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Abstract: Different Zinc Oxide (ZnO) morphologies have been used to improve photodetector effi-
ciencies for optoelectronic applications. Herein, we present the very novel hybrid ZnO flower-rod
(HZFR) morphology, to improve photodetector response and efficiency when compared to the preva-
lently used ZnO nanorods (NRs) and ZnO nanoflowers (NFs). The HZFR was fabricated via sol-gel
microwave-assisted hydrothermal methods. HZFR achieves the benefits of both NFs, by trapping a
greater amount of UV light for the generation of e-h pairs, and NRs, by effectively transporting the
generated e-h pairs to the channel. The fabricated photosensors were characterized with scanning
electron microscopy, X-ray diffraction, photoluminescence, and a Keithley 4200A-SCS parameter
analyzer for their morphology, structural characteristics, optical performance, and electrical character-
istics, respectively. The transient current response, current-voltage characteristics, and responsivity
measurements were set as a benchmark of success to compare the sensor response of the three
different morphologies. It was found that the novel HZFR showed the best UV sensor performance
with the fastest response time (~7 s), the highest on-off ratio (52), and the best responsivity (126 A/W)
when compared to the NRs and NFs. Hence, it was inferred that the HZFR morphology would be a
great addition to the ZnO family for photodetector applications.

Keywords: ZnO; UV sensors; photodetectors; nanorods; nanoflowers; hybrid ZnO flower-rod;
responsivity; response time

1. Introduction

In the contemporary science of photonics, ZnO is in high demand to replace silicon
technology for optoelectronics [1-4]. ZnO is an amazing multifunctional material, which
strategically lies on the border of ionic and covalent compounds and has potential applica-
tions in biomedicine, environmental monitoring, healthcare, photonics, optoelectronics,
and advanced manufacturing. It is because of its room temperature, high-exciton binding
energy (60 meV), and, most importantly, its large and direct bandgap of 3.37 eV, which
makes it more pragmatic in optoelectronics. Furthermore, the possibility of fabricating
multiple polymorphic shapes of ZnO, including nanowires, nanoflowers, nanoparticles,
nanorods, nanowalls, nanotubes, nanotetrapods, quantum dots, and more, has made it
even more relevant in the realms of optoelectronics, photonics, and nanoelectronics [5-8].
There is plenty of research with a focus on fabricating novel ZnO nanoscale morphologies
and shapes, to improve the surface-area-to-volume ratio for optoelectronic devices [9].
Hence, for the first time, we fabricated the nanoscale hybrid ZnO flower-rod (HZFR) mor-
phology for use in optoelectronics, photonics, nanoelectronics, and sensors technology.

Coatings 2021, 11, 1464. https:/ /doi.org/10.3390/ coatings11121464

https:/ /www.mdpi.com/journal/coatings


https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-3967-5553
https://orcid.org/0000-0002-2137-324X
https://orcid.org/0000-0001-5206-272X
https://orcid.org/0000-0002-0484-0299
https://orcid.org/0000-0001-5394-7933
https://doi.org/10.3390/coatings11121464
https://doi.org/10.3390/coatings11121464
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11121464
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11121464?type=check_update&version=2

Coatings 2021, 11, 1464

20f 14

In this study, the novel HZFR was used to obtain the best results for ZnO ultraviolet
(UV) sensors and photodetectors when compared to different traditional and prevalent
morphologies, including ZnO nanorods (NRs) and ZnO nanoflowers (NFs).

ZnO strategically lies at the borderline of inorganic and organic chemical compounds,
which makes it a very important compound for sensor applications, due to its intertwined
chemical and optical properties [10,11]. Notwithstanding, the more pronounced surface
oxygen chemisorption process at ambient conditions makes it one of the best candidates for
UV and gas sensor applications [12,13]. Moreover, the visible blind intrinsic habit and very
high absorption in the UV band provide a great impetus to ZnO-based UV sensors [14].
Researchers exploit multiple techniques to achieve a fast impulse response time, a high
light-to-dark (on-off) current ratio, and a high responsivity and photoconductive gain
in ZnO-based photosensors. Some of the most prevalent techniques are to change the
morphology for an improved surface-to-volume ratio, as well as surface functionalization
with highly light-absorbing materials, stimulating the surface Schottky barriers via metal
nanoparticles decoration, channel doping, and improving the overall ZnO crystal quality
for intrinsic defects engineering [15-19]. However, the most pronounced, established,
and easy-going approach is morphology-oriented; a change in morphology leads to an
improved surface-to-volume ratio for best UV sensor efficiency.

