at 450 °C for 1
hour at ambient atmosphere. Then 100 mM of Zn(NOs), x 6H,0 and 100 mM of hexamethylenetetramine
(HMTA) in water were mixed in an autoclave and the seeded substrate was placed inside. The autoclave
was heated at 95 °C for 3 hours.

MOCVD was performed in a reduced pressure, horizontal, hot-wall reactor made of a silica tube from the
Cu(tmhd), (Htmhd = 2,2,6,6-tetramethylheptan-3,5-dione) precursor. The Cu(tmhd), compound was
purchased from Sigma-Aldrich and used without further purification. The reactor was evacuated with a
scroll pump unit. Each section was heated independently, with + 2 °C accuracy, using computer-controlled
hardware. The total pressure, measured using a MKS Baratron 122AAX was in the range 4-5 Torr. Pre-
purified Ar and O, were used as carrier and reaction gases, respectively. The mass flow rates were
controlled using MKS 1160 flow controllers and a MKS type 247 electronic control unit.

A ZnO thin film (100 nm thick) was prepared by reactive sputtering from a ZnO target to compare with
the optical response of ZnO NWs.

2.2 Characterization

Scanning electron microscopy (SEM) was performed using a field emission scanning electron microscope
(FE-SEM) ZEISS SUPRA 55 VP. X-ray diffraction (XRD) patterns were acquired through a Bruker-AXS
D5005 0-0 diffractometer, using a Gobel mirror to parallel the Cu Ko radiation operating at 40 kV and 30
mA.

The optical characterizations (transmittance and diffuse reflectance) were performed by Cary 5000
spectrophotometer. Cary 5000 UV-vis-NIR spectrophotometer consists of double beam, ratio recording,
double monochromator incorporating with R928 photomultiplier tube detector (PMT detector, UV-vis
region), and PbS photocell detector (NIR region). It covers the 175-3300 nm range and it is equipped with
different sample holder and internal diffuse reflectance accessory. The photoluminescence (PL)
measurements were carried out by a high-resolution spectrofluorimeter (FLS980 from Edinburgh
Instruments). Steady state PL excitation of the samples is provided by a broadband Xe-lamp in the 230-
1300 nm region. The spectral detection range of the emission covers the whole UV-Visible-NIR, from 250
nm to 1700 nm. The excitation wavelength Aex.=305 nm was used in our measurements.

The macro electrical measurements were performed by a source picoammeter (Keithley 2401) equipped

with a solar simulator. Two brass metal screws constitute the metal contacts on top of the sample. The



Keithley can measure the voltage and current in the range of 1 uV — 21 V and 10 pA - 1 A, respectively.
The solar simulator consists in a Xe lamp with an AM 1.5 - Global filter, which can generate vis-UV light
with the power intensity of 1 Sun (100 mW cm2). The light intensity of the solar simulator was controlled
through a calibrated silicon solar cell.

The ZnO-Cu0 core-shell samples were tested as photo-sensors by tracking the current density-voltage (J-
V) curves and the time dependent self-powered photo-response at 0 V applied bias, under 1 Sun simulated
light irradiation in air and at room temperature. The light illuminated the sample from the bottom, passing
through the FTO/glass substrate and then reaching the active oxide layers of the photodetector. Electrical
measurements were carried out by using a picoammeter (Keithley 2410) with the working electrode in
contact with the top oxide layer, and the FTO substrate grounded. In this configuration, we have reverse
bias for V < 0 (where negative voltage is applied to the p-layer) and forward bias for V > 0 (where
positive voltage is applied to the p-layer) in the J-V plot.

The AC impedance spectra were measured in the dark and under illumination by a Solartron XM FRA
1MHz coupled with a Modulab XM ECS, Solartron potentiostat, on samples with a surface area of 0.16

cm?. The AC signal was 10 mV and the frequency range 1 MHz-500 Hz.

