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A Fully Transparent and Flexible Ultraviolet-Visible
Photodetector Based on Controlled Electrospun
ZnO-CdO Heterojunction Nanofiber Arrays

Zhi Zheng, Lin Gan, Huigiao Li, Ying Ma, Yoshio Bando, Dmitri Golberg,

and Tianyou Zhai*

It is essential for novel photodetectors to show good photoresponses, high
stability, and have facile fabrication methods. Herein, an optimized electro-
spinning method to fabricate a photodetector based on nanowire arrays that
has a wide spectral response range is demonstrated. Arrays of ZnO-CdO
hybrid nanowires are carefully fabricated fusing ZnO and CdO portions into
the same nanowires and subsequently assembling those nanowires into a
regular structure. Compared to pure ZnO or CdO nanowire arrays, the hybrid
arrays show comparable photocurrent/dark current ratios and response
speeds, but they possess a much wider spectral response range from ultra-
violet to visible light. The optoelectronic and electronic properties of the
ZnO-CdO hybrid nanowire arrays are systematically explored. Based on this,
a transparent and flexible photodetector made of ZnO-CdO hybrid nanowire
arrays is fabricated. It shows a high transparency of around 95% in the spec-
tral range of 400-800 nm and maintains its properties even after 200 bending
cycles. Importantly, the developed, simple method can be directly applied to
many types of substrates and a transfer of the nanowires becomes unneces-

performance for detection in the deep
ultraviolet;® ZnO (3.4 eV), SnO, (3.6 eV),
In,03 (3.6 eV), and Nb,Os (3.4 eV) nanow-
ires are sensitive to ultraviolet light”-1!]
CdS (2.4 eV), ZnTe (2.4 eV), and In,S;
(2.0 eV) nanowires work well in the vis-
ible spectral range and InAs (0.35 eV) and
Cd;P, (0.65 eV) nanowires play a vital roles
in near-infrared light detection.'2~1¢l [nter-
estingly, these days, photodetectors with
a broad spectral response have started to
attract more and more attention because
as such a “multicolor” response can be
realized in a single photodetector.'7:18]
Currently, there are two ways to achieve
such a response: one is to form an alloy, for
instance (Al, In),Ga.yN, which has a tun-
able response range from the near-ultravi-
olet to near-infrared light;?% another is

sary, which guarantees a high quality of the devices.

1. Introduction

Low-dimensional materials, because of their high surface area
to volume ratios, wide range of spectral responses, plentiful
categories, etc.'™”] have wide applications in optoelectronics,
including imaging, night-time surveillance, environmental
monitoring, target identification and defense sensing. Gener-
ally, such materials have a high selectivity for a specific wave-
length according to their bandgaps. For example, In,Ge,0,
(4.4 eV) and Ga,0; (49 eV) nanowires showed a good
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to form hybrid structures, such as CdSe/
ZnTe core-shell structures,?!! ZnS/ZnO
biaxial structures?”l or quantum dots/
organic mixtures,/?>?% which combine the
spectral response range of their constituting components. How-
ever, the low stability or complex fabrication requirements pre-
vent the wide spread of such “multicolor” materials. According
to the “6S” criteria for evaluating photodetectors, that is, high
spectral selectivity, high signal-to-noise ratio, high sensitivity,
high stability, high speed, and simplicity for fabrication, the
realization of a highly stable, simply processed photodetector is
still an issue to be considered.?°]

Electrospinning is a cheap and facile method to fabricate
various nanofibers on a large scale. This has been widely uti-
lized for supercapacitors, lithium-ion batteries, photocatal-
ysis, etc.l??8 Specifically, the target material is mixed with a
polymer first to form a uniform solution, and then the solu-
tion is expelled out of the vessel by an ejector jet pump. At the
same time, a high voltage is applied between the outlet of the
vessel and the collecting substrate, which endows the exposed
solution with a charge and provides a strong field to transform
the solution into thin nanofibers of tens to hundreds of nanom-
eters in diameter. Finally, all the nanofibers are collected on the
substrate. It is worth mentioning that the product is generally
composed of a huge number of random nanofibers. In con-
trast, uniform nanofiber arrays can be achieved by putting sepa-
rated electrodes on the substrate during the electrospinning
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Figure 1. Fabrication of nanofibers via an optimized electrospinning method. a) Setup of the electrospinning machine. Two separated electrodes
instead of a common insulator are used as the collectors, which forces the nanofibers to become straight after the process. b) Optical images of well-
aligned nanofibers with different densities on the substrate. Scale bar: 100 pm.