For all the aforementioned purposes, ZnO has been fabricated with different solution-
processed and vacuum-based methods, including molecular beam epitaxy, thermal evapo-
ration, atomic layer deposition (ALD), metal-organic chemical vapor deposition (MOCVD),
magnetron sputtering, spin coating, hydrothermal processes, solvothermal growth, and
microwave-assisted growth (MAG) methods [20-25]. All these methods have their specific
pros and cons; however, most vacuum-based methods have the limitation of using very
high temperatures, high pressures, costly processes, and limited use of substrates. On the
contrary, solution-processed methods have benefits of high nanostructure yield, easy and
cheap processing, and handiness. In this study, we fabricated a novel HZFR morphology
via the solution-replacement MAG method [25]. The MAG method was chosen based on its
unparalleled benefits of ultrafast processing, solution route, facile synthesis, strict control
over the process, repeatability, reproducibility, low price, purity, eco-friendly approach,
and easy availability on a commercial level [26]. Furthermore, the nanostructures that are
fabricated with the MAG methods have a high crystal quality with the least defects, which
are the basic requirements for better UV sensor response [19].

The prime focus of this study was neither stimulating the nanostructured surface
Schottky barrier nor using any surfactants to maximize the UV light absorption. However,
we paid attention to the basic ingredients of designing the nanostructured morphology
with shapes that had never been used previously to obtain the best results for UV sensors.
The presented HZFR morphology exploited the benefits of both NFs and NRs, by trapping
as much light as possible for e-h pairs generation and transporting them smoothly to the
receiver contacts. Hence, the UV light, that was previously lost between the adjoining
NR gaps, was used to produce the maximum gain, best impulse response, highest on-off
ratio, and the best responsivity in HZFR. The formed nanostructures were characterized
with scanning electron microscopy (SEM), X-ray diffraction (XRD), and photoluminescence
(PL) to probe the nanostructured morphology, crystalline structure, and optical charac-
teristics, respectively. The presented results have applications in the fields of photonics,
optoelectronics, biomedicine, and nanoscience.

2. Materials and Methods
2.1. Substrate Cleaning

The first step in the device fabrication was the cleaning of the substrates. For NR, NF,
and HZEFR film deposition, we used 1.5 x 1.5 cm transparent ITO-coated glass substrates.
At first, the glass substrates were exposed to N, blowing, followed by a wet ultrasonic
bath in acetone (C3HgO, >99.5%, Sigma Aldrich, Riyadh, Saudi Arabia), isopropyl-alcohol
(C3HgO, >99.5%, Sigma Aldrich), and distilled water. The liquids were evaporated by
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annealing the substrates at 300 °C for 5 min. In the end, the substrates were again cleaned
with N, blowing, to remove any remaining dirt and dust particles, and were then stored in
the cleanroom.

2.2. Sensors Fabrication with Different Morphologies

Three different devices were fabricated on the ITO-coated glass substrates with NRs,
NFs, and HZFR as the active layers/films. A thin ITO layer was already deposited on the
glass substrate and served as a bottom transparent electrode. Then, the active sensor layers,
with three different morphologies, were deposited via the following procedures:

2.2.1. ZnO Nanorods (NRs) Deposition

The NRs were deposited via the MAG method, as explained by Rana et al. in previ-
ous reports [25,26]. The MAG method was chosen due to its ultrafast processing, facile
procedures, and high yield in nanostructure fabrication. Herein, we used the microwave-
assisted solution replacement method for effective NR deposition. For axial NR growth,
the seeds’ deposition is inevitable, to support the heterogeneous nucleation process within
the solution atop the substrate [27]. Hence, the seed solution was made by mixing zinc
acetate dehydrate (Zn(CH3COO);-2H,0, >98%, Sigma Aldrich) with n-propanol (C3HgO,
>99.5%, Sigma Aldrich), to make a 0.05 M solution. The solute and the solvent were
ultra-sonicated for 30 min and the saturated seed solution was secured. The seeds were
spin-coated twice on the ITO-coated glass substrate, followed by annealing at 350 °C
for 1 h. Consequently, the growth solution was prepared by stirring 25 mM zinc nitrate
hexahydrate (Zn(NOg3),-6Hy0O, >98%, Sigma Aldrich) and 25 mM hexamethylenetetramine
(CeH12Ny4, 99%, Sigma Aldrich) with distilled water for 1 h. The total volume of the so-
lution was 300 mL. For growth, a domestic microwave oven was used with a maximum
power of 1000 watts, model NN-ST665BQPQ, and manufacturer Panasonic (Macquarie
Park, New South Wales, Australia). Then, the seeded substrate was immersed into the
homogeneous solution container and exposed to the 1000 watt microwaves, with four
intermittent intervals of 30 s each [25]. After 10 min, and having replaced the fresh stream
of solution four times, the substrate was removed from the solution container, cleaned with
distilled water, annealed at 300 °C for 10 min, and dried with N, blowing. The sample was
characterized with SEM to confirm the NR deposition.

2.2.2. ZnO Nanoflowers (NFs) Deposition

NFs were also fabricated via the MAG method. The growth solution was prepared
by stirring equimolar (50 mM) Zn(NO3),-6H,O and CgHi,N4 with distilled water. Then,
10 mL ammonium hydroxide (NH4OH, 28.0-30.0% NHj3 basis) was drop cast into the
solution and stirred for 1 h. Afterward, the unseeded ITO-coated glass substrate was
immersed into the growth solution and exposed to 1000 watt microwaves with intermittent
intervals. After 10 min and solution replacements, the substrate was removed from the
solution and stored in the cleanroom.

2.2.3. Hybrid ZnO Flower-Rod (HZFR) Deposition

For HZFR deposition, NRs were initially deposited on the seeded substrate, as ex-
plained earlier in Section 2.2.1. In a different container, the NFs were prepared in a solution,
as explained in Section 2.2.2, without a substrate. Then, the collected solution containing
the NFs was drop-casted onto the substrate with axial NRs and spun at 3000 RPM for 30 s.
The spinning process was repeated 10 times. The substrate was annealed at 100 °C for
2 min for the first nine coatings, and at 360 °C for 2 h for the final, tenth coating, to provide
stability and to support the heterogeneous nucleation of the flowers atop the vertical rods.
The final fabricated morphology was the HZFR, as confirmed by the SEM images in the
Results and Discussion sections.
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2.3. Final Device Fabrication

Finally, to produce an Ohmic contact with ZnO, ITO was sputtered atop the nanos-
tructured active layer as a top transparent electrode in all three devices. The sputtering
was followed by defining the top and bottom indium (In) dots, for electrical connections
with the Keithley workstation probes.

2.4. Characterization Tools

The samples were characterized with a scanning electron microscope (SEM: Hitachi
54700, Hitachi, Tokyo, Japan) to probe the physical characteristics and the morphology of
the active layer nanostructures. The nanostructures” structural and crystalline properties
were measured with X-ray diffraction (XRD: Rigaku D/MAX-2500 V/PC, Tokyo, Japan)
analysis. The optical characteristics and the defect sites were measured with photolumi-
nescence (PL: FLS 1000, Livingston, UK) analysis. The transient current response and the
electrical characteristics were probed with a Keithley 4200A-SCS parameter analyzer (Keith-
ley Instruments, Solon, OH, USA) for the UV on-off conditions. During the photocurrent
measurement, we illuminated the sample with 368 nm UV light by dispersing a 150 W
deuterium (D;) lamp with a monochromator, using a 1 V applied bias.

