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Abstract

In order to synthesise hierarchical zinc oxide (ZnO) nanomaterials with a high surface-
to-volume ratio, a well-controlled multistage hydrothermal method was developed.
Hierarchical ZnO nanobrushes (ZNBs) built from initial mono-morphological nanoma-
terials, ZnO nanowires (ZNWs), and ZnO nanoplates (ZNPs) were developed using
sequential nucleation and growth following a hydrothermal process. Hierarchical nano-
materials which are comprised of one-dimensional (1D) nanowire building blocks were
obtained via a zinc ion source (zinc nitrate) during the second growth phase. In compar-
ison to their first mono-morphological equivalents, the hierarchical nanomaterials which
were grown showed improved ultraviolet (UV) detection, as well as improved sensitiv-
ity (~10%), an ultra-fast response time (235 ms), and a good recovery time (310 ms).
Improvements to the response and recovery times were a result of distinct nanojunction
barrier-dominated resistance. Moreover, the enhanced sensitivity of the ZNB photodetec-
tor (PD) was because of the reduced dimensionality and the ultrahigh surface-to-volume
ratio. This work lays the groundwork for lower-cost, larger-scale, and lower-temperature
production of high-performance nanostructured ZnO-based PDs on transparent and

flexible substrates.

1 | INTRODUCTION

Due to the economic and industrial growth race between
nations and the accelerated technological development, water
and air pollution rates have crossed all red lines and have
become an unprecedented danger not only to humanity but
also to life as we know it on this planet. Therefore, researchers
around the wotld today must unite their efforts to combat this
threat with scientific research and find solutions to monitor and
dismantle pollutants in new and more effective ways. Ultraviolet
(UV) photodetection is an important method in environmental
monitoring and disease diagnosis. Moreover, UV photodetec-
tors (PDs) have been utilised in the military and commetcial
sectors for uses such as secure space communications, purifi-
cation of water, and flame and missile plume detection [1-9].
In addition, because of the health risks related to overexpo-
sure to UV irradiation, UV PDs are required that exhibit a high
sensitivity, a good detectability, a quick response and recovery,
and a high responsivity. The UV PD material and structure
are the most important factors in the photodetection process.
The semiconductors such as TiO,, SnO,, and ZnO are widely

used in the UV photodetection field because of their availability,
low cost, low hazard, and effectiveness, which can be improved
greatly by producing these materials at the nanoscale and with
more efficient device structures [1-9].

Zinc oxide (ZnO) is a typical n-type semiconductor with a
wide band gap (£, = 3.26 €V) and large exciton binding energy
(60meV). ZnO has one of the widest ranges of nanomaterial
morphologies and possesses many advantageous characteris-
tics such as good thermal stability, low cost, biodegradability,
and biocompatibility. Hence, they play important roles in many
fields including optoelectronics, electronics, piezoelectronics,
energy generation and storage, gas sensing, air and water
purification, photocatalysis, and photodetection [9-15].

As previously reported, high-temperature synthesis methods
are used for producing hierarchical ZnO nanomaterials, for
example nanowires arrays[16], nanohelixes [17], nanopropellers
[18], and tower-like nanocolumns [19]. Yet, high temperatures
have numerous drawbacks and limitations, including impurities
in the final product, a limited number of applicable substrates,
the requitement for high temperatures (i.e. 500°C-1100°C),
and the use of vacuum conditions. Therefore, because of the
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limited economic possibility of larger-scale production using
these techniques, there has been increased attention towards
developing cost-effective and low-temperature solution phase
methods so that these nanomaterials can be produced on a
larger scale [20-22]. Although there are advantages of solution
phase techniques in the growth mono-morphological nanoma-
terials, the use of techniques to create hierarchical architectures
with rational control over the size and morphology remains a
challenge. Because of their extraordinary chemical and physical
properties, increased attention has been paid to the preparation
of hierarchical structures based on one-dimensional (1D) or
two-dimensional (2D) nanostructured building blocks [23-28].
In particular, these structures have already shown as applicable
in the bottom-up production of high-performance devices
[11-15, 23-28].