process.?32 The mechanism of nanofibers that are assem-
bled by using separated electrodes is shown in Figure 1a, in
which two electrodes give the nanofibers a pulling force to
keep them straight; and the charge on the nanofibers separates
them from each other because of electric repulsion. As a result,
tunable nanofiber arrays can be realized using a setup shown
in Figure 1b. Moreover, more complex array configurations
may be prepared by rotating the electrodes. This technique is
transfer-free, which is another major advantage of electrospin-
ning, that is, the sample is directly deposited on the target sub-
strate (any type of insulator, such as mica, quartz, etc.) without
the need for further wire-transfer operations, which simplifies
the fabrication process and ensures a high quality of the final
product.

Metal oxides are common minerals on Earth, they show an
excellent stability in air at ambient conditions and even under
a relatively high temperature.3 They are easily processable via
simple sintering and can be shaped as nanofibers after electro-
spinning in air. In this work, we investigated the optoelectronic
and electronic properties of ZnO and CdO hybrid nanofiber
array (NFA) structures fabricated by electrospinning. Two types
of metal oxides were fused (sintering under 500 °C) into indi-
vidual nanofibers and were assembled into arrays under an
electric field, then the array performance was explored in a flex-
ible and transparent photodetector configuration. ZnO and CdO
have complementary bandgaps corresponding to the ultraviolet
and visible light ranges, respectively, ensuring that the hybrid
structure has a wide response range, from the visible to the
ultraviolet. Temperature-dependent analysis revealed that this
hybrid NFA was a typical semiconductor with plenty of oxygen
vacancies. Its electronic characteristics could be well described
by a thermal activation model. Moreover, taking advantage
of the transfer-free technology involved, a flexible and trans-
parent hybrid-NFA-based photodetector was fabricated directly

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

on a mica substrate (the relatively high sintering temperature
requires substrates with a certain thermal resistance).?*3% The
final photodetector had a transparency of approximately 95%
and maintained its optoelectronic properties even after 200
bending cycles.

2. Results and Discussion

2.1. The Morphology and Structure of the NFA

Three types of NFA were fabricated via an improved electro-
spinning method,?”! in which two separated electrodes on the
collector force the orderly assembly of the nanofibers under a
high voltage applied between the collector and the vessel outlet
(Figure 1b). The direction of the arrays could be adjusted by
rotation of the electrodes, therefore, different types of arrays
could easily be fabricated (Figure S1, Supporting Information).
The precursors were mixed with a solution of polyvinylpyrro-
lidone (PVP) dissolved in dimethyl formamide (DMF) before
electrospinning and after NFA forming they were annealed in
air to remove excess PVP. In Figure 2a—c the optical images of
ZnO, CdO, and ZnO-CdO hybrid NFA are illustrated, respec-
tively. All nanofibers were assembled side by side to form a uni-
form film. The density of the NFA was tunable by varying the
electrospinning parameter, such as the rate of precursor feeding
and the electrospinning time. The composition of the NFA
was identified using X-ray diffraction (XRD), as demonstrated
in Figure 2d. The XRD spectra of the samples in Figure 2a,b
matched that of standard ZnO (JCPDS No. 36-1451) and CdO
(JCPDS No. 05-0640), respectively, evidencing pure hexagonal
ZnO and cubic CdO structures. For the hybrid sample in
Figure 2c, which was made using two kinds of precursors, the
XRD spectra showed a combination of the two types of metal
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Figure 2. Three types of nanofiber arrays fabricated with optimized electrospinning. Optical images for a) ZnO, b) CdO, and c) ZnO-CdO hybrid
nanofiber arrays. d) XRD spectra of the three types of nanofiber arrays. e) Comparison of XRD spectra for ZnO-CdO hybrid nanofiber arrays having

various ratios of ZnO and CdO.

oxides, namely, ZnO and CdO. It is worth noting that the XRD
of the hybrid structure did not show any extra peaks, except
those of ZnO and CdO, suggesting that the hybrid structure
contains only pure ZnO and CdO phases and no alloying had
occurred. To test this point, various recipes of precursors were
prepared and checked by XRD after sintering in air. As shown
in Figure 2e, the three recipes only led to a difference in the
intensity of the peaks, which can be attributed to the different
quantities of precursors. However, for all three recipes, no new
peaks were observed.

