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Controlled multiphase hydrothermal synthesis technique was developed to design and grow
hierarchical zinc oxide (ZnO) nanostructures with high surface-to-volume ratio. ZnO nanoleaves
(ZNLs) and nanoflakes (ZNFs) assembled from initial monomorphological nanostructures, ZnO
nanowires (ZNWs), and ZnO nanodiscs (ZNDs), respectively. These hierarchical nanostructures with
2D nanosheets building blocks were obtained by sequential nucleation and growth following a
hydrothermal process. Zinc sulphate was the source of zinc ions in the second growth phase.
In comparison monomorphological the hierarchically designed ZnO
nanostructures demonstrated superior ultraviolet detection properties, an improved photosensitivity

to their counterparts,
(~10%), and fast response-time (5 s) and fast recovery-time (1 s). The enhancement in photosensitivity
of the ZNLs photodetector was ascribed to the reduced dimensions and increased surface-to-volume
ratio. This work is part of the efforts leading the way toward low cost, large scale, and low
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temperature fabrication of high performance nanostructured ZnO PDs on flexible and transparent
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Introduction

Zinc oxide (ZnO) nanostructures have been investigated widely
owing to their potential applications in many important devices
including laser diodes, gas sensors, light-emitting diodes,
piezoelectric transducers and generators, and ultraviolet (UV)
photodetectors (PDs)." ' In particular, UV PDs have a crucial
role in different commercial and military applications including
pollution monitoring, secure space communications, water
purification, flame and missile plume detection, etc.>”> Over-
exposure to UV is reported to be associated with different health
issues such as skin cancer and malignant melanoma. Therefore,
it is very important to develop UV PDs with high sensitivity,
quick response and recovery, good detectability, and high
responsivity.

There are many reports in the literature on the synthesis of
hierarchical ZnO nanostructures, including NW arrays,>
nanohelixes,** nanopropeller,>® and tower-like nanocolumns.?®
Usually, these synthesis techniques require high temperature or
vacuum conditions, increasing the complexity and cost of the
synthesis process. Moreover, the requirements of these high
temperature techniques limit the choices of possible substrates
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and lead to impurities in the final products. Consequently, the
economic feasibility for large scale production is limited high-
lighting the need to develop low temperature cost-effective
solution phase synthesis technique to produce these nanostruc-
tures at large scale.”’ ° The hydrothermal synthesis technique is
very attractive and has been used intensively and successfully in
the production of mono-morphological ZnO nanostructures."”
However, applying the hydrothermal synthesis technique to
produce hierarchical ZnO nanostructures with rational control
over the morphology and size is still challenging. Hierarchically
nanostructured ZnO with one-dimensional (1D) or two-
dimensional (2D) building blocks have drawn a great deal of
attention recently due to their astonishing physical and chemical
properties.**> More specifically, such structures have already
been demonstrated to be applicable in the bottom-up production
of high-performance devices.”2°3*

With these systems in mind, we herein report the develop-
ment of an elegant nucleation and growth strategy to synthesise
hierarchical ZnO nanoleaves (ZNLs) and nanoflakes (ZNFs)
from initial monomorphological ZnO nanostructures, ZnO
nanowires (ZNWs), and ZnO nanodiscs (ZNDs), respectively.
This growth strategy allows us to control and optimize the
experimental conditions stage by stage and gives a chance to
rationally design and synthesize the morphology of nanostruc-
tures. The influences of the morphology and structure of the
grown hierarchical ZnO nanostructures on their performances
as UV photodetectors are also investigated and compared with
those of other grown nanostructures.
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Experimental

In this study, every reagent was of analytical grade. Synthesising
ZnO nanowires (ZNWs) was performed as detailed in the
previous report.®® Specifically, a seeded silicon (Si) substrate was
put into a vial which contained a growth solution (15 mL)
comprised of 25-50 mM zinc nitrate, 12.5-25 mM hexamethylene-
tetramine (HMTA), 0.35-0.45 M ammonium hydroxide, and 5 mM
polyethyleneimine (PEI, end-capped, molecular weight 800 g mol "
LS, Aldrich). Next, the vial was covered and put into an oven which
had been heated to 90 °C, and heating was continued for 24 hours.
Following this, the substrate was rinsed with deionised (DI) water
and air-dried at 150 °C for 30 mins. Finally, the prepared ZNWs were
suspended uniformly in DI water (20 mL) in an ultrasonic bath.