Keeping these systems in mind, we report the development
of an elegant nucleation and growth strategy to synthesise
vatious hierarchical ZnO nanobrushes (ZNBs) from mono-
morphological nanomaterials. This two-step growth tactic
permits step-by-step tuning and optimisation of the exper-
imental conditions, as well as offering rational design and
synthesis of controlled nanostructured architectures. The role
played by structure and morphology of the prepared hiet-
archical ZnO nanomaterials in their performance as UV
detectors is also investigated and compared with other grown
nanomaterials.

2 | EXPERIMENT

In this study, every reagent was of analytical grade. Synthe-
sising ZnO nanowires (ZNWs) was performed as detailed in
the previous report [23]. Specifically, a seeded silicon (Si) sub-
strate was put into a vial which contained a growth solution
(15 ml) comprised of 25 to 50 mM zinc nitrate, 12.5 to 25 mM
hexamethylenetetramine (HMTA), 0.35 to 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 h. Following this, the substrate
was rinsed with deionised (DI) water and air-dried at 150°C for
30 min. Finally, the prepared ZNWs were suspended uniformly
in DI water (20 ml) in an ultrasonic bath.

Preparation of the ZnO nanoplates (ZNPs) has been pre-
viously detailed [23]. 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 h in an oven. Thot-
ough filtering and washing of the grown nanomaterials was then
performed using ethanol and distilled water, in sequence.

Subsequently, the ZNBs were synthesised with the prepared
ZNWs and ZNPs as seeds in the second stage of growth. More
specifically, a suspension of the initial ZNWs or ZNPs was
combined with fresh growth solution, such as that used for ini-
tially growing ZNWs. The vial which contained the mixture was
maintained at 90°C for 5 h, and then the grown products wete
thoroughly washed with ethanol and distilled water in sequence,
then dried at 80°C.

Analysis of the as-prepared products’ crystal structures was
performed using powder X-ray diffraction (XRD) using a
PANalytical X-pert diffractometer with Cu Ka radiation. The
morphologies and crystal structures were observed with a scan-
ning electron microscopy (SEM) using a Philips XI.-20 scanning
electron microscope at 10 kV. Electron diffraction measure-
ments and scanning transmission electron microscopy (STEM)
were conducted using a Hitachi-HD2300A microscope, operat-
ing 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 fabricated device’s electrical aspects were measuted 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 W /cm? intensity at a wavelength of 365 nm.
All measurements were cartied out at a bias voltage of 2 V.

3 | RESULTS AND DISCUSSION

3.1 | Morphology and structure

Figures 1a and 1b illustrate the low- and high-magnification
side-view SEM images of a uniform and well-aligned ZNW
array (ZNWA), respectively, while Figures 1c and 1d show
the corresponding low- and high-magnification top-view SEM
images, respectively. The SEM images explicitly reveal the com-
pact nature and excellent uniformity of the ZNWs. Figures 1e
and 1f show low- and high-magnification SEM images of a
single ZNW which connect to two gold electrodes, respec-
tively, while Figure 1g shows the resultant selected areas of
electron diffraction (SAED) ZNWs pattern. The ZNWs were
found to be single crystals which grew in the [0001] direc-
tion, and their side surfaces are comprised of non-polar {1010}
planes. Figure 1h illustrates the XRD pattern of the as-grown
ZNWs, whereby the observed peaks provide confirmation that
the ZNWs are highly crystalline and can be represented by the
hexagonal wurtzite-type ZnO structure (JCPDS No. 36-1451).

Figures 2a—d show the SEM images corresponding to the
SAED pattern, STEM image, and XRD pattern of a single ZNP,
respectively. The majority of the exposed facets in the ZNP
morphology are polar [0001] facets, whilst the XRD pattern and
the STEM image show that the resulting ZNPs are highly crys-
talline and can be represented by the hexagonal wurtzite-type
ZnO structure (JCPDS No. 36-1451).