3. Results and discussion

3.1 Morphological, structural and optical properties

Figure 1 (left) shows the SEM images of bare ZnO NWs (Fig. 1a) and ZnO NWs with different Cu,O
layers (Fig. 1b-d). We obtained a homogeneous grass-like layer of NWs aligned quasi-perpendicular to the
substrate, with NWs length around 1.1 um (Inset of Fig. 1a), an average diameter of (71 = 7) nm (see high
resolution SEM in SI1 of Supplementary Information). Copper oxide deposition results in a conformal and
homogeneous coverage of ZnO NWs. Different deposition parameters of the MOCVD process (reported
in Table 1) result in different layer thickness, and different phase composition (see XRD data, Fig. 2).
Specifically, at 250°C the copper oxide layer appears very smooth (sample b and c¢) with a core-shell
diameter of about (110 + 10) nm for sample b and (160 £ 10) nm for sample ¢. When prepared at 300°C
(sample d), the roughness of the surface layer significantly increased, the core-shell structure is less
evident, and a continuous film is observed. The thickness of the Cu,O layer refers to the thickness
deposited on a reference Si substrate, and roughly corresponds to the thickness deposited on the top
surface of the NWs. The thickness of the Cu,O layer deposited on the lateral side of the ZnO NW is,
instead, lower, as expected. We estimated the thickness of the layer deposited on the lateral side of the
NWs by comparing the ZnO NWs dimensions before and after Cu,O deposition (data reported in Table
SI1 of the supplementary information) and we visualized the situation in the sketches reported in Figure 1

(right). The diameter of the core-shell structure, compared to the ZnO NWs dimensions gives an estimated



lateral side thickness of the Cu,O layer of about 20 nm for sample b, 45 nm for sample ¢ and 156 nm for

sample d (see SI1).

Table 1. Deposition parameters during the MOCVD process. Phase (see XRD data in Fig. 2), deposition

temperature and time, vaporization temperature of the precursor and final thickness of the layer.

Sample Phase Dep. T Dep. Time T precursor Cu,O thickness
() (min) () (nm)
(b) 70 nm Cu,0/Zn0O Cu0 250 30 130 70+ 10
(c) 240 nm Cu,0/Zn0O Cu0 250 120 130 240 £ 10
(d) 420 nm Cu,0/ZnO  Cup0 + CuO imp. 300 120 135 420 £ 10

The underlying photo-response mechanism investigated in this work is depicted in Fig. 1e, showing the
electronic band bending and the space-charge region, which provide the driving force to separate the
excitons generated under illumination, at 0 V bias applied. The energy gap and the band alignment play a
crucial role in the photo-response mechanism. We propose in Fig. 1e the Cu20-ZnO junction scheme for

conduction and valence band, in agreement with the present literature in the field[43-45].
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Fig. 1. SEM images (left) and sketches (right) of ZnO bare NWs (a), ZnO NWs covered by 70 nm (b), 240 nm (c)
and 420 nm (d) Cu.O layer (represented by the red coverage on the grey ZnO NWs in the sketches). For the photo-
detection measurements, the visible light is coming from the bottom of the sample (through the FTO/glass substrate).
Energy band bending diagram of Cu,O/ ZnO heterojunction and the self-powered photo-sensing mechanism at 0 V
bias applied (e).

In Fig. 2, the XRD patterns of bare ZnO NWSs and ZnO NWs covered by Cu,O are shown. The intense
(002) diffraction peak at 34.4° in the XRD pattern (Fig. 2a) confirms the preferential growth direction of
single crystalline ZnO nanowires (before copper oxide deposition) with Wurtzite structure (PDF 36-1451).
In this structure, which is the most thermodynamically stable, the zinc and oxygen atoms sit on tetrahedral

positions.
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Fig. 2. XRD patterns of ZnO bare NWs (a), ZnO NWs covered by 70 nm (b), 240 nm (c), 420 nm (d) Cu.O layer.
PDF reference for ZnO, Cu,0 and CuO (e).