Preparation of the ZnO nanodiscs (ZNDs) has been previously
detailed.?® In this case, a 15 mL vial of the growth solution which
consisted of 100 mM zinc sulphate (ZnSO,) and 100 mM HMTA
was heated to 75 °C for 3 hours in an oven. Thorough filtering
and washing of the grown nanomaterials was then performed
using ethanol and distilled water, in sequence.

Subsequently, in the preparation of ZNLs and ZNFs, ZNWs
and ZNDs were used as seeds in the second growth stage,
respectively. A fresh growth solution of 100 mM zinc sulphate
(znSO,) and 100 mM HMTA was added to a suspension of the
initial seeds in a vial, which was then heated to 75 °C in an oven
for 3 hours. Lastly, the grown nanostructures are filtered and
washed thoroughly with ethanol and DI water.

Analysis of the as-prepared products’ crystal structures was
performed using powder X-ray diffraction (XRD) using a PAN-
alytical X-pert diffractometer with Cu Ko radiation. The mor-
phologies and crystal structures were observed with a scanning
electron microscopy (SEM) using a Philips XL-20 scanning
electron microscope at 10 kV. Electron diffraction measurements
and scanning transmission electron microscopy (STEM) were
conducted using a Hitachi-HD2300A microscope, operating at
200 kV. Preparation of the STEM samples was performed by placing
a droplet of the diluted nanomaterial suspension in ethanol onto a
carbon film-coated copper grid. The surface composition of the ZnO
samples were determined using PHI QUANTUM 2000 photoelectron
spectrometer (XPS) using a monochromatic magnesium X-ray
source. The binding energies were calibrated with respect to the
signal for adventitious carbon (binding energy of 284.6 eV).

The fabricated device’s electrical aspects were measured using
a probe station connected to a Keithley 4200 semiconductor
analyser. The source of excitation for the UV detection was a
monochromatic UV lamp (UVGL-55 Hand-Lamp from UVP-LLC)
with a 50 UW cm 2 intensity at a wavelength of 365 nm. All
measurements were carried out at a bias voltage of 2 V.

Results and discussion

Fig. 1(a and b) show low and high magnification side view SEM
images of a ZNWA, respectively. A top view SEM images of the
ZNWA are shown in Fig. 1(c). These SEM images clearly show
that the produced ZNWA has excellent uniformity and alliance.
A single ZNW connecting two electrodes is shown in the SEM
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Fig. 1 (a) Low magnification side view SEM image, (b) high magnification
side view SEM image, (c) top view SEM image of an array of ZNWs; (d) SEM
image of a single ZNW, (e) the corresponding SAED pattern of the ZNWs,
and (f) the XRD pattern of the ZNWs.

image presented in Fig. 1(d). The corresponding selected area
electron diffraction (SAED) pattern of the ZNWs is shown in
Fig. 1(e). ZNWs are single crystal growing along the [0001]
direction and their side surfaces are nonpolar {1010} planes.
Their XRD pattern is presented in Fig. 1(f). This analysis
shows that the ZNWs are of high crystallinity representing the
hexagonal wurtzite-type ZnO (JCPDS No. 36-1451).

Fig. 2(a-f) present an SEM image, the corresponding SAED
pattern, STEM image, XRD pattern, two AFM images of a single
ZND, respectively. Most of the exposed facets of the ZND are the
polar [0001] surfaces. The XRD pattern and STEM image show
that the produced ZNDs are of high crystallinity representing
the hexagonal wurtzite-type ZnO (JCPDS No. 36-1451). The AFM
analysis shows that the thickness of the grown ZND ranges
between 100-150 nm.

As previously reported, hydrothermally grown ZnO nano-
structures tend to adopt a 1D form due to the high crystal
growth rate in the [0001] direction.*® In addition, in a former
report, we learned that the counter-ions of zinc in the hydro-
thermal growth environment play a key role in shaping the final
morphology of the grown nanostructure.” In the current case
of the ZNDs, the charge on the top and bottom facets consists
of the positive Zn>" ions, and so it adsorbs the counter-anions
(e.g., SO,>7) preferentially instead of the hydroxyl anions.
Subsequently, the [Zn(OH),]*~ species required for growth are
prevented from reaching the top and bottom facets, forcing the
nanostructure to grow sideways instead of the expected intrin-
sic anisotropic growth along the (0001) direction.***!