No impurities peaks were detected, which indicate that the
zinc salt precursors have been completely transformed into
ZnO in the hydrothermal growth reaction. Yet, the (002) XRD
diffraction intensity of the polar facet of the hydrothermally
produced ZNWs is relatively low in comparison with the usual
observation of high-intensity ZnO (002) peak in XRD analy-
sis of ZNWAs in the literature. The high-intensity ZnO (002)
peak represents the good alignment of the ZNWs growing in
the ¢ direction. The ZNWs in this work showed a lower inten-
sity (002) peak because they are relatively long with low density
leading to a poor alignment. Additionally, these ZNWs can
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FIGURE 1 (a) Low-magnification side-view SEM
image, (b) high-magnification side-view SEM image,

(c) low-magnification top-view SEM image, and

(d) high-magnification top-view SEM image of an array of
ZNWs. (e) Low-magnification SEM image and

(f) high-magnification SEM image of a single ZNW. (g) The
corresponding SAED pattern for the ZNWs and (h) the
XRD pattern of the ZNWs. SAED, selected areas of
electron diffraction; SEM, scanning electron microscopy;
XRD, X-ray diffraction; ZNW; zinc oxide nanowires.

easily break and lay on the substrate. On the other hand, the
high diffraction peak for the ZNPs indicates that there are more
nanostructures with their ¢ direction normal to the substrate
than for the ZNWs.

Hydrothermally grown ZnO nanomaterials typically adopt a
1D form as a result of the high growth rate of crystals in the
[0001] direction [23]. We have previously found that different
counter-ions of zinc can often alter the final morphological
structure of the grown nanocrystals [24]. For ZNPs, the 2D
structure is because of anisotropic growth, whereby the growth
sideways is more rapid than in the axial direction. The zinc
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terminated (0001) facet which is positively charged prefers to
absorb counter-anions (e.g. SO,427) into the growth system
rather than hydroxyl anions. Consequently, the [Zn(OH)4]*~
species required for growth cannot attach to the (0001) surface;
therefore, the nanocrystal must grow sideways rather than the
expected intrinsic anisotropic growth along the (0001) direction
[23, 24].

Thus, in the current system, the two mono-morphological
ZnO nanomaterials produced in the initial growth phase,
namely the ZNWs and the ZNPs, were used as seeds to pro-
duce the desired ZNBs in the second growth phase. Figures 3a
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to d, which provide the SEM images of a single ZNB grown
from a ZNW; show that the secondary ZNWs will grow in the ¢
direction on the six sides of the initial ZNW to form a six-fold
symmetry. In addition, Figure 3¢ shows a high-magnification
image of the secondary ZNWs. It should be noted that in the
hydrothermal synthesis of ZNWs, heterogeneous nucleation is
preferable to homogenous nucleation as the interfacial energy
between the crystal nuclei and the substrate is less than that
between the crystal nuclei and the solution [24]. Consequently,
during the second growth phase the secondary ZNWs prefer
growing on the surfaces of the mono-morphological ZnO
nanomaterials. We also examined using ZNPs as seeds to
produce ZNBs. The low- and high-magnification top-view
SEM images of a single ZNB are shown in Figures 3f and 3g,
while Figure 3h provides a tilted view SEM image of a single
ZNB showing the secondary ZNWs that grow on both faces
of the initial ZNP. These SEM images show the density and
uniformity of the secondary ZNWs. They also indicate that
the secondary ZNWs grew along the caxis with their side
sutfaces being non-polar planes. In addition, SEM analysis
reveals that all of the prepared secondary ZNWs have a flat top,
corresponding to a polar (0001) facet.

Using our hydrothermal synthesis technique, we controlled
and manipulated the ZnO nanomaterial morphology by tuning
the growth parameters, including the growth temperature,
the growth concentration, the zinc counter-ions, the growth
time, and the PEI concentration. For example, the density of
the secondary ZNWs was controlled by varying the growth
solution concentration in the second growth phase. Specifically,

FIGURE 2 (a) An SEM image, (b) the
corresponding SAED pattern, (c) the STEM image,
and (d) the XRD pattern of the ZNPs. STEM,
scanning transmission electron microscopy; ZNP,
zinc oxide nanoplates.