After deposition of copper oxide, the ZnO nanowires keep the Wurtzite structure with the hexagonal unit
cell, confirmed by the presence of the (002) diffraction peak also in Fig. 2 b-d. The lattice planes for Cu.O
(PDF 05-0667) are (110), (111) and (200), which show up at diffraction angles equal to 29.6°, 36.5° and
42.3°, respectively, indicating the crystalline cubic phase[46]. For the CuO (PDF 45-0937), peaks at 35.6°
and 38.8° may be associated with the (-111)-(002) and (111)-(200) lattice planes, respectively[46]. In the
sample grown at 250 °C (sample b and c, Fig. 2b,c) only Cu,O phase is present for copper oxide (peaks at
29.6°, 36.5° and 42.3°), while no peak is present related to CuO. In the sample grown at 300 °C (sample d,
Fig. 2d), the two typical peaks of CuO appear at 35.6° and at 38.8° diffraction angles, indicating the
presence of CuO impurities. The apparently unusual formation of Cu(l) oxide using a Cu(ll) precursor,
without any reducing atmosphere, may be explained considering that the organic moiety acts as a reducing
agent under the deposition conditions[47]. On the other hand, the temperature plays a crucial role, with

low temperature stabilizing the Cu.O vs. CuO, which appears already at 300 °C[48].
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Fig. 3. Transmittance (a) and diffuse reflectance (b) spectra of the ZnO NWs and Cu,0/ZnO NWs samples compared
to ZnO and Cu0 thin film. Tauc plot of ZnO NWs (c) and Cu20 thin film on glass (d). PL spectra of the ZnO NWs
and Cu,0/ZnO NWs samples compared to the pure Cu-O thin film (e).
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Figure 3 shows the optical properties of bare ZnO NWs and ZnO-Cu.O core-shell samples. In Fig. 3a, the
transmittance spectra of the bare ZnO NWs, 70 nm, 240 nm and 420 nm Cu;O layer on ZnO NWs are
reported, compared with the transmittance from a ZnO thin film (100 nm). The transmission of the ZnO
thin film results around 80% (calculated value 82+4.5) on average in the range 350-800 nm, while the
ZnO NWs show a much lower transmission, in particular for low wavelengths. As expected, the
transmittance of the ZnO covered by copper oxide samples is lower than the bare ZnO NWs, thanks to the
absorption of copper oxide species in the UV-VIS-NIR range. In particular, the transmittance scales with
the thickness (higher the copper oxide thickness lower the transmittance) and no transmittance is recorded
for A<600 nm (for samples ¢ and d). The sample grown at 300 °C (sample d) shows the highest optical
density, most likely due to the highest thickness, compared to the samples grown at lower temperature. An
additional contribution to the increase of light absorption can be the presence of the CuO species, as
highlighted by the XRD. CuO has lower energy gap (nominally, Eq ~ 1.4 eV corresponding to an
absorption onset at A = 870 nm) compared to Cu2O (nominally, Eq ~ 2.5 eV), broadening the range of the
absorbed light. The effect of scattering from the NWs is also confirmed by the diffuse reflectance, shown
in Fig. 3b. ZnO thin film shows very low reflectance signal, as expected, while the diffuse reflectance
from ZnO NWs is enhanced in the range 370-800 nm, with a peak of R=15.9% at 395 nm. For ZnO NWs
covered by copper oxide layer (samples ¢ and d) we observed similar diffused reflectance, around 10%, in
the analyzed spectral range.
From the transmittance spectra and the Lambert-Beer law, we calculated the absorption coefficient o
(0=(1/d)xIn(100/%T), where d is the sample thickness and %T the transmittance) and the energy gap Eg,
related through the Tauc expression for a direct band gap material[26]:

o?=A(hv-Eg)" (1)
Where A is a constant, hv is the photon energy and n is equal to 1 for a direct bandgap material. Through
linear extrapolation of the plot of (chv)? versus hv, i.e. the Tauc plot, the band gaps were calculated. In
Fig. 3c and 3d the Tauc plot of ZnO NWs and thin film of 420 nm Cu,O on glass substrate is reported,
obtaining an optical energy gap of 3.24 eV for ZnO and 2.48 eV for Cu,O (we observed the same optical
energy gap also for the other Cu,O thicknesses).
Photoluminescence (PL) of the samples was carried out using a Aexc = 305 Nm excitation wavelength laser
source (Fig. 3e). In the bare ZnO NW sample, the peak at 377 nm is attributed to the near band edge
emission (NBE) of ZnO NWs and the broad peak in the visible range (peaked at 600 nm) is related to ZnO
surface defects in the crystalline structure[49,50]. The pure Cu2O spectrum (orange curve) shows a broad
band peaked at 530 nm, shifted at lower wavelengths with respect to the green ZnO emission. The effect

of the presence of Cu,O on top of the ZnO NWs resulted in the decreased NBE emission intensity from
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ZnO and in the shifts of the visible PL emission band towards the visible emission of Cu,O, at lower

wavelength.

3.2 Electrical measurements

Figure 4a shows the J-V curves in dark and under illumination, by exposing 0.16 cm? of the sample to 1
Sun. As expected, the FTO substrate shows a linear ohmic behavior and no effect under light illumination
was observed (light-blue lines in Fig. 4a). The bare ZnO NWs (sample a, black lines) show a rectifying
behavior in the dark J-V curve and become more conductive under light illumination for both reverse
(V<0) and forward bias (V>0). The rectifying behavior of ZnO sample in dark could be due to: (1) the
junction with FTO, (2) the Schottky junction with the metal contact. When the sample is illuminated, it
becomes more conductive and this effect overcomes the weak effect of the junction with the FTO or the
metal contacts. On the other hand, ZnO-Cu,O samples keep a rectifying behavior also under illumination,
due to the presence of the p-n junction between the two oxides. By comparing the dark J-V curves of the
Zn0O-Cu,0 samples (solid lines in Fig. 4a), we observe that the thinner the Cu,O layer, the lower the
flowing current. The illumination increases the current density in the forward bias region for all the ZnO-
Cu20 core-shell samples (dashed lines in Fig. 4a), but the rectifying behavior in the J-V curves is still
present (very low current is observed for V<0 even under light illumination). This rectifying behavior in
the J-V curves confirms the presence of a p-n junction between the n-type ZnO NWs and the p-type Cu,O
layer. Although all the samples become more conductive under light illumination, no clear photovoltaic
effect was observed in the J-V curves.

To compare the illumination effect on the different ZnO-Cu,O samples, we analyzed the ratio between the
current density under illumination, Ji, and in dark, Jp, as shown in Fig. 4b. For V > 0 V, samples a and d
show a constant J./Jp ratio, while in sample b and c the ratio increases from 1 to 3.7 and from 1.5 to 3.0 at
1V, respectively (the current density of sample ¢ at 1V results 0.2 mA/cm? in dark and 0.7 mA/cm? under
light, while the current density of sample b is very low, less than 18 pA/cm? even under illumination). The
Ju/Jp ratio overcomes the one of the other samples, however Ji/Jp is close to 1 for V = 0 (meaning no
response to light in self-power condition). Moreover, at voltage near 0V, sample ¢ shows not only a higher
current density, but also a higher J./Jp ratio with respect to the other ZnO-Cu,O sample. Sample d,
instead, while showing a higher current density (0.7 mA/cm? in dark and 1.1 mA/cm? under light),
presents a constant and low photoresponsivity. In fact, if on one hand a thick absorbing layer allows a high
light absorption, it also results in a high series resistance, due to its low charge mobility, which affects the
photoresponse performances. Indeed, a compromise is needed in the choice of the absorbing layer

thickness to maximize light absorption, while keeping a low series resistances. Both from DC electrical
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measurements (shown in Fig. 4) and AC impedance spectroscopy (IS), which allowed to obtain series
resistance values (see Fig. 5), we can conclude that the best Cu,O thickness in the present study is 240 nm.
In Fig. 4c-f, current density versus time is reported during dark/light cycles of 10 s, at 0 V bias voltage
applied to the samples. The bare ZnO NWs show very low (of the order of 102 puA/cm?) and slow
response (of the order of a few seconds) and recovery to light exposure (Fig. 4c). In Fig. 4d, sample b
shows a very low current density (in the order of 10 nA/cm?) and low response to light, but faster
compared to sample a (0.36 s for the rise time and few seconds for the recovery). Samples ¢ and d (Fig. 4e
and 4f), instead, show very fast response to light as well as very fast recovery times (two orders of
magnitude faster than bare ZnO in both cases) and a significantly higher photogenerated current density
(one order of magnitude in both cases). Sample ¢ (Cu2O thickness 240 nm) also features a photogenerated
current density more than three times higher (0.80 pA/cm? versus 0.25 pA/cm?) with respect to sample d
(Cu20 thickness 420 nm).
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(e) and 420 nm (f) Cu,0/ZnO NWs. The blow-up in the insets show the response and recovery time of the core-shell
ZnO-Cu20 NWs.

The photoresponsivity is defined as the photocurrent through the detector per active area per unit power of
light[17]. Our samples were irradiated by 1 Sun (1000 W/m?) and the photoresponsivity to visible light in
terms of (current density) / (incident power density) was calculated. We obtained the following photo-
response values: (0.7 + 0.1) pA/W for sample a; (0.13 £ 0.01) pA/W for sample b; (7.67 £ 0.02) pA/W for
sample c; (2.48 £ 0.01) pA/W for sample d. The enhanced photo-response of sample ¢ may be attributed
both to the strong Cu-O contribution in the optical absorption for this core-shell ZnO-Cu,O sample, which
show a gap of 2.48 eV (see Fig. 3d) and to a suitable thickness, which keeps a low series resistance.

The combination of favorable gap and thickness enables high light absorption and reasonably low series
resistance.

From the time dependent self-powered photo-response at 0 V applied bias, we analyzed the response and
recovery times during 10 s dark/light cycles (shown in Fig. 4c-f). The rise curve during light exposure of
ZnO bare NWs (sample a) was fitted with a single exponential function obtaining trise = (4.7 £ 0.1) s,
where Tiis IS the time constant of the single exponential fitting curve. The response and recovery times for
this sample (defined as the time needed to reach the 90% of maximum intensity and to recover the initial
intensity within 10%, respectively) are very slow, more than 10 s and more than 60 s, respectively, as
shown in Fig. 4c. On the other hand, the core-shell ZnO-Cu,O samples show enhanced response and
recovery times below 0.09 s (this value represents an upper limit due to the response time of the
acquisition setup). By comparing our results with other visible light oxide photodetector systems in
literature (see Table 2), we obtained faster response and recovery times with respect to any visible oxide
photodetector based on oxide heterojunction[1,2,51]. Faster oxide photodetectors have been previously
reported[52-54] but they are limited to the UV detection range, being them based on wide band gap
materials (like ZnO, TiO2 and SnOy). In the literature, also in all-oxide UV photodetection, the core-shell
structure improves the response and recovery time of the photodetector device[53,54]. In fact, Gao et al.
reported self-powered UV-photodetectors made of TiO, coated ZnO nanostrawberry aggregates[53] and
self-powered UV-photodetectors based on ultrathin SnO,-TiO, core-shell electrodes[54], showing
response and recovery times faster (see values reported in table 2) than other not core-shell structures, e.g.
nanocrystalline TiO; film self-powered UV-photodetector[52]. We can conclude that the fast response of
our ZnO-Cu,O samples, compared to the previous literature on visible oxide photodetectors, can be
attributed to the core-shell structure of the p-n junction, which allows a more efficient and faster charge

separation and collection.
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Table 2. Response (rise) and recovery times compared with other fast response photodetectors in literature.

Response time  Recovery time Structure Material Range of  Reference
(s) (s) detection
<0.09 <0.09 Core-shell nanowires Zn0-Cu,0 VIS This work
0.14 0.36 Nanowires Zn0-Cu,0 VIS [51]
0.22 0.32 Cuz0 film/ ZnO-Cu0 VIS [2]
ZnO nanorods
~ seconds ~ seconds Cu20 nanoneedles / Zn0O-Cuz0 VIS [1]
Zn0O nanorods
0.08 0.03 Film TiO, uv [52]
0.022 0.009 core-shell Zn0O-TiO, uv [53]
0.02 0.004 core-shell SnO,-TiO, uv [54]

To evaluate the sample series resistance, AC IS has been carried out on the samples that showed the best
photodetection response, i.e. sample ¢ and d, and on ZnO NWs. In Fig. 5, the AC IS data for the samples
in dark condition are shown in Cole-Cole plot. We cannot compare the absolute value of the different IS
spectra, because the force applied by the screw on the sample surface is slightly different. However, as the
set-up was the same for all the four samples, we can compare the impedance spectra shape and obtain
information on the equivalent circuit. All the AC impedance spectra in dark and under light illumination
are reported in the Supplementary Information (Fig. SI2).