Thus, in the current system, the two mono-morphological
ZnO nanostructures produced in the initial growth phase, namely
the ZNWs and the ZNDs, were used as seeds in the second growth
phase to produce the desired ZNLs and ZNFs, respectively. SEM
images at different magnifications of a single and a group of
ZNLs grown from initial ZNWs are shown in Fig. 3(a-d). From the
SEM analysis, we can see the impact of using zinc sulphate in the
second growth phase, which transformed the initial ZNWs into
ZNLs by suppressing the axial growth and forcing the initial
ZNW to grow sideways. The growth process in the second phase
can be described as a process of stretching the initial ZNW thin.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM image, (b) the corresponding SAED pattern, (c) STEM
image, (d) the XRD pattern, (e), and (f) AFM images of the ZNDs.

The ZNLs consists of very thin sheets with a very high surface-to-
volume ratio. The majority of the exposed facets in the ZNLs
morphology are the polar (0001) facets. Moreover, another
hierarchical ZnO nanostructure, ZNFs, was produced using initial
ZNDs as seeds in the second growth phase. Fig. 3(e-h) present
SEM images at different magnification of ZNFs. From these
images one can see that the ZNFs consists of 2D nanosheet
building blocks. The surface-to-volume ratio of the hierarchical
ZNFs is clearly higher than that of their mono-morphological
counterparts. Indicating that they might have a superior perfor-
mance as UV PDs. SEM analysis clearly shows that the ZNLs and
ZNFs have higher surface-to-volume ratios than their mono-
morphological nanostructure counterparts, indicating that they
could potentially exhibit superior performances as UV PDs.
Following confirmation that ZNLs and ZNFs had been
successfully produced, these materials were used to prepare
nanostructured ZnO PDs. Similarly, two different ZnO nanos-
tructured PDs were fabricated based on ZNWAs and single
ZNWs for comparison with the ZNL- and ZNF-based PDs. The
photoresponse characteristics of the ZNWA-, single ZNW-, and
ZNL-based PDs are presented in Fig. 4(a—c), respectively, where
it can be seen that the photosensitivity of the ZNWA-based PD,
which is the ratio of the photocurrent I,, to the dark current Iy,
was ~30. In addition, the response and recovery times were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM image of (a) several ZNLs, (b and c) a single ZNL connecting
two gold electrodes, (d) at high magnification of a single ZNL, (e—h) SEM
images at different magnifications of ZNLs.

42 and 55 s, respectively. During this study, some of the
fabricated ZNWA-based PDs showed relatively long the response
and recovery times extending to few minutes. It should be noted
here that the conduction channel in the ZNWA-based PD is the
seed layer under the ZNWs connecting the two gold electrodes
(i.e., a polycrystalline film of ~300 to 400 nm thickness). As
indicated in Fig. 4(a), the photo-response of the ZNWA-based PD
exhibits a high stability and repeatability, even though its
photosensitivity is low, and the response and recovery times are
relatively long. Conversely, the single ZNW-based PD exhibited a
photosensitivity of ~1200, in addition to response and recovery
times of 11 and 15 s, respectively. These significant improve-
ments in the photosensitivity and response and recovery times
were attributed to a reduction in the dimensionality of the
single ZNWs compared with that of the ZNWAs. Moreover, the
photo-response characteristics of the ZNL-based PD showed a
further enhanced photosensitivity of ~10°, which is four and

Mater. Adv,, 2022, 3, 6577-6583 | 6579
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Fig. 4 The photo-response characteristics of the (a) ZNWA-based, (b)
single ZNW-based, and (c) ZNL-based PDs.

three orders of magnitude higher than that of the ZNWA-based
PD and the ZNW-based PDs, respectively. The response-time
and recovery-time of the ZNLs PD are 5 s and 1 s, respectively.
The superiority in photosensitivity of ZNLs PD over the other
devices stems from the reduction in its dimensions, high
surface-to-volume ratio, and the increased percentage of the
exposed polar facets. The PDs fabricated based on the ZNFs
were also tested but the results from these tests were unreliable.
Some ZNFs PDs showed ultrahigh photosensitivity while others
were not that sensitive. This could be a result of the morphology
and shape of the ZNFs themselves. Looking at their SEM images
in Fig. 3, one can see that the sensing material in the ZNFs is not
always exposed to the UV radiation. The ZNFs clearly have
ultrahigh surface-to-volume ratio making them suitable for
sensing applications, but their morphology is not suitable for
UV detection.
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The photoresponsivity represents the ratio of the generated
photocurrent to the incident light power on the area of the PD
and it is presented in eqn (1).”° Using the photocurrent
values of 1.2 and 1 nA, and exposed areas of 1 and 12 um?®
for the ZNW and ZNL PDs, respectively; with light power
density of 50 YW cm™> at a wavelength of 365 nm, the
calculated photoresponsivity values for the ZNW and ZNL PDs
were found to be around 2400 and 166.7 A W™, respectively.