3. Results and Discussion
3.1. Novel Nanostructured Morphologies

Figure 1 shows the SEM morphological analyses of the grown nanostructures via
the MAG method. The main Figure 1a shows the equally distributed and vertically well-
aligned NRs on the substrate surface. The average height of the NRs was ~2 microns and
the average diameter was ~50 nm. The inset shows the magnified version of the same NRs.
It is evident that, even though the NRs are equally distributed and densely populated,
there is an obvious space between the adjoining NRs, where the illuminated UV light
can be wasted on the substrate. The same is true for the NFs in Figure 1b, where the
nanoflowers are haphazardly decorated on the substrate surface. The reason for this low-
density NF growth is the homogeneous nucleation of the NFs on the substrate surface in
the absence of seeds. The seeds were not deposited for the NFs’ growth because the buried
seeds are 0001-oriented, are vertical to the substrate, and may suppress the formation of
Zn(OH),>~ growth units and Zn(OH); nuclei. In the absence of seeds and the presence
of NH,OH-driven. excessive OH™ ions, the excessive growth units joined the nuclei via
the Ostwald ripening process, and a flower-like structure was formed. Hence, the NFs
are not homogeneously decorated on the substrate surface, and left wide spaces between
adjoining NFs, as evident in Figure 1b. Despite this, NFs have a high surface-to-volume
ratio, due to their spread 3D structure when compared to the 1D structure of NRs, and
this spread morphology can trap excessive UV light for a better sensitivity [28]. However,
the lowered density might result in the loss of some useful light to the substrate, which
may affect the UV sensor efficiency. Figure 1b inset shows the magnified image of the
single NR with a central nucleus and the attached rod-like petals. Figure 1c shows the
fabricated novel HZFR for the improved UV sensor response. The large NFs are grown
on the buried NRs to form HZFR. The top NFs are joined by the buried NRs at the active
0001 top surfaces. The inset Figure 1c shows the magnified image of the HZFR, and the
main Figure background shows the high density of the NFs on the buried NRs. This novel
morphology and orientation might combine the benefits of both NRs and NFs to trap as
much UV light as possible, for the best UV sensor results. The UV sensor efficiency was
then confirmed via the experiments described in the following sections of the manuscript.
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Figure 1. Real-time SEM images of (a) NRs; (b) NFs and (c) HZFR.

3.2. Nanostructured XRD Structural and PL Optical Characteristics

The XRD analyses were used to realize the overall crystalline structure and the chemi-
cal habits of the grown materials. Figure 2 shows the crystalline patterns of the NRs, NFs,
and HZFR XRD analyses. It is evident that all three morphologies are purely made of
polycrystalline ZnO, and there is no trace of any foreign elements in the crystalline struc-
tures. The grown nanostructures had a wurtzite hexagonal phase, and all the peaks were
perfectly matched with the JCPDS number 01-070-8072, which is reported in Figure 2d. The
highest peak for the NRs is along the (002) direction (Figure 2a), which is followed by the
SEM analyses. On the contrary, the dominant peaks for the NFs are (100) and (101), which
are again in line with the SEM images, and confirm the non-vertical growth orientation of
NFs on the substrate surface. Similarly, due to the combination of the NRs and NFs, the
first dominant peak for HZFR is (101), because of the top NFs, and the second dominant
peak is (002), because of the buried NRs beneath the NFs in HZFR. Although the HZFR has
vertical rods that are buried beneath the flowers, the XRD orientation is due to the highly
magnified and densely populated top flowers that dominate the crystal habit. Table 1
shows the detailed structural parameters of the nanostructures. The full width of half
maximum (FWHM) measurements were taken from the (002) peaks, and the crystallite size
was measured via the Scherrer formula [29,30].

D = (0.891)/ (B cosf) 1)
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Figure 2. XRD crystalline analyses of (a) NRs; (b) NFs; (c) HZFR and (d) ZnO JCPDS reference.

Table 1. Structural parameters of S1, S2, and S3.

Two Theta Full Wld.th at Half Crystallite Size
Sample (Degree) Maximum (am)
(Radian)
NRs 34.43 0.0026 67
NFs 34.60 0.0031 51
HZFRs 34.78 0.0023 66

One notable point to ponder on is that the crystallite size of all the nanostructures
had values that were comparable to the nanostructures that were fabricated via more
sophisticated and expensive methods, such as MOCVD and ALD. This is due to the very
effective heating process in the microwave oven that allowed all the atoms to sit on the
proper structural sites in the crystal lattice via the dipolar polarization process [25,31].
This is another reason that the MAG nanostructures have better UV sensor efficiencies
than other commercially available deposition methods that are available in the market for
laboratory testing [19].