To further confirm the structure of NFA, a single nanofiber
was investigated under transmission electron microscopy
(TEM). As shown in Figure 3a, the ZnO nanofiber has a diam-
eter of around 100 nm. It keeps its linear form after sintering,
suggesting that high-temperature sintering has little influence
on the fiber morphology. Figure 3b displays a well-resolved
periodical lattice image with a 0.28 nm fringe separation,
evidencing that the facet belongs to the (100) planes of hex-
agonal ZnO. The whole ZnO nanofiber was composed of a
large number of small-sized ZnO nanocrystals, as revealed by
selected-area electron diffraction (SAED) (Figure 3c). Different
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planes of the ZnO crystal in the nanofiber can be identified
when looking at the diffraction rings, proving its polycrystalline
structure. The same was found for the CdO nanofibers, where
the fringe separation of 0.27 nm in the HRTEM image corre-
sponded to the (111) planes of cubic CdO. The diffraction rings
in the SAED pattern also evidenced that the whole nanofiber
consisted of a large number of small-sized CdO nanocrystals.
Moreover, based on both HRTEM images, no porous carbon
coating was found on the nanofibers, suggesting that the
PVP had been effectively removed under post-processing and
the whole nanofiber consisted of pure metal oxides. For the
hybrid sample (Figure 4a), the whole nanofiber was composed
of CdO and ZnO nanocrystals mixture, which is supported by
the HRTEM image in Figure 4b. The lattice-fringe separations
of 0.24 nm and 0.27 nm were identified as the (101) planes of
hexagonal ZnO and the (111) planes of cubic CdO, respectively.
The mole ratio of Zn and Cd ions was around 1 (Figure 4c). The
slight carbon signal might come from the supporting carbon
film on the TEM grid and the tiny residue of amorphous carbon
in the sintered nanofibers. The elemental distribution within
the whole nanofiber was studied by energy dispersive X-ray
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Figure 3. TEM images of bare nanofibers. a—c) TEM image, HRTEM image, and SAED pattern, respectively, for an individual ZnO nanofiber. d—f) TEM
image, HRTEM image, and SAED pattern, respectively, of an individual CdO nanofiber.

spectroscopy (EDS) mapping, as shown in Figure 4d-f. It can  2.2. Optoelectronic Properties of NFA under a 325-nm Laser

be seen that all elements, namely Zn, Cd, and O are uniformly

dispersed along the nanofiber, revealing that the ZnO and CdO  To further explore the optoelectronic properties of the NFA,
nanoparticles have been evenly mixed rather than aggregated a simple two-electrode device configuration was adopted to
into isolated large-size homogeneous particles. The uniform  make three types of NFA, based on ZnO, CdO, and ZnO-CdO
dispersion of ZnO and CdO domains in the nanofiber ensures ~ NFA, respectively. The devices were fabricated on 500-nm
the reproducibility of the technique. SiO,/Si and Ti/Au contacts were deposited to serve as the two

Figure 4. a,b) TEM and HRTEM images of a hybrid ZnO-CdO nanofiber. c) EDS spectrum of the hybrid nanofiber; d—f) Spatially-resolved EDS elemental
maps of the Zn, Cd, and O species, respectively, in the hybrid nanofiber.
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Figure 5. Optoelectronic properties of nanofiber arrays. a) UV-vis diffuse reflectance curves of three types of nanofiber arrays, the inset is the experi-
mental setup showing the device configuration. b) Current-voltage (I-V) curves of the three types of devices under 325-nm laser illumination and in
the dark. c) Current—time (I-t) curves of the three types of devices during on-off switching tests under 325-nm laser illumination. d) Comparison of

the response time of the three types of devices.