R = ph/PoplA (1)

where P, is the light power density and A is the ZNW exposed
area. As for the ZNB-based PD, the exact exposed area of the UV
irradiated field is difficult to calculate due to the hierarchical
complex nature of the surface. Subsequently, calculating the
exact value of photoresponsivity is difficult as well. However, we
hypothesize it is much less than the single-ZNW photorespon-
sivity because the photocurrent value of the ZNFs is smaller and
has a larger exposed area.

The external quantum efficiency 7.y representing how many
carriers circulate in the detector per adsorbed photon and per
unit time, and it is represented as follow:*>*°

Next = (v/70) = (heled) X (Ipn/PopiA) 2)

where 7 is the hole lifetime and 7, is the time needed for
electrons to reach the electrodes, respectively, 4 is the excitation
wavelength, c is the velocity of light, & is Planck’s constant, and
e is the electronic charge. For the present ZNW and ZNLs PDs
the record external quantum efficiency values are calculated to
be 8160 and 566.8, respectively.

These calculated values of the photoresponsivity and exter-
nal quantum efficiency are compared with those recently
reported in the literature for different inorganic metal oxide
nanostructure PDs in Table 1.

The generation and transportation processes of carriers in
the ZNLs PD are explained in the schematic diagram presented
in Fig. 5. It should be noted here that due to the presence of
oxygen vacancies (Vo) in ZnO, which donate electrons to its
conduction band, these materials are considered to be n-type
semiconductors.®® Thus, in dark and under air, the ZNWs
adsorb oxygen molecules on their surfaces, which capture
electrons from the conduction band to give oxygen ions (0*")
and create a low-conductivity depletion layer close to the sur-
face. This in turn leads to the creation of band bending due to
the negative charge at the surface, which extends the quantum
confinement perpendicular to the ZNW surface owing to the
quantum size effects. Hence, a surface potential barrier is
generated. As a result, under UV irradiation, electron-hole pairs
are created in the ZNWs, wherein the holes are attracted to the
negatively-charged surface and become trapped:

hv - e +h" (3)

Subsequently, oxygen ions neutralise the trapped holes at the
surface and increase the conductivity by freeing electrons into
the confined core:

0, (ad) + h* — 0,(g) (4)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Recently reported photoresponsivity and external quantum efficiency values in comparison with the ZnO UV PDs fabricated in this work

PD R next (%) tresponse trecovery Ref’

ZnO nanodisk 3386 AW 'at 3V 1.2 x 10* 15 s 65 s 5

ZnS nanobelt 0.12AW 'at5V 50 <0.3s <0.3s 8

ZnO nanofiber arrays homojunction 13mAW 'atoVv - 39s 4.71s 9
Zn0O-Ga,0; core-shell heterostructure microwire 9.7mAW tatoVv - 0.1 ms 0.9 ms 10
PANI/ZnO heterojunction 0.6 mMAW 'at -3V - 0.11 ms 1.45 ms 11
BTO-ZnO bilayer film 1.3mAW 'at3vVv - 0.1 ms 5.8 ms 12
ZnO/NiO heterojunction arrays 0.4mAW 'atoVv - 7.5s 4.8s 13

TiO, nanocrystals 199 AW tat5V - 6s 15 s 18

ZnO hollow-sphere 13.5AW 'at5V - <5 ms < 5ms 19
p-CuZnS/n-TiO, nanotube array 640 AW "at 3V 2.3 x 10° <0.2's <0.2s 20
Sr,Nb;0,, nanosheets 1214 AW tat3 v 5.6 x 10° 0.4 ms 40 ms 21

ZnO nanowire 2400 AW tat2Vv 8160 11s 15 s This work
ZnO nanoleaves 166.7 AW *at2V 566.8 58 1s This work
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Fig. 5 A schematic diagram depicting the carrier generation and trans-
portation processes in the ZNLs UV PDs.

