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wearable devicest
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The fabrication of a transparent and flexible ultraviolet photodetector based on hydrothermally grown ZnO
nanorods requires an annealing step to render the sol-gel spin-coated ZnO seed layer crystalline. As high-
temperature annealing deforms low-melting-point polymer substrates, we herein devised a thermal
dissipation annealing (TDA) method in which heat transfer to ZnO thin films is synchronized with heat
release from the polymer substrate to crystallize the ZnO seed layer without polymer substrate
deformation and melting. ZnO nanorods (NRs) were hydrothermally grown on non-annealed and
annealed ZnO seed layers, and NR density and diameter were shown to be higher in the latter case, as
the crystallized ZnO seed layer provided heterogeneous nucleation sites for NR growth. In addition, the
larger density and diameter of ZnO NRs grown on the annealed ZnO seed layer were confirmed by
analysis of O 1s signal intensities. A transparent and flexible UV photodetector based on ZnO NRs grown
on the annealed ZnO seed layer exhibited a higher photocurrent/dark current ratio, photosensitivity, and
photoresponsivity than that fabricated using a non-annealed seed layer. Taken together, the above
results suggest that the TDA method is an effective way of fabricating transparent and flexible UV
photodetectors with high photosensitivity, photoresponsivity, and photocurrent stability and it means
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1. Introduction

Transparent and flexible optoelectronics offering the benefits of
stability, flexibility, and low weight are the key components of
next-generation devices such as transparent displays, energy
storage systems, UV photodetectors, gas sensors, solar cells,
and wearables.' In particular, UV photodetectors attract much
interest due to their great application potential in diverse fields
such as secure space-to-space communication, pollution
monitoring, water sterilization, flame sensing, and missile
plume detection.®*® However, to be practically applicable, these
photodetectors should exhibit high optical transparency, flexi-
bility, chemical stability, good mechanical properties, and
biocompatibility. Among the various semiconductors, ZnO,
a II-VI compound semiconductor with a wurtzite structure, is
well suited for the fabrication of transparent and flexible UV
photodetectors, offering the benefits of a wide direct bandgap
(3.37 eV), large exciton binding energy (60 meV), high thermal
stability, non-toxicity, and biocompatibility.'*** Moreover, ZnO
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that the next generation wearable devices can be easily realized by using the TDA method.

exhibits the additional advantages of high electron mobility and
high transparency in the visible region and it makes the ZnO to
be applied in a various fields."**® Compared to the common Si-
based UV photodetectors, which require (i) complex filters to
avoid noise due to the low electron energies and the narrow
bandgap of Si and (ii) ultrahigh vacuum and high voltages for
accurate detection, ZnO-based detectors can be used without
filters for the reasons described above.? In addition, one-
dimensional (1D) ZnO nanostructures such as nanorods
(NRs), nanobelts, nanotubes, nanotips, and nanofibers exhibit
quantum mechanical confinement effects and high surface-to-
volume ratios and are therefore often used for the fabrication
of high-performance UV photodetectors.>** Over the past few
decades, much effort has been directed at the fabrication of
transparent and flexible UV photodetectors based on hetero-
junctions with compound semiconductors.**** However, these
techniques are time-consuming and costly, as the
manufacturing process is complicated and affords low-
crystallinity ZnO, which is poorly suited for high-performance
transparent and flexible UV photodetectors. In addition, the
above methods of fabricating UV photodetectors satisfying both
flexibility and transparency requirements still face many chal-
lenges. Conversely, hydrothermal methods allow the easy
growth of ZnO NRs and offer the advantages of operation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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simplicity, no need for complicated equipment, broad substrate
scope, low cost, environmental friendliness, and large growth
area.””?® Especially, low growth temperatures (<120 °C) are
beneficial for the fabrication of transparent and flexible UV
photodetectors, as polymer substrates such as polyethylene
naphthalate (PEN), polyethylene terephthalate, polyimide, and
mica easily deform at >200 °C because of their low melting
points and glass transition temperatures. Also, the morphology
of hydrothermally grown ZnO NRs can be easily controlled by
the choice of seed layer type, pH, growth temperature, and
precursor solution rotation.’*** Despite their advantages,
fabrication of transparent and flexible UV photodetectors by
using hydrothermal method face an important drawback, the
process of ZnO seed layer annealing. In hydrothermal methods,
the ZnO seed layer plays a crucial role in ZnO NR growth for the
following reasons. First, when ZnO NRs are hydrothermally
grown on the ZnO seed layer, this layer acts as a homoepitaxy,
and the energy of the substrate-ZnO nuclei interface (and
hence, the nucleation barrier) decreases. Second, the abundant
interfaces between seeds, which have high energy, make the
ZnO nuclei easily adhere to the seed layer surface. In previous
studies dealing with the hydrothermal growth of ZnO NRs on
the ZnO seed layer, seed layer was commonly deposited by sol-
gel spin-coating techniques, which offer the advantages of high
deposition rate, low cost, simplicity, large deposition area, and
ease of dopant incorporation.**-** However, when the ZnO seed
layer is deposited onto a polymer substrate for the hydro-
thermal growth of ZnO NRs, the low crystallinity and abundant
defect sites of sol-gel spin-coated ZnO thin films result in free
electron trapping and therefore deteriorate the performance of
ZnO-based UV photodetectors.”” Therefore, to fabricate high-
performance transparent and flexible UV photodetectors using
hydrothermally grown ZnO NRs, the amorphous ZnO seed layer
has to be made crystalline. Based on the recent studies on the
crystallization of amorphous ZnO thin films, various annealing
methods have been devised, with the most common one
featuring the crystallization of ZnO thin films by thermal
annealing in a furnace.*®*° Farooqi et al. applied this method to
sol-gel spin-coated ZnO thin films and probed the effects of
annealing temperature.** However, the high temperatures used
for thermal annealing (>500 °C) cause the deformation and
melting of polymer substrates and promote the generation of
lattice misfits due to the differences in the thermal expansion
coefficient of ZnO thin films and substrates, thus resulting in
low photocurrents. As an alternative, laser annealing methods
can be used to crystallize amorphous ZnO thin films; however,
the laser annealing of sol-gel spin-coated ZnO thin films
decreases their transparency, as the increase in grain boundary
density enhances photon scattering.*>** In addition, before
laser annealing, the amorphous ZnO thin films have to be
subjected to rapid thermal annealing to ensure complete crys-
tallization. This additional annealing process increases the
number of oxygen vacancies and thus deteriorates the perfor-
mance of ZnO-based optoelectronics. Additionally, electron
beam and excimer laser annealing processes are unsuitable, as
the high energy densities of excimer lasers and electron beams
result in polymer substrate deformation.**** To anneal sol-gel
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derived ZnO thin films without bending polymer substrates, we
previously devised a novel annealing method, termed
counterpoise-assisted annealing (CAA), in which an external
force is applied by placing a counterpoise on ZnO thin films.*®
Although the CAA method is compatible with transparent and
flexible polymer substrates, the substrate scope is limited to
muscovite mica and high-melting point (400 °C) polyimide.
Therefore, to hydrothermally fabricate transparent and flexible
UV photodetectors based on polymer substrates, one should
develop a new method of annealing sol-gel spin-coated ZnO
thin films without substrate melting or deformation. Herein, we
recently developed a novel method named thermal dissipation
annealing (TDA) method, in which the substrate thermal energy
is eliminated through a thermal dissipation annealing system
integrated with an IR lamp and a cold plate to prevent the melting
of polymer substrates.””*® In other words, when a ZnO thin film is
annealed by the TDA method, the substrate with ZnO thin film is
placed on a cold plate held at —10 °C, and the IR lamp is activated
to induce annealing. As a result, a temperature difference is
generