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ABSTRACT A high-performance broad band UV/visible photo-

detector has been successfully fabricated on a fully wide bandgap
ZnO/ZnS type-II heterojunction core/shell nanowire array. The device
can detect photons with energies signiﬁcantly smaller (2.2 eV) than
the band gap of ZnO (3.2 eV) and ZnS (3.7 eV), which is mainly
attributed to spatially indirect type-II transition facilitated by the
abrupt interface between the ZnO core and ZnS shell. The performance of the device was further enhanced through the piezo-phototronic eﬀect induced lowering of the barrier height to allow charge carrier transport
across the ZnO/ZnS interface, resulting in three orders of relative responsivity change measured at three diﬀerent excitation wavelengths (385, 465, and
520 nm). This work demonstrates a prototype UV/visible photodetector based on the truly wide band gap semiconducting 3D core/shell nanowire array
with enhanced performance through the piezo-phototronic eﬀect.
KEYWORDS: UV/visible photodetector . piezo-phototronic eﬀect . core/shell nanowire . type-II heterojunction

T

he piezo-phototronic eﬀect has been
applied to boost the optoelectronic
performance of devices through coupling of semiconducting, optical, and piezoelectric properties in the ability to tune and
control charge carrier generation, separation, transport, and/or recombination at
an interface/junction.1,2 The inner piezopotential, generated due to strain in a noncentrosymmetric wurtzite semiconducting
crystal, is the underlying mechanism provided that the materials selection and
device design can enable the coupling in a
favorable manner.3 This concept was ﬁrst
demonstrated in a single ZnO micro/nanowire based ultraviolet (UV) photodetector4
to increase the responsivity of the device by
more than 500% under nominal (0.36%)
axial compressive strain. In spite of its excellent semiconducting and piezoelectric
properties, application of ZnO as a photodetector is limited only to the UV region due
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to its wide band gap (Eg ∼ 3.2 eV). To
overcome this limitation, a core/shell system, such as a single ZnO/CdS core/shell
micro/nanowire,5 was utilized where suﬃcient photoabsorption could take place in
the narrow band gap CdS shell layer. The
strategy of using core/shell architecture not
only allows the eﬃcient use of intrinsic
material properties from individual components but also improves the charge carrier
collection favored by radial geometry where
electrons and holes are spatially conﬁned
in diﬀerent conducting channels of type-II
heterostructures, which leads to reduced
recombination losses.610 These core/shell
nanowire features were further proven advantageous in a UV/visible photodetector
integrated on a lateral structure composed
of a carbon ﬁber/ZnO/CdS double shell
microwire11 and, more recently, in an opticalﬁber-nanowire hybrid structure.12 The promising attributes of core/shell nanowires
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RESULTS AND DISCUSSION
Figure 1 represents the structural characterization of
a ZnO/ZnS core/shell nanowire array, where Figure 1a,
b are top views of low magniﬁcation ﬁeld emission
scanning electron microscope (FESEM) images of the
as-grown ZnO nanowire array and a ZnO/ZnS core/
shell nanowire on indium tin oxide coated (ITO) glass
substrate.9 Rational density and smooth surface ZnO
nanowires, with lengths and diameters in the range
of 56 μm and 150200 nm, respectively, can be seen
in Figure 1a, whereas a slightly rough surface and