electrodes covering both ends of the NFA, the device configu-
ration is shown in the inset of Figure 5a. The UV-vis diffuse
reflectance curves of the three types of NFA are demonstrated
in Figure 5a. As can be seen, the ZnO shows a stable horizontal
line from 850 nm to 450 nm, and then a sharp peak arises where
the wavelength of the incident light becomes shorter than 450
nm, which coincides with the bandgap of ZnO (3.4 eV).’¥ The
case of CdO is similar to that of ZnO, the only difference is that
the threshold wavelength for CdO is 550 nm, meaning that light
with a wavelength shorter than 550 nm would be extensively
absorbed by the CdO nanofiber. For the hybrid nanofiber con-
sisting of ZnO-CdO, the curve seems to reflect the combination
of those of ZnO and CdO, it has two absorbance bands located
at around 350 nm and 550 nm, corresponding to the bandgaps
of ZnO and CdO, respectively. Therefore, we can conclude that
the hybrid nanofiber combines the spectral response of its com-
ponents.B% In accordance with these UV-vis diffuse reflectance
curves, a 325-nm laser was chosen to excite the three NFA sam-
ples and their photocurrent curves are depicted in Figure 5b.
The highly symmetrical shape of the current curves evidences a
good Ohmic contact between NFA and the electrodes (Figure S2,
Supporting Information). The difference between the photocur-
rent under 325-nm light and that in the dark of the three NFA
samples can be as high as 10*-10° times, suggesting the high
quality of the NFAs. These data are also summarized in Table S1
in the Supporting Information. Generally, comparable high pho-
tocurrent/dark-current ratios result from a low dark current.[*"!
In a ZnO-CdO NFA the whole hybrid nanofiber is composed of
a large number of ZnO and CdO nanoparticles (see Figure 4b),
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suggesting a huge number of interfaces in the hybrid nanofiber;
this would suppress the dark current effectively. In the mean-
time, the small-nanoparticles structure enhances the absorp-
tion of the incident light, therefore, the photocurrent could
be improved as well. Although the hybrid sample showed the
largest photocurrent of the three devices, this does not neces-
sarily mean that the hybrid nanofiber has a better conductivity
because the photocurrent is strongly dependent on the amount
of nanofibers in the device. Figure 5c demonstrates the stability
of the photoresponse in the three NFAs. Therefore, we subjected
all three samples to ON/OFF switching with 325-nm laser illu-
mination. During the 5 cycles of the switching test, which lasted
over 300 s, the photoresponse in the three NFA samples showed
a good stability, confirming the robustness of the metal oxide
nanofibers. The response speed during ON/OFF tests is illus-
trated in Figure 5c. As shown in Figure 5d, in which a single
ON/OFF process for each device is shown, the rise and decay
curves in the three samples are comparable. Interestingly, the
response speed of the ZnO-CdO hybrid NFA, was about 3 s and
it did not show any degradation compared to those of the ZnO
and CdO NFAs, suggesting that the heterogeneous interfaces
between the ZnO and CdO nanoparticles in the hybrid nanofiber
had no detrimental effect on the carrier transport compared to
the homogeneous interfaces in the ZnO and CdO nanoparticles.
In short, the ZnO-CdO hybrid NFA has a comparable response
speed to that of ZnO or CdO NFAs but possesses a wider spec-
tral response range than its single components.

To explore the reason behind this good performance of the
ZnO-CdO hybrid NFA, a disordered ZnO-CdO nanofibers
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(DNF) film was prepared via conventional electrospinning, in
other words, without the separate electrodes on the collector.
The stability of the photoresponse for the DNF and NFA is
demonstrated in Figure S3a (Supporting Information). The two
types of film showed a good stability during the 300-s ON/OFF
switching tests under 325-nm laser illumination. However, the
response speed was obviously different. For the DNF, the rise of
the photocurrent was relatively slow, it took around 30 s to reach
a stable current, in contrast, only about 3 s were required for the
NFA to reach a stable current. A similar situation was apparent
for the decay curves, suggesting that the carrier transport is dif-
ferent in the two types of films. More accurate photocurrent rise
and decay times were acquired by fitting of the photoresponse
curves, the detailed information for this can be found in Figure
S4 (Supporting Information). We could thus attribute the fast
response speed of NFA to its ordered arrangement in which
almost all nanofibers were straight and assembled in a side-
by-side fashion, which ensured that the carriers could travel
through the shortest channels (Figure S3d,f in the Supporting
Information).!! However, for the DNF film, all nanofibers were
coiled after electrospinning and stacked into a film in a random
way, thereby creating a complex crossed network (Figure S3c,e
in the Supporting Information). Therefore, the carriers in DNF
have to travel over much longer channels. In addition, a huge
number of cross junctions in the nanofiber network can scatter
the carriers and further increase the transport time between two
electrodes. As a result, compared to the ZnO-CdO DNF, ZnO-
CdO NFA has the same merit of high stability but also had an
obvious advantage with respect to the response speed.