Consequently, the depletion layer becomes narrower under
the UV excitation, and the current gradually increases until
reaction saturation. Upon ceasing UV irradiation of the ZNWs,
electron-hole recombination takes place, causing the oxygen
molecules to be re-adsorbed on the ZNW surface. As a result,
electrons are recaptured, the depletion layer is widened, and
the conductivity of the ZNWs is reduced.?*” The conductance

of the ZNLs can be expressed as:
G = noeun(R — 2t.)/4l (5)

where n, is the free charge carrier density, y is the mobility of
the charge carriers, R represents the thickness of the ZNL, t. is
the thickness of the surface charge region, [ is the length
between the two electrodes. The thickness of the depletion
region ¢ is given by:

te = Lp(eVs/kT)"> (6)

where V; is the adsorbate-induced band bending while Ly, is the
Debye length. The Debye length in turn is given by:

Ly = (eeokT/e*no) M (7)

where ¢ is the relative dielectric permittivity of the
nanostructure.®® The thickness of the ZNLs is comparable to

© 2022 The Author(s). Published by the Royal Society of Chemistry

the Debye length, so the resistance is very high. This justifies
the ultrahigh sensitivity of the ZNLs PDs.**™*!

Basically, the UV detection of ZnO nanostructures is an
interfacial reaction process, which impacts its conductivity
intensively. Hence, the chemical diffusion and readsorption
of oxygen molecules occurring on the ZnO surface is a critical
factor in its UV photodetection ability. In addition to the impact
of the morphology, size, and surface area of ZnO nanostruc-
tures on their UV photodetection properties, the exposed polar
facets of the ZnO nanostructures may have an important
impact and requires more understanding. Hence, the surface
structures of as-grown ZnO nanostructures were analyzed by
XPS. Fig. 6(a) presents the Zn 2p XPS peaks of the ZNWs and the
ZNLs, which appear to be similar for their position and
distribution. On the other hand, their corresponding O 1s
XPS peaks are similar. Fig. 6(b and c) present the O 1s XPS
peaks of the ZNWs and ZNLs, respectively. The two peaks are
asymmetric with a visible shoulder. The two O 1s XPS peaks can
be decomposed into three Gaussian components centered at
~530.1 & 0.15 eV (0y), 531.5 £ 0.2 €V (Oy), and 532.5 + 0.15 eV
(O¢). Previous studies,*>*? state that the Op, component of O 1s
spectrum is ascribed to O~ ions on the wurtzite structure of
hexagonal Zn>" jon array, enclosed by zinc atoms with all
of their nearest-neighbour O~ ions, meaning that the number
of oxygen atoms in a fully oxidised stoichiometric scenario can
be evaluated by the intensity of this component. The medium
binding energy component Oy, is related to O>~ ions in oxygen-
deficient regions in the ZnO matrix, whilst the Oc component is
typically the result of dissociated and chemisorbed oxygen species
or OH. Therefore, an estimation of the oxygen-chemisorbed
abilities of different ZnO crystal exposed surfaces can be made

N2
_
o
~

Intensity (a.u.)
Intensity (a.u.)

N\
Intensity (a.u.)

il 1019 102z 1025 1028 s %o s o
Binding Energy (eV) Binding Energy (eV)

Fig. 6 (a) Zn 2p XPS spectra peaks of ZNWs and ZNLs, (b) O 1s XPS spectra
of ZNWs, and (c) O 1s XPS spectra of ZNLs.

Binding Energy (eV)
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on the basis of the intensity of Oc components in the O 1s XPS
peak. The relative percentages of the Oc component in the ZNWs
and ZNLs are approximately 3% and 15%, respectively, which
indicate that ZNLs may absorb more oxygen species than ZNWs.

Conclusions

We herein reported the successful development of a facile and
cost-effective hydrothermal synthesis technique for the fabrica-
tion of high-performance ZnO nanostructured photodetectors
(PDs). The ability to rationally control the morphology and
structure of the produced nanostructure was demonstrated by
tuning the experimental parameters employed during the
growth process. Importantly, the ZnO nanoleaf-based ultraviolet
PD (ZNL-based UV PD) demonstrated an ultrahigh photosensitivity
(~10°), a good response time (5 s), and a fast recovery time (1 s)
compared to other devices prepared using different ZnO nanos-
tructures. The ultrahigh photosensitivity of this system was due to
the reduction in size, the ultrahigh surface-to-volume ratio, and
increase portion of exposed polar facets compared to those of
the other tested mono-morphological nanostructures. Our
observations therefore indicate that the hydrothermal technique
presented herein should be readily extendable to the low-cost and
large-scale fabrication of other practical devices using a range of
metal oxides.
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