increased diameter, with few ZnS particulates deposited on the tips, is observed in Figure 1b for the core/
shell nanowires.
A high resolution transmission electron microscope
(HRTEM) image of a typical single ZnO/ZnS core/shell
nanowire is displayed in Figure 1c, where two diﬀerent
lattice fringes corresponding to the zinc-blend ZnS
shell and wurtzite ZnO core separated by an abrupt
interface can be seen, which is similar to the previously
reported work.19 Furthermore, Figure 1d illustrates an
energy dispersive (EDS) line scan collected along the
lateral direction of a core/shell nanowire, which shows
the characteristic core/shell elemental distribution,
further conﬁrming the successful synthesis of ZnO/
ZnS core/shell nanowires.20,21
A 3D photodetector was integrated on ZnO/ZnS
core/shell nanowire array by positioning the Ag/
polyester zigzag electrode on top of the nanowire
array for the contact formation at the nanowire tips
only and to ensure optimal compression under applied
load (inset in Figure 2d).22 Complete fabrication and
device integration details can be found in the Experimental Section.
A typical IV measurement of the photodetector
integrated on 3D ZnO/ZnS core/shell nanowire array
under a UV (385 nm) excitation source is displayed in
Figure 3. It can be seen that the photocurrent increases
with an increase in the UV illumination density resulting from the higher intensity inﬂuenced increment in
the generation rate (G) of electronhole pairs, within
the limit of hν > Eg and deﬁned by G = RF(1  R)eRx
where, R is the absorption coeﬃcient, R is the
surface reﬂectivity, and F is the incident photon ﬂux.23
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could be further augmented in three-dimensional
arrays where photoabsorption was enhanced by
the trapping and rescattering of incident photons.13
Additionally, in nanowire arrays, simultaneous multichannel charge transport facilitates eﬃcient collection
of photo generated electronhole pairs, thereby leading to improved quantum eﬃciency,14,15 which when
combined with the piezo-phototronic eﬀect, opens
up a new avenue for achieving signiﬁcantly enhanced
device performance.16 Moreover, the type-II heterostructure may extend the photoresponse spectral
range to a signiﬁcantly longer wavelength that is
determined by the lower bandgap component.8,10,17
Herein, we report an eﬃcient and highly sensitive
broad band UV/visible photodetector based on fully
wide band gap, three-dimensional (3D) ZnO/ZnS core/
shell nanowire array in which the type-II transition
plays a crucial role. More importantly, the device
eﬃciency can be further improved, at least, by an order
of magnitude rendering three orders of increase in
relative responsivity by piezo-phototronic eﬀect.18

Figure 1. Structural characterization of a ZnO/ZnS core/shell nanowire showing low magniﬁcation top view, FESEM images of
(a) an as-grown, ZnO nanowire array and (b) a ZnO/ZnS core/shell nanowire array, (c) an HRTEM image of a single ZnO/ZnS
core/shell nanowire, and (d) the corresponding energy dispersive spectroscopy (EDS) lateral line scan depicting elemental
peaks characteristic to core/shell nanowire structure.
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pairs predominantly arise from photoabsorption
taking place in the ZnO core in a core/shell nanowire.
In addition to band-to-band absorption in ZnO, the
contribution from simultaneous indirect type-II transitions occurring between the valence band maxima of
the ZnSVBM to the conduction band minima of the
ZnOCBM has to be considered, and its eﬀect on device
performance will be discussed in details to follow.
Variation in photocurrent with illumination intensity
is plotted in Figure 3b, where an increase of 325% in
photocurrent (∼51 μA) at an intensity of 1.32 mW/cm2
can be seen as compared to the (∼12 μA) dark current.
Time-dependent photocurrent measurement at a
power density of 1.32 mW/cm2 and bias of 1.5 V is
shown in Figure 3c, which suggests stable device
switching behavior. The performance of a practical
photodetector is also characterized by its responsivity
(Rλ) at a particular wavelength, which is an important
parameter that is deﬁned as16
Rλ ¼

Figure 2. Schematic illustration of the ZnO/ZnS core/shell
nanowire photodetector fabrication process. (a) ZnO nanowire array on ITO substrate synthesized through chemical
vapor deposition (CVD), (b) a ZnS shell layer was deposited
by pulsed laser ablation, (c) a ∼2 μm PMMA layer was spin
coated onto the ZnO/ZnS core/shell nanowire array, and
(d) the ﬁnished device mounted on a measurement cell. To
achieve nanowire compression, load is applied on top of
silver coated polyester zigzag electrode (inset of part d).
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Under steady state illumination at a ﬁxed wavelength,
the generation rate is solely determined by incident
photon ﬂux density (F), where an increase in F will
improve the electronhole pair generation rate. Because Eg,ZnS (3.7 eV) > E385nm (3.22 eV) ≈ Eg,ZnO (3.2 eV),
the excitation wavelength used only matches ZnO
optical band gap, and it is reasonable to assume that
the photocurrent contribution from the electronhole

Ilight  Idark
Pill

Pill ¼ Iill 3 A
where Ilight, and Idark are currents when the photodetector is under illumination and in the dark, respectively. Pill, Iill, and A are the excitation power, illumination density, and the active/illuminated device area,
respectively.