2.3. Optoelectronic Properties of ZnO-CdO NFA

To systematically explore the optoelectronic properties of the
Zn0O-CdO NFA, we further studied its photoresponse with inci-
dent light of various wavelengths, various intensities, and at var-
ious pressures. In Figure 6a the photocurrent curves under dark
conditions, 250-nm, 300-nm, 350-nm, 450-nm, and 550-nm
light are depicted. All plots exhibited straight lines, suggesting
a good Ohmic contact between the NFA and the electrodes. The
dark current was maintained at a low level and the photocurrent
under 550-nm irradiation was close to that under dark condi-
tions. However, for the rest of the photocurrent curves, a larger
photocurrent can clearly be observed. The largest photocurrent
was recorded under 300-nm illumination. This result is con-
sistent with the spectral response curves shown in Figure 5a in
which the ZnO-CdO NFA has a response to incident light with a
wavelength shorter than 550 nm, corresponding to the bandgap
of CdO in the hybrid nanofiber. The logarithmic plot corre-
sponding to Figure 6a is presented in Figure 6b, from which
it can be seen that the hybrid nanofiber has the best response
under 300-nm irradiation. Therefore, the following tests were
based on a 2-mm diameter, 300-nm incident light with an inten-
sity of 6.54 mW cm™. Considering the small NFA area (see
caption of Figure 6), a responsivity of around 1 A W~ could be
calculated. Moreover, the photoresponse of hybrid NFA under
300-nm light at various intensities was measured and is illus-
trated in Figure 6¢. As expected, higher light intensities induced
higher photocurrents. The relation between the photocurrent
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and the light intensity (Figure 6d) could be fitted with a power
law, I,~ P? in which I, stands for a non-unity exponent relation
with the incident light intensity, P. The non-unity exponent, 6,
could be retrieved from the fitting to be 0.73, corresponding to
the complex processes in a semiconductor, including electron—
hole generation, separation, trapping, recombination, etc.[*?
Furthermore, the photoresponse of hybrid NFA was addition-
ally studied at various pressures, that is, under ambient atmos-
phere and in vacuum. The photocurrent responses in darkness
and under 300-nm light were evaluated for both cases and it
was seen that the hybrid NFA revealed a much larger current
in vacuum than in air, suggesting that oxygen plays an impor-
tant role in the carrier transport. Generally, oxygen from the air
is adsorbed on the NFA surface, further acting as a trapping
center for holes. As a result, the carrier concentration is low-
ered, leading to a lower current compared to that in vacuum.
The obvious photoresponse difference between ambient atmos-
phere and vacuum strongly supports the above-mentioned
oxygen-assisted photoresponse mechanism. Moreover, similar
to oxygen, the humidity also plays an important role in the
photoresponse process. A higher humidity was beneficial to
the response rate but degraded the photocurrent, which is in
accord with previously reported work.[**=*! The photoresponse
data of the device under various humidities is demonstrated in
Figure S5 (Supporting Information).

2.4. Electronic Transport Mechanism of ZnO-CdO NFA

The electronic properties of hybrid NFA were then investigated
under various temperatures. As shown in Figure 7a, the cur-
rent—voltage curves of the hybrid NFA were recorded between
60 K—430 K in vacuum; the optical image of the device is shown in
the inset. It can be seen that the current increases with increasing
temperature, demonstrating the typical behavior of a semicon-
ductor. More information can be gained from the conductivity,
o, vs. the reciprocal temperature, 1000/T, curve of the hybrid
NFA, as presented in Figure 7b. The curve displays two distinct
slopes for two temperature regimes, that is 430 K-220 K and 140
K-60 K, corresponding to a typical Arrhenius-type behavior and
suggesting that the carrier transport is dictated by the thermal
activation conduction processes.[l All data can be well fitted
(least-square fit) using the activation energy equation:*’]

o =0 exp| L |+ 0, exp| -L2
SO T )T T T (1)