Figure 3a shows the room temperature PL optical characteristics of the nanostructures.
All the nanostructures, NRs, NFs, and HZFR, show the typical two peaks in the UV and the
visible regions for ZnO. The high-intensity peaks in the UV region are due to the exciton
recombination process. On the contrary, the low-intensity broad peaks in the visible region
are due to the defects that were induced in the materials’ crystal structures during the
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growth process. Typical to ZnO, these defects include the Zn interstitials and the oxygen
vacancies [32]. It is noteworthy that all three samples had more or less similar optical
profiles, except for a slight redshift in the HZFR PL UV band peak. This redshift was
because of the bandgap renormalization effects, the very large dimensions, and the lattice
stress that was imbibed during the growth process of HZFR [33,34]. It is obvious that the
HZFR is an amalgam of NRs and NFs; hence, HZFR would have excessive free carriers in
the channel when compared to NRs and NFs alone. The bandgap renormalization was the
direct effect of this excessive carrier-induced, free-carrier screenings and many-body effects
present in HZFR structures when compared to the NRs and NFs. Furthermore, the very
high dimensions of the NFs atop NRs are a secondary reason for this redshift. However,
it is because of the MAG process that, despite different shapes, the inside chemistry and
the growth dynamics remained the same, which led to the controlled defect structures in
all three samples and resulted in similar peak intensities in the visible region. This would
be very helpful to compare the UV sensor responses of all the researched nanostructures,
solely based on the change in morphology rather than any other internal factors, such
as the lattice parameters and surface- or deep-level defects. Figure 3b shows the UV-Vis
diffuse reflectance spectra of ZnO NRs, NFs, and HZFR. The different morphologies of
ZnO demonstrate a strong absorption at a wavelength in the range of 250—400 nm. The
optical band gap Eg of the ZnO samples was estimated by the extrapolation of the linear
portion of the plots of (Ahv)? versus hv, i.e., ZnO NRs (3.25 eV), NFs (3.24 eV), and HZFR
(3.23 eV).
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100
(a) ——HZFR - (b) — ——
Nanorod q 80 - Nanorods
—— Nanoflower < —— Nanoflowers
o
g 60 |- — HZFR
= 12
©
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Figure 3. (a) Optical (PL) characteristics of the nanostructures and (b) Uv-Vis diffuse reflectance spectra; the inset is the plot

of (Ahv)? versus hv demonstrating the direct bandgap of ZnO.

3.3. Electrical (UV On-Off) Characteristics and Impulse Response

Figure 4 shows the electrical current-voltage (I-V) characteristics that were measured
via a Keithley 4200A-SCS parameter analyzer for UV on-off conditions. The UV illumina-
tion wavelength (A4x) for the sensor response was found by the equation

Amax < he/Eg =~ 368 )

where c is the speed of light,  is Planck’s constant, and E; is the ZnO bandgap energy.
Hence, we set the UV illumination wavelength to 368 nm for the I-V experimental analyses.
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Figure 4. The current-voltage (I-V) characteristics of (a) NRs; (b) NFs; (c) HZFR and (d) comparative analysis of I-V
characteristics of NRs, NFs, and HZFR under 368 nm UV illumination.