Figure 3. Electrical characterization of a ZnO/ZnS core/shell nanowire array device under UV illumination. (a) IV
measurements at diﬀerent illumination densities, (b) illumination density dependence of photocurrent, (c) the device's
onoﬀ response, and (d) the variation in responsivity under several UV illumination densities.
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The responsivity for UV (385 nm) excitation source,
denoted as R385nm, with a 0.04 mW/cm2 illumination
density, was found to be 0.2 A/W, which is similar to a
single crystal ZnS nanobelt UV sensor24 and is orders of
magnitude higher than similar photodetectors fabricated with a 3D array of nanowires.2530 This responsivity value corresponds to an external quantum
eﬃciency (EQE) of about 65% if the internal photoconductive gain is assumed to be one.31 The high
responsivity achieved in the ZnO/ZnS core/shell nanowire array device can mainly be attributed to the
abrupt nature of the interface between ZnO and ZnS,
which eﬀectively inhibits carrier recombination and
facilitates an eﬃcient carrier separation.
The performance of the ZnO/ZnS core/shell nanowire array photodetector was also investigated under
blue (465 nm) and green (520 nm) excitation source,
and the results are summarized in Figures S2 and S3
(Supporting Information), respectively. It should be
noted that the photon energy corresponding to blue
(2.66 eV) and green (2.38 eV) wavelengths are signiﬁcantly lower than those needed to promote direct
band-to-band absorption in ZnO (Eg ∼3.2 eV)32 and
ZnS (Eg ∼3.7 eV), which leads us to believe that the
photocurrent response must be arising from an indirect type-II transition of electrons between the ZnSVBM
(shell) and ZnOCBM (core). Remarkably, the photodetector response exhibits a similar behavior, as observed
for UV (385 nm) excitation source (Figure 3). The peak
photocurrents under blue and green excitations
reached ∼44 μA (3 mW/cm2, Figure S2a (Supporting
Information) and ∼18 μA (3.2 mW/cm2, Figure S3a
(Supporting Information)), respectively, which correspond to an increase of 267% for blue and 50%
for green wavelength as compared to the ∼12 μA
dark current. The photocurrent variation plot, with
illumination intensities (Figures S2S3b (Supporting
Information)) and time dependence (Figures S2S3c
(Supporting Information), shows electronhole pair
generation rate dependent linear increase of photocurrents in addition to fast and stable response as seen
from the switching behavior of the device. It has been
reported previously that strain at the heterostructure
interface could reduce the natural band gap3336
slightly, whereas only a staggered type-II band alignment could give rise to a much smaller band gap than
either of the individual core or shell material.8
The strain and quantum conﬁnement eﬀect are the
two reasons which may aﬀect the natural type-II band
gap (∼1.93 eV) of ZnO/ZnS core/shell nanowire, and
these two eﬀects were considered to predict an eﬀective energy gap at the ZnO/ZnS interface near 2 eV
for very small core/shell nanowires.37 In regard to the
ZnO/ZnS core/shell nanowire diameter (150200 nm),
no quantum conﬁnement eﬀect can play a role in
modifying the band gap although a weak eﬀect of
strain on type-II energy gap may exist. Figure 4 contains

Figure 4. Room temperature PL for ZnO/ZnS core/shell
nanowires collected with comparable laser power ∼145 μW
under 532, 442, and 325 nm excitation, respectively. Spectra
range from 1.3 eV to the edge of each laser's emission.
ZnO produces green emission at 2.40 eV. Lower excitation
energies produced broader type-II transition peaks. Inset:
Magniﬁcation of the type-II transition PL peaks. The dotted
orange line marks the broad peak center at ∼1.95 eV.