60 70
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Figures 3a to d show the ZNBs that were produced using
a growth concentration of 12.5 mM in the second growth
phase. Conversely, lowering the concentration to 5 mM pro-
duced ZNBs with a low secondary ZNW density, as shown in
Figure 4a. However, increasing the growth concentration to
25 mM in the second growth phase significantly enhanced the
density of the secondary ZNWs, as shown in Figures 4b to e.
It was also found that at high growth concentrations, the sec-
ondary ZNWs lost their six-fold symmetry. Subsequently, the
length and diameter of the secondary ZNWs were controlled
by variations in the growth time and the PEI concentration,
respectively. Consequently, our well-controlled hydrothermal
technique allowed high surface-to-volume ratio ZNBs to be
prepared. Additionally, Figures 4f and 4g show the SEM images
of the ZNBs grown from the initial ZNPs with a high sec-
ondary ZNW density (see Figure 4h for a high-magnification
SEM image of the secondary ZNWs). SEM analysis clearly
demonstrates that ZNBs have a higher surface-to-volume ratio
than their mono-morphological nanomaterial counterparts;
therefore, they have the potential for superior performances as
UV PDs.

After confirming that the ZNBs had been successfully pro-
duced, the materials were used to prepare nanostructured ZnO
PDs. Likewise, two different ZnO nanostructured PDs were
produced based on ZNWAs and single ZNWs to be com-
pated with the ZNB-based PDs. The photo response aspects
of the ZNWA-, single ZNW-, and ZNB-based PDs are shown
in Figures 5a to 5c, respectively, which show that the photo-
sensitivity of the ZNWA-based PD, which is the ratio of the
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FIGURE 3 (a) SEM image showing numerous ZNBs
grown from the initial ZNWs. (b) SEM image of a single
ZNB. (c) SEM image of a ZNB connecting two gold
electrodes. (d) High-magnification SEM image of a single
ZNB. (e) High-magnification SEM image of the secondary
ZNWs. (f) Top-view SEM image of a ZNB grown from an
initial ZNP. (g) High-magnification top-view SEM image of
the ZNB. (h) Tilted-view SEM image of a ZNB. ZNB, zinc
oxide nanobrushes.

photocurrent /), to the dark current /g, was ~30. In addition,
the response and recovery times were 42 and 55 s, respectively.
Several UV PDs using this type of device structure were tested,
and often the response and recovery times were extended to
several minutes. It should be noted that the conduction channel
in the ZNWA-based PD is the seed layer beneath the ZNWs
which connects the two gold electrodes (i.e. a polycrystalline
film of ~300 to 400 nm thickness). As shown in Figure 5,
the photo response of the ZNWA-based PD has high stabil-
ity and repeatability, although it has low photosensitivity, and
the response and recovery times are longer. Conversely, the sin-

gle ZNW-based PD exhibited photosensitivity of ~1200, as
well as response and recovery times of 11 and 15 s, respec-

tively. These significant improvements in photosensitivity and
response and recovery times were the result of a reduction in
the dimensionality of the single ZNWs compared to ZNWAs.
Moreover, the photo response facets of the ZNB-based PD
exhibited enhanced photosensitivity of ~10%, which are three
orders of magnitude greater than the ZNWA-based PD and
8.3-times that of the ZNW-based PD. Figure 5d shows that
the response and recovery times of the ZNBs PD were 235
and 310 ms, respectively, demonstrating that the ZNB-based
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PD was 191 times faster than the ZNWA-based PD, and 47
times faster than the ZNW-based PD. The supetior photosen-
sitivity of the ZNB-based PD in comparison to other prepared
devices results from the lower dimensions; its high surface-to-

volume ratio, and the enhanced efficiency of its device structure,
is the result of nanojunctions forming between the initial and
secondary ZNWs.

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 Equation (1) [4-8]. Using the photocur-
rent value of 1.2 nA, light power density of 50 uW/cm? at a

FIGURE 4 (a) SEM image of a ZNB bearing a low
density of secondary ZNWs. (b) SEM image of a ZNB
beating a high density of secondary ZNWs.