The total current density is the sum of the electronic and the hole current densities
(J =Je + In,); however, we were only interested in the electronic current density, because
ZnQ is intrinsically an n-type semiconductor. Figure 4 shows the current response of the
sensors from the —2 to 2 V sweep. Each Figure shows a dark current behavior (black curves)
and a UV-illuminated current (colored curves). The ratio of the maximum illuminated
current density to the maximum dark current density is known as the sensor on-off ratio,
and this has significant importance in research and development. It defines the extent to
which the sensor is sensitive to the applied bias for switching or signaling. It is the on-off
ratio that decides the fate of the sensor being used in sophisticated applications, such as
wearable devices, biosensors, and optical biopsies. It is evident in Figure 4a—c that all
the sensors had almost the same dark current intensities. This was due to the controlled
defects’ structures within the crystal, via the MAG method in all samples. Nonetheless,
all samples show a significant increase in current after the UV illumination. However,
the best on-off ratio of ‘52’ was recorded by the HZFR (Figure 4c) sample, due to its very
high surface-to-volume ratio and its trapping of as much UV light as possible to generate
e-h pairs. Although the NFs had a high surface-to-volume ratio when compared to NRs,
the NFs lack a well-defined electron pathway when compared to the NRs, and therefore
display less current at the same voltage. Figure 4d shows the comparative analysis of the
three sensors for the UV on-off conditions, which further supported the gigantic increase in
the HZFR illuminated current intensity when compared to the NRs and NFs. Additionally,
the straight-line graphs testify to a perfect Ohmic contact that was formed between ZnO
and ITO/Ag.
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Figure 5 shows the impulse response as a function of time in seconds for UV on-off
conditions, at a constant voltage supply of 2 V. All the samples depicted a typical sinusoidal
response to the UV on-off conditions. The dark and illuminated current values matched
well with the corresponding current intensities in Figure 4. All samples had the three
distinct regions of rising (response), saturation, and fall (recovery). The transient current
response is an important parameter that is used to measure the response and recovery times
of devices. The response and recovery times define the speed of the sensor in real-time
optoelectronic applications. A notable point is that the HZFR showed the best response
time of ~7 s when compared to ~12 s and ~15 s in NRs and NFs, respectively. We certainly
believe that the phenomenal ~7 s is not only the best amongst the fellow nanostructures
that are reported in this work, but it is the shortest response time ever to be reported via a
ZnO-based passive sensor. Similarly, as soon as the UV was turned off, the HZFR device
recovered very quickly when compared to the NR and NF sensors. Unlike the active devices,
which provide power gain to the current response of the device, the presented devices
are passive devices, that do not provide a power gain to the output current. Provided the
passive nature of the devices, the response and recovery time behaviors of the devices are
comparably better than those in recently published reports [12,19].
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Figure 5. The impulse response is a function of time for (a) NRs; (b) NFs and (c) HZFR.

3.4. Responsivity and Photoconductive Gain

The equation that describes photoconductive gain (G) is

G=1
t

, ®)
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where (7) is the photo carriers’ recombination time and (t) is the impulse response time,
previously found in Figure 6. Similarly, another equation for G is

G=R=—2".-, 4
. 4)

where R is the photodetector responsivity, # is the quantum efficiency and A (368 nm) is
the UV source wavelength. Hence, the equation for R, drawn from Equation (4), is

_o.nrr
R=G 194" (5)
| Nanorods
125 - Nanoflowers

r — HFR
__100 |
< 51
= I
>
‘w90 -
c
g- i
n 25+
[
m L

0
-I i | N 1 1 | 1 | \ |
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Figure 6. Sensors’ responsivity as a function of wavelength.

It is evident from Equations (4) and (5) that G and R have a direct relationship. Hence,
increasing the photoconductive gain directly improves the photodetector responsivity.
Figure 6 shows the calculated R for the three sensors containing NRs, NFs, and HZFR.

The highest R of 126 A/W was shown by the sensor that was fabricated with HZFR.
The excessive light trapped by the HZFR was used to generate an enormous amount of e-h
pairs in the channel. The excessive e-h pairs not only reduced the ¢, as reported in Figure 5
but also improved the G of the sensor, as per Equation (3). Furthermore, the excessive e-h
pairs strengthened the avalanche process in the channel, which increased the sensor G to
the utmost degree. Consequently, the improved G gave the best R-value for the sensors that
were fabricated via HZFR, as reported in Figure 6. This high responsivity value (126 A/W)
also demonstrates the fact that most of the photo-generated e-h pairs were collected at
the reception terminals, which is highly expected of a good UV sensor. Without even
using sophisticated external techniques, including the use of surfactants, antireflection
coatings, Schottky barrier stimulation, and metal nanoparticle decoration, the presented
results for HZFR are better than those in previously published reports [35-38], which is of
great importance and success in the research and development on this important topic.