room temperature photoluminescence (PL) spectra
measured with three excitation wavelengths: 325,
442, and 532 nm, where 325 nm excitation revealed
ZnO band edge emission at 3.26 eV, but the ZnS band
edge emission (3.7 eV) was not present, presumably
due to the fact that ZnS shell is relatively thin.38 Both
blue (442 nm) and green (532 nm) lasers yield a broad
band emission with its peak at around 2 eV, in general
agreement with the predicted value for type-II
transition.36 Within this range, ZnO has defect-related
peaks at 2.33 and 2.53 eV, respectively, while 2.64 eV
(ZnS) and 2.25 eV (ZnO/ZnS) were previously reported
with above bandgap excitation.39,40 These emissions
are expected to be very weak under either 442 or
532 nm excitation. Both green emission quenching41
and weak ZnS emission38 would result in some contributions that could lead to the broad emission band,
which can be understood as resulting from structural
ﬂuctuations in nanowire core size and/or shell thickness
and perhaps also some defect related transitions, as
observed similarly in the type-II ZnO/ZnSe core/shell
nanowire array.42 The dominant eﬀect of the type-II
transition43 observed in photodetection measurements
under blue and green excitation sources is mainly
attributed to the abrupt interface between the ZnO
core and ZnS shell.
Figures S2dS3d (Supporting Information) contain
responsivity vs intensity plots of the photodetector
under blue and green illumination, respectively. Apparently, the responsivity values under blue and green
excitation are smaller than under UV, mainly due to the
absence of the direct band-to-band absorption in ZnO
and weaker absorption at longer wavelengths.
To conﬁrm that piezoelectric property of wurtzite,
ZnO is unaﬀected by zinc blend ZnS shell layer deposition, a current versus time (IT) measurement of the
ZnO/ZnS core/shell nanowire array under cyclic strain
VOL. 9

’

NO. 6

’

6419–6427

’

6422

2015
www.acsnano.org

ARTICLE
Figure 5. Electrical characterization of ZnO/ZnS core/shell nanowire array devices showing (a) the photocurrent response
under dark, green, blue, and UV excitation, (bd) photocurrent response at a ﬁxed illumination densities of 1.32 mW/cm2
(UV), 3.0 mW/cm2 (blue) and 3.2 mW/cm2 (green), respectively, with variable compressive loads. (e) Photocurrent response
with respect to compressive loads and (f) the (%) change in responsivity with compressive loads.

both in dark and in the absence of any external bias
was performed. Figure S1 (Supporting Information)
represents the result of a typical IT measurement
where peak piezo-current exhibits an increase as the
load increases, which is in accordance with earlier
report.44 Furthermore, to investigate the eﬀect of the
built-in piezopotential on photodetector performance,
ZnO/ZnS core/shell nanowire array devices were subjected to compressive loads under UV, blue, and green
excitation sources. Figure 5a is a typical IV measurement of the device at peak illumination densities under
UV, blue, and green excitation. In the absence of a
compressive load, the peak photocurrent increases
with the photon energy. Figure 5b displays the result
of IV measurements under a compressive load varying from 0.05 kg force (kgf) to 0.4 kgf at a UV illumination density of 1.32 mW/cm2. It can be seen (Figure 5b)
that increasing the compressive load results in an
RAI ET AL.

increase in peak photocurrent under steady photon
ﬂux. Interestingly, the peak photocurrent (1.51 mA) at
0.4 kgf under steady state illumination is an order of
magnitude (∼31 times) higher than peak photocurrent
without a load (51 μA). A similar trend also appears
in IV measurements for blue (Figure 5c) and green
(Figure 5d) excitation sources at ﬁxed illumination
intensities of 3 and 3.2 mW/cm2, respectively, where
the application of a compressive load resulted in
a photocurrent change of an order of magnitude
(∼18 times) for blue and (∼19 times) for green excitation sources compared to no load.
The change in peak photocurrent at compressive
loads varying from 0.05 to 0.4 kgf for UV (1.32 mW/cm2),
blue (3 mW/cm2), and green (3.2 mW/cm2) illumination
at a bias of 1.5 V is summarized in Figure 5e, where the
increasing photocurrent with compressive load is a
trend. Additionally, the increment in peak photocurrent
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Figure 6. Equilibrium band position of an Ag/ZnS/ZnO interface (a) that demonstrates an abrupt, type-II band alignment at
the ZnS/ZnO core/shell interface before the silver contact is made, (b) silver (Ag) contact with ZnS promotes Fermi level
realignment that induces band bending (c) under illumination only, displaying direct band-to-band and an indirect type-II
transition, and (d) under illumination with compressive strain together leading to a piezopotential-induced band bending.
The core is wurtzite structured ZnO, and the shell is the zinc blend structured ZnS (in green color). Dotted line in (b) represents
the initial position of the valence band maxima and the conduction band minima, whereas the solid lines represent the
respective positions after band realignment and/or compression of a nanowire.