(c) High-magnification SEM image of the high-density
secondary ZNWs. (d) SEM images of a ZNB bearing a high
density of long secondary ZNWs. (¢) High-magnification
SEM image of the secondary ZNWs. (f, g) SEM images of
ZNBs grown from initial ZNPs with a high secondary ZNW
density. (h) A high magnification SEM image of the highly
dense secondary ZNWs

wavelength of 365 nm, and ZNW exposed area of 1 um?, the
calculated phototresponsivity for the single-ZNW was found to
be around 2400 A /W.

R = Ln/BpA M
where Py is the light power density and A4 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 hierarchi-

cal complex nature of the surface. Subsequently, calculating the
exact value of photoresponsivity is difficult as well. However, we
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FIGURE 5 The photoresponse characteristics of the (a) ZNWA-based,
(b) single ZNW-based and (c) ZNB-based PDs. (d) The corresponding
response and recovery times of the ZNB-based PDs. PD, photodetector.
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hypothesize it is much less than the single-ZNW phototrespon-
sivity because the photocurrent value of the multiple-nanodisk
is smaller and has a larger exposed area.

The external quantum efficiency 7)., represents how many
carriers circulate in the detector per adsorbed photon and per
unit time, and it is represented as follows [4-8]:

Newe = (@/T) = (he/ed) X (]ph/PoptA) @

where 7 is the hole life time and 7, is the time needed for elec-
trons to reach the electrodes, respectively, 4 is the excitation

wavelength, ¢is the velocity of light, 4 is Planck’s constant, and ¢
is the electronic charge. For the present device the record exter-
nal quantum efficiency value is calculated to be 8.2 X 10°. These
calculated values of the photoresponsivity and external quan-
tum efficiency are compared with those recently reported in the
literature for different inorganic metal oxide nanostructure PDs
in Table 1.

Figure 6 shows a comparison of the generation and trans-
portation processes of carriers in ZNW- and ZNB-based PDs.
Note that because of oxygen vacancies (1) in ZnO, which
donate electrons to its conduction band, these materials are
n-type semiconductors [23]. Therefore, in the dark and under
air, the ZNWs adsorb oxygen molecules on their surfaces, and
capture electrons from the conduction band to give oxygen
ions (O?7) and produce a low-conductivity depletion layer
closer to the surface. This creates band bending because of
the negative charge at the surface, which extends into the
quantum confinement vertical to the ZNW surface because of
quantum size properties. Therefore, a surface potential barrier
is produced. Consequently, under UV irradiation, electron—hole
pairs are created in the ZNWs, and holes are attracted to the
negatively charged surface and become trapped

hy > e + bt 3)

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

05 (ad) + I* = 0, () Q)

As a result, under the UV excitation the depletion layer
becomes narrower, and the current gradually increases until
reaction saturation. When UV irradiation of the ZNWs is
stopped, electron—hole recombination occurs, resulting in
oxygen molecules being re-adsorbed on the ZNW surface.
Consequently, electrons are recaptured, the depletion layer is
widened, and the conductivity of the ZNWs is reduced [36-38].

Crucially, the conductivity of ZNB-based PD is controlled by
a mechanism which is not available in ZNW-based PD, as the
former conduction channel contains nanojunctions between the
initial and secondary ZNWs. As a consequence, the electrons
must overcome the junction barrier so that current can flow.
The formation of these bartiers is by the surface depletion layers
of the initial and secondary ZNWs, and so the conductance of
the ZNW can be given by

G = nyeunm (R—2t.) [4/ (5)

where 7 is the density of the free charge carrier, i is the mobility
of the charge carriers, R is the ZNW diameter, 7, is the surface
charge region thickness, and /is the distance between the two
electrodes. The thickness of the depletion region 7. is expressed
as

fo = Liy(eVs /1) ©)
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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

Photodetector R Do ? response ? recovery Reference
ZnS$ nanobelt 012AW a5V 50% <0.3s <0.3s 3]
Nb, O35 nanobelt 152 AW at1V 6070% - - 4]