Where o, and o, are temperature-insensitive conductivity
prefactors relevant to the activation energy during the thermal
activation conduction processes, kg is the Boltzmann constant,
and T is the absolute temperature. Based on the fitting results,
the oy, 0y, E;, and E, were calculated to be 53.9 fS, 0.341 fS,
116 meV, and 0.83 meV, respectively. Here the activation energy
E; (116 meV) corresponds to a group of intermediately deep
donors in the hybrid NFA and accordingly, E, (0.83 meV) repre-
sents a group of shallow donors in the hybrid NFA. Such low E,
energy suggests that a large amount of oxygen vacancies exist
in the hybrid NFA. This is reasonable given the polycrystalline
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Figure 6. Optoelectronic properties of hybrid nanofiber arrays studied under light of various wavelengths. a) Current-voltage (I-V) curves of the device
illuminated with light of various wavelengths and in the dark; b) Logarithmic plot of (a); c) Current—voltage (/-V) curves of the device illuminated under
300-nm light at various power intensities; d) Photocurrent as a function of light intensity and corresponding fitting curve using the power law under
300-nm light illumination. The power density of the incident light was 6.54 mW cm? and the light size was a round shape of 2 mm in diameter. The

channel (30 ym in length and 500 pm in width) consisted of ca. 150 nanofibers with an average diameter of ca. 150 nm. e—f) Current-voltage (I-V)
curves in the dark and under 300-nm light in air and vacuum.

nature of the hybrid NFA. In the higher temperature regime  with the aid of thermal energy.*® However, the contribution of
(430 K-220 K), the final conductivity reflects the combination of  intermediately deep donors dominates the final conductivity.
both the shallow and the intermediately deep donors contribu-  In contrast, in the lower temperature regime (140 K-60 K), the
tions in which both types of donors exit to the conduction band  final conductivity is governed by the shallow donors. Therefore,
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Figure 7. Electronic properties of hybrid nanofiber arrays. a) Current—
voltage (I-V) curves of hybrid nanofiber arrays in the temperature range
of 60-430 K, the scale bar is 50 pm. b) Dependence of conductivity, 6, on
the reciprocal temperature, 1000/T.

the whole temperature dependence of the conductivity of the
hybrid NFA can be well described using Equation (1), which
corresponds to the “band conduction” processes.

3. Applications

Flexible devices based on this type of nanofibers have attracted
wide interest globally.*] Moreover, their transparency is another
important parameter for various applications.”® Based on the
facile electrospinning technique and high performance of the
ZnO-CdO NFAs, we fabricated a flexible, transparent photode-
tector on a mica substrate. As shown in Figure 8a, the logo of
Huazhong University of Science and Technology (HUST) can be
seen clearly beneath the transparent photodetector. The electrode
arrays (50-nm ITO) and a thin layer of hybrid NFA (ca. 150 nm)
were assembled on the mica substrate (ca. 40 pm). The photo-
detector had a high transparency, about 95%, over a wide wave-
length range from 400 nm to 800 nm (Figure 8b). Considering
the natural transparency of the mica substrate (ca. 95%), the light
absorption of the hybrid NFA layer (ca. 150 nm) is negligible,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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indicating that the transparency of the photodetector is dictated
by the mica substrate. The presence of the hybrid NFA has thus
very little influence on the overall transparency. The hybrid NFA
can be utilized effectively in this case, whereby the fiber arrays
are mainly located at the predesigned sites. Moreover, as dem-
onstrated in Figure 8c and 8d, the photodetector has an excel-
lent flexibility. It can withstand a bending radius of 10 mm while
maintaining its original properties. Durability tests indicated that
the properties of this photodetector were well maintained even
after 200 bending cycles.P! It is worth mentioning that the trans-
parency is strongly related to the substrate thickness and, thus,
photodetectors of better transparency and flexibility can be real-
ized by using thinner substrates. Considering the mechanism of
the electrospinning process, the substrate or collector can also
be replaced by different kinds of materials, which would further
extend the applications of photodetectors.>?

4, Conclusions

We have demonstrated a facile electrospinning method to fab-
ricate a flexible, transparent photodetector with a wide spectral
response range based on ZnO-CdO hybrid nanofiber arrays,
in which ZnO and CdO particles are fused into individual
nanofibers and assembled into ordered arrays. Optoelectronic
and electronic tests revealed that the hybrid NFA behaved as
a typical semiconductor while exhibiting improved properties
compared to those of the pure ZnO and CdO components. This
resulted from the arrangement and the complimentary effects
of the components. An array of flexible ZnO-CdO photodetec-
tors with 95% transparency was fabricated on a mica substrate
via a one-step process in air. The photodetector revealed a wide
spectral range response, high stability, and fast response speed,
and in addition, the photodetector performance was not affected
even after 200 bending cycles. Taking advantage of the electro-
spinning process, the composition ratio and the constituents of
the nanofiber could be tuned according to various demands. In
addition, direction and density of the nanofibers in the array can
be well tuned by simply changing the electrospinning setup.
Therefore, the final pattern and transparency of the arrays are
also adjustable. The advantage of this transfer-free technology
is the designed electrospinning method, which simplifies the
fabrication process and guarantees a high product quality. The
process represents a facile way to fabricate aligned “multicolor”
response photodetectors by using predetermined precursors to
achieve diverse compositions. We envisage that the reported
work paves the way toward efficient photodetector fabrication.