is found to be higher for UV illumination followed by
blue and green illumination, which can be attributed to
the combined eﬀect of direct band-to-band UV absorption in ZnO and the type-II transition occurring from the
ZnSVBM to the ZnOCBM. This band-to-band absorption
for blue and green wavelengths, however, will not
happen in either the ZnO core or the ZnS shell because
of the very high/wide bandgap energies. This leads to
photoabsorption only via an indirect type-II transition
below individual core and shell bandgap energies.
Absolute responsivities calculated for a 0.4 kgf
compressive load under UV (1.32 mW/cm2), blue
(3 mW/cm2), and green (3.2 mW/cm2) illumination at
1.5 V bias are 2.5, 0.54, and 0.13 A/W, respectively,
which are at least an order of magnitude higher for all
the illumination sources compared to no load conditions. A comparative change in responsivity, conventionally calculated as5,11 (RLoad  R0/R0) %, where RLoad
and R0 are deﬁned as responsivities with and without
load, is displayed in Figure 5f. The (%) change in
responsivity under compressive load observed in the
ZnO/ZnS core/shell nanowire array photodetector is
3 orders of magnitude higher than the responsivity
without a load.
The piezo-phototronic eﬀect enhanced performance of ZnO/ZnS core/shell nanowire array photodetector under compressive load can be qualitatively
explained through band diagram and realignment of
band positions under the inﬂuence of the inner piezopotential. Figure 6 displays the relative band positions
of a ZnO/ZnS core/shell nanowire in diﬀerent conﬁgurations. As shown in Figure 6a, in the absence of
silver (Ag) metal contact to ZnS, there is no net charge
RAI ET AL.

transport across the junction because of staggered
type-II band alignment where the Fermi level of ZnO
is higher than that of ZnS, whereas the ZnSCBM is higher
than that for ZnOCBM. Once silver contact to ZnS
was made, the net electron transfer from silver to
ZnS compensates the Fermi level imbalance, causing
a downward bending of ZnS conduction and valence
bands and also compensates ZnO Fermi level imbalance with minor downward band bending as shown
in Figure 6b. Under UV illumination, as shown in
Figure 6c, a direct band-to-band transition takes place
only in ZnO, and a weak type-II transition occurs
between the ZnSVBM and ZnOCBM. The type-II transition
is a preferred absorption mode under both blue and
green illumination. No signiﬁcant Fermi level shift
exists in ZnO and ZnS because of weak absorption
under low illumination densities, whereas the net
charge transfer between ZnO and ZnS is suppressed
due to the barrier created for hole injection from ZnO
to ZnS, and interface trap states for electron transport
generated from downward bending of ZnO. The appearance of hole and electron trap state barriers (ΔΦ1
and ΔΦ2) are unfavorable for photosensing devices
and can be tuned through the inner piezopotential to
improve charge transport.
When nanowires are compressed under zigzag
top electrode, each individual nanowire may undergo
one of the three possible (Figure S4 (Supporting
Information)) elastic deformation modes, resulting in
a piezopotential distribution in ZnO core of ZnO/ZnS
core/shell nanowire array. In view of slight oﬀ the
vertical axis oriented growth of ZnO nanowires on ITO
and high length/diameter (aspect) ratio (Figure 1a),
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EXPERIMENTAL SECTION
ZnO nanowire array was synthesized on SiO2 passivated
indium tin oxide (ITO) coated glass substrate (CG80IN, Delta
Technologies LTD) by thermal evaporation of Zn powder in
a two-zone furnace (GSL-1400X, MTI Corp). Brieﬂy, 4 g of Zn
powder (99.9%, metals basis, Alfa Aesar) was loaded in an
alumina crucible and positioned at the center of the two-zone
furnace. The SiO2 passivated ITO/glass substrate was positioned
at 25 cm downstream in the second zone of the furnace. The
temperatures of the ﬁrst and second zones were ramped to
900 and 550 °C under 350 standard cubic centimeter (sccm)
Ar/O2 (6:1) ﬂow for the reaction time of 1 h. After reaction was
complete, the furnace was cooled down to room temperature
naturally and ZnO nanowires were formed in a white layer on
ITO substrate.
To synthesize ZnO/ZnS core/shell nanowire array, the ITO
substrate with ZnO nanowire array was transferred to a homebuilt pulsed laser deposition system (PLD) as described
previously.9 Brieﬂy, a ZnS target (99.99%, Kurt. J. Lesker) was
loaded in the middle of the furnace and laser ablation was performed at 500 °C. ZnO nanowire on ITO substrate was positioned 3 cm away from the target, and ablation was performed
for 20 min at 1 mTorr base pressure.
Structural and morphological characterizations were carried
out with HITACHI Su8010 ﬁeld-emission scanning electron
microscope (FESEM) and a FEI Tecnai G2 F30 ST high-resolution
transmission electron microscope (HRTEM) equipped with a
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by eliminating the local trapping of electrons at the
interface. Therefore, the electrons and holes are transported through the conductive channels provided by
ZnO and ZnS, respectively. The piezoelectric polarization charges induced electronhole separation is
referred to as the piezo-phototronic eﬀect,46 and it
explains the higher responsivity enhancement observed under blue and green illumination under compressive loads although the improvement is not as high
as seen for UV illumination due to absence of direct
band-to-band absorption.
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it is reasonable to believe that under externally applied
load majority of the nanowires experienced shear
deformation, as shown in Figure S4a (Supporting
Information) for a single nanowire, that dominates the
electrical transport properties of the device. However,
the existence of either uniaxial compression (Figure S4b
(Supporting Information)) or bending only (Figure S4c
(Supporting Information)) mode of elastic deformation
in few nanowires cannot be completely ruled out. In the
absence of piezoelectric eﬀect in zinc blend structured
ZnS, the localized negative polarization charges appearing in ZnO45 at the ZnOZnS interface bends the
edges of valence (VB) and conduction bands (CB) of
ZnO to higher energy (Figure 6d). It should be noted
that in each outlined deformation mode (Figure S4ac
(Supporting Information)), the band position at
ZnOZnS interface changes in similar manner provided we consider the negative polarization charges
at the interface. This upward bending of bands of ZnO
due to the presence of negative piezoelectric charges
eliminates the pre-existing barrier ΔΦ2 that is not
favorable for the separation of electrons resulting in a
quick separation of holes and electrons in ZnS and ZnO,
respectively (Figure 6d), in addition to unaﬀected transport of type-II generated holes in ZnS. Both of these
process acts synergistically to increase the conductance
that results in higher current at the same bias and
illumination compared to the no strain case. The moderate upward bending of ZnO valence and conduction
band edges may not aﬀect the type-II transition because the photon energies provided by blue and green
excitation sources are still suﬃciently high to promote
electron transition from the ZnSVBM to the ZnOCBM