Sb,Se; nanowire 80AW ! at5V 1650% <0.3s <0.3s [5]

ZnO nanoparticles 61 AW at 120V - <0.1s 1s [6]

TiO, nanocrystals 199 AW a5V - 6s 155 7]

ZnO hollow-sphere 13.5AW ! at5V - <5ms <5ms [8]

ZnO nanodisk 3386 AW a3V 1.2x 10* % 155 65s [9]
p-CuZnS/n-TiO, nanotube array 640 AW ac3V 23%10° % <0.2s <0.2s [29]
Str,Nb3 Oy nanosheets 1214 AW at 3V 5.6 X 10° % 0.4 ms 40 ms [30]
ZnO/NiO heterojunction arrays 0.415mA W™ at 0V - 7.5s 48s [31]

ZnO nanofibre arrays homojunction 1.28 mAW™lat0V - 39s 471s [32]
Zn0O-Ga, O3 core—shell heterostructure microwire 9.7 mA W™ at 0V - 0.1 ms 0.9 ms [33]
PANI/ZnO heterojunction 0.56 mA W™ at =3V - 0.11 ms 1.45 ms [34]
BTO-ZnO bilayer film 128 mA W™l ac3V - 0.11 ms 5.8 ms [35]

ZnO nanowire 2400 AW at2 Vv 82x10° % s 155 This work
ZnO nanobrush - - 235 ms 310 ms This work
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FIGURE 6 Schematic diagram showing the carrier generation and transportation process in the ZNW-based versus the ZNB-based UV PDs. UV, ultraviolet.
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where 15 is the adsorbate-induced band bending and Zy is the
Debye length, which is expressed as

1/2
Lp = (egokT /ény) )

where € is the relative dielectric permittivity of the nano-
material [39]. Thus, the depletion regions in the initial and
secondary ZNWs act as barriers to electron movement. There-
fore, when the ZNW diameter exceeds the Debye length, the
predominant modulator of charge transport in the ZNB-based
PD is the nanojunction between the initial and secondary
ZNWs.

Therefore, improvements to the response and recovery times
for the ZNB-based PD ate the result of controlling the charge
transport by the nanojunction barrier. Depleting the conducting
channel of the ZNWs by diffusing and re-adsorbing oxygen
is a comparatively slow process [40, 41]; therefore, the charge
recovery process is also relatively slow if the PD conductance
is controlled only by the ZNW conductance, as with the SNW-
and ZNWA-based PDs. However, the conductance in the
ZNB-based PD is dominated by the nanojunction barriers,
which are essentially two consecutive Schottky barriers. As
there is an exponential association between the tunnel current
across the junction bartrier and the height of the barrier, the
current has increased sensitivity to minor variations in the
barrier. When UV irradiation ceases, electron—hole recombi-
nation occurs which increases the effective barrier because of
the significant reduction in the carrier density. The dominant
effects of the created junction barrier result in ultrafast current
decay, and the photoinduced barrier height modulation is
significantly more rapid than the oxygen diffusion process,
which accounts for the better performance of the ZNB-based
PD [42].

4 | CONCLUSION

We have reported upon the successful development of a
cost-effective and facile hydrothermal synthesis method to
produce high-performance ZnO nanostructured PDs. Being
able to rationally control the morphology and structure of the
produced nanomaterial was illustrated by tuning the experi-
mental parameters used in the growth process. Crucially, the
ZNB-based UV PD showed an improvement in photosensi-
tivity (~10%), an ultrafast response time (235 ms), and a good
recovery time (310 ms) in comparison to other devices prepared
using other ZnO nanomaterials. The enhanced response and
recovery times reached for the ZNB-based PD were the result
of distinct nanojunction barrier-dominated conductivity. In
addition, the system’s high photosensitivity was because of
the reduction in size and the ultrahigh surface-to-volume ratio
compared to the other mono-morphological nanomaterials.
Thus, our observations reveal that this hydrothermal method
should also extend to the low-cost and large-scale fabrication
of other practical devices using various metal oxides.
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