5. Experimental Section

Material ~ Preparation and Characterization: ZnO-CdO nanofiber
arrays were fabricated via an improved electrospinning method
(SS-2535H, Ucalery). In brief, 1.2 g of polyvinylpyrrolidone (PVP) powder
(Mn =1 300 000) was dissolved in 10 mL of N,N-dimethylformamide
(DMF) solution, then stirred for 10 h at room temperature to
obtain a viscogel. Next, 1.0 g of Zn(CH3C0O0),+2H,0 and 1.2 g of
Cd(CH;C00),+2H,0 (atom ratio of Zn?* and Cd?* is around 1) were
added into the PVP/DMF solution to form a uniform liquid as the
source. After that, the uniform solution was transferred into a syringe.
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Figure 8. A transparent and flexible photodetector based on the hybrid nanofiber arrays. a) HUST logo covered by the as-fabricated photodetector; the
device area is highlighted with a yellow dash rectangle and the rows of the device are highlighted by red rectangles (seven rows in total). b) Optical
transmittance of the photodetector. c,d) Bending test of the photodetector made of hybrid arrays. The morphology of the channel is highlighted with
yellow dashed lines. The scale bar is 50 ym. e,f) Comparison of current-voltage (/-V) and current-time (I-t) curves between the original sample and

the sample subjected to 200 bending cycles.

A positive bias from a high-voltage power supply was applied to the
needle tip of the syringe, whereas the other terminal was connected to
two rectangular aluminum foil contacts that were pasted on a high cure
square quartz with a channel width of 10 mm. The distance between
the needle tip and the collector was set at 15 cm. The voltages were set
to be 8 kV for the positive terminal and 3 kV for the negative terminal.
As a result, uniaxially aligned nanofibers of one layer thickness were
obtained in the gap. To achieve different array patterns, another pair
of aluminum foil contacts could be pasted at different angles, after
which the electrospinning process was repeated; as such another
layer of uniaxially aligned NFA was stacked on the original layer and
formed a hierarchical architecture at different angles. Zn(CH;COO),
NFA, Cd(CH;COO), NFA, Zn(CH;COO),/PVP and Cd(CH;COO),/
PVP side-by-side NFA were obtained by electrospinning the Zn ions or
Cd ions precursors, respectively. Afterwards, the composite nanofibers
were calcined at a rate of 1 °C min™' and kept for 3 h at 500 °C in air.
Thus, NFAs made of metal oxides were obtained. The as-prepared oxide
nanofiber arrays were characterized by an optical microscope (BX5T,
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OLMPUS), UV-vis spectrometry (U-3900H, Hitachi), X-ray diffraction
(XRD, 7000S, Shimadzu), and transmission electron microscopy (TEM,
Tecnai G2 F30, FEI and JEM 2100, JEOL) equipped with an X-ray energy
dispersive spectrometer (EDS).

Device Fabrication and Characterization: For the nanofiber arrays, the
electrodes (Ti/Au (10 nm/100 nm)) were deposited onto the quartz
substrate via electron beam (EB) evaporation (Nexdep, Angstrom
Engineering) using an Al foil as a shadow mask. The single ZnO-CdO
nanofiber device was fabricated by standard photolithography (MDA-400M,
Midas), then the Ti/Au (10 nm/100 nm) contacts were deposited over
the structure after development. The |-V characteristics were measured
using a low-temperature cryogenic probe station (CRX-6.5K, Lake Shore)
and a semiconductor parameter analyzer (4200-SCS, Keithley). A He-Cd
laser (IK3301R-G, Kimmon) and a laser-driven white-light source (LDLS,
EQ-1500, Energetiq) were used for the measurements of monochromatic
325-nm and wide-range spectral runs between 200 nm and 600 nm,
respectively. The light intensity was calibrated using a UV-enhanced Si
photodiode.
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