CONCLUSIONS
In summary, an eﬃcient and highly sensitive broadband UV/visible photodetector was successfully integrated on fully wide band gap ZnO/ZnS heterojunction
3D core/shell nanowire array. The abrupt interface
between ZnO and ZnS plays a dominant role in photon
absorption via an indirect type-II transition which was
strongly manifested in the photodetection of visible
illumination (blue and green). The absolute device
responsivity was further increased through the piezophototronic eﬀect by an order of magnitude under
simultaneous application of load and illumination,
resulting in three orders of change in the relative
responsivity. This investigation demonstrates an eﬃcient prototype UV/visible piezo-phototronic photodetector integrated on truly wide band gap 3D ZnO/
ZnS core/shell nanowire array, in which the band
gap limited photoabsorption is overcome by a type-II
transition, which enables the use of wide band
gap materials in broader (UV to visible) wavelength
detection.

nanoprobe energy-dispersive (EDS) X-ray spectroscope. Additional details of optical and structural characterizations can be
found in a previously published literature.19 Room temperature
photoluminescence (PL) measurements were measured by a
Horiba LabRAM HR800 confocal Raman system with a Synapse
charge-coupled detector (CCD). A 100 MPLAN objective lens
(NA = 0.9) was used for 532 and 442 nm excitation, and a 50 UV
objective lens (NA = 0.55) was used for 325 nm excitation.
Laser powers were 148.2, 151.7, and 139.6 μW, respectively.
Background measurements of the substrate were subtracted
from all spectra.
As synthesized ZnO/ZnS core/shell nanowire array on ITO
substrate was spin-coated by a thin layer of PMMA followed by
O2 plasma etching for a few minutes. For zigzag top electrode
fabrication, polyester grating (12700 lines/inch, Edmund Optics)
was sputter-coated with 30 nm of silver (Ag) and positioned on
top of the nanowire array. ITO substrate and zigzag/Ag ﬁlm
were connected by copper leads using silver paste. A typical
device photograph is shown in (Figure S5 (Supporting Information)) with total active device area of 30 mm2. The electrical
measurements were carried out using low noise current preampliﬁer (SR-570) and a source meter (Keithley 2401) coupled
with a computer interface.
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