3.5. Proposed UV Sensor Mechanism for HZFR

Figure 7a—c shows the proposed UV sensor mechanism that was exploited in this
study. They are the schematic representation of the sensing mechanism in NRs, NFs, and
HZFR, and explain the reason why the HZFR sensor shows the best response. Figure 7a,b
shows the patches and the spaces between the adjoining NRs and NFs, respectively, which



Coatings 2021, 11, 1464

110f 14

led to the wasting of some UV light on the substrate. In this backdrop, we have three types
of lights, namely, reflected light, absorbed light, and lost light. For the best UV sensor
efficiency, the light absorption needs to be improved as much as possible. For this reason,
researchers normally coat the ZnO layer with chemical absorbents, anti-reflection materials,
and polymers [39]. Hence, we could not afford to lose any precious, non-reflected light to
the substrate. Consequently, we introduced the HZFR, which not only trapped the majority
of the absorbed light but also gave the best UV sensor results without using any foreign
absorbents or material coatings, as reported in the above sections. Figure 7c shows how
most of the light was absorbed and used for the e-h pairs generation by HZFR.

(a) | (b) |

. %1’#61%

Glass Substrate Glass Substrate I

()
Jd42 4,1

I Glass Substrate I

Figure 7. The UV sensor mechanism for (a) NRs and (b) NFs. (c¢) The proposed mechanism for HZFR.

Similar to the rest of the metal oxides, a Schottky barrier is formed at the ZnO interface
via the oxygen chemisorption process, at ambient conditions [12,19]. This built-in barrier
helps separate the UV-generated e-h pairs, where the generated holes are attracted towards
the negatively charged surface and desorb the chemisorbed oxygen. Every desorbed
oxygen molecule also adds an electron to the channel, increasing the overall electron
density in the channel. The external bias voltage attracts the electrons to the metal contacts
and leads to a certain current intensity. The overall UV sensor efficiency depends on the
surface Schottky barrier height, the density of the chemisorbed oxygen, the density of the
UV-generated e-h pairs, and the UV on-off current ratio. Various groups have proposed
metal nanoparticles decoration on the metal oxide surfaces, to stimulate or strengthen the
surface Schottky barriers [40,41]. Herein, the surface Schottky barriers were not stimulated
via any external factors. Notwithstanding, the HZFR formed a more pronounced Schottky
barrier at the NF-NR interface and facilitated a more pronounced special separation effect,
for a better UV sensor efficiency. Furthermore, the charge transfer occurred at the NR—
NF interface via a phenomenon called a bridging circuit, which was first explored by
Alenezi et al. in 2015 [42]. The top HZFR surface absorbed as much light as possible
and generated a plethora of e-h pairs. The generated holes were used in surface oxygen
desorption and the electrons were transferred to the buried NRs at the bridging tips. Hence,
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when compared to NRs and NFs, many electrons were collected at the bias terminals and
the HZFR recorded the best UV sensor response, as was reported in earlier sections.

4. Conclusions

In this study, a novel HZFR was prepared for the first time and its UV sensor response
was compared and contrasted with the traditional, and widely used, NRs and NFs. The
active layers of the nanostructures were fabricated with the commercially benign and easy-
going sol-gel MAG method. The physical, structural, optical, and electrical characteristics
were tested via SEM, XRD, PL, and Keithley 4200A-SCS measurement setups, respectively.
The focus of this study was neither stimulating the nanostructured surface Schottky barrier
nor using any surfactants to enhance the UV light absorption. However, we paid attention
to the basic ingredients of shaping the nanostructures” morphology with shapes that had
never been previously used, to obtain the best results for UV sensors. The presented
HZFR morphology exploits the benefits of both NFs and NRs by trapping as much light
as possible for the generation of e-h pairs and transporting these smoothly to the receiver
contacts. The top HZFR fingers trapped the whole UV light, and the converted e-h pairs
were transmitted to the underlying NRs at the bridging interface tips of the flower and the
buried rod structures in HZFR. The HZFR showed the best transient current response, with
the least response and recovery times, and the highest UV on-off ratio. Similarly, it showed
the best gain-induced responsivity among all the morphologies tested. It was concluded
that the HZFR has emerged as a very effective morphology, for future applications in
photodetectors, solar cells, gas sensors, and other optoelectronics applications. In the
future, we would like to tune the crystal quality and the defect structures in the nascent
morphologies for even better UV sensor results.
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