For sample a (bare ZnO NWSs), we can simulate the IS data by an equivalent circuit with a series
resistance and one RC pair (Fig. 5a), i.e. by a single semi-circle. R; is the series resistance (R1=Rs) and it
represents the Ohmic contributions of the contacts and the device bulk and Rz and C; in the RC pair
represent the contribution of the ZnO seed layer at the ZnO/FTO interface, as already observed by Li et
al.[55]. In this work, Li et al. performed AC impedance spectroscopy on a piezotronics device composed
of a Cu layer and FTO glass sandwiched ZnO nanowires array (Cu/ZnO/FTO), by applying different
forces. In all cases, they observed IS spectra which is simulated by an equivalent circuit with a series
resistance and a double RC pair, i.e. double semi-circle, one related to the ZnO seed layer contribution and
the other one to the metal Schottky contact between ZnO NWs and Cu layer. In contrast with Ref. 46, we
did not observe a junction contribution due to the Schottky junction between the metal contact and the
ZnO NWs (we can simulate the IS data by a series resistance and a single RC pair). We can conclude that
in our case the contact between the metal (the screws) and the ZnO NWSs shows a more ohmic than

Schottky-junction like behavior.
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Fig. 5. Cole-Cole plot of (a) ZnO NWs, (b) ZnO-Cuz0 240 nm, (c) ZnO-Cu,0 420 nm, in dark, with the simulated
equivalent circuit reported on each graph. (d) Resistance values obtained from the equivalent circuit simulation, for
the three different samples are reported (in the inset, the series resistance Ri).

The IS spectrum in Fig. 5b-c shows an evident deviation from a single semi-circle and the data were
simulated with an extra RC pair in the equivalent circuit which takes into account the additional ZnO-
Cu20 junction (Rs and C; in the second RC pair are related to the ZnO-Cu,O junction).

The series resistance values (inset of Fig. 5d), obtained by the simulated equivalent circuit, resulted to be 1
KQ for sample a (bare ZnO NWs), 1.1 kQ for sample ¢ (ZnO-Cu,0 240 nm), and 1.5 kQ for sample d
(Zn0O-Cu,0 420 nm). As we already pointed out, a compromise between the absorbing layer thickness and
the low series resistance value is necessary in order to have a good transfer and collection of the

photogenerated charge. According to our study, the best results are obtained with a Cu,O layer of 240 nm.

4. Conclusions

In this work, we proposed a new fast and high-performance all-oxide photodetector based on a ZnO-Cu,0
core-shell nanowire structure. We demonstrated that the presence of a p-n rectifying junction induced a
depletion region at the interface of the junction, which is able to improve the functionality of the
photodetector by significantly fastening the rise and recovery time, compared to the bare ZnO NW
configuration. In addition, the presence of a low bandgap absorbing layer enables photodetection in the
full UV and visible range, with a record response time for this kind of oxide-based devices. Due to the low

hole mobility in the p-type layer, the thickness of the Cu,O has to be optimized (240£10 nm is the
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optimum thickness in this study), searching for a compromise between light absorption and charge
transport, to maximize the functionality of the device.

Moreover, core-shell structure allows faster charge-transfer due to the thinner p-type region the hole is
forced to go through, before being collected at the back electrode.

We demonstrated the advantage of a core-shell structure compared to other geometries, in which NWs are
embedded in a continuous thick film. The outstanding optoelectronic properties demonstrated by our
device suggest an effective strategy to improve functionality also in other related fields, in which earth

abundant oxides are applied, like, for instance, NW oxide solar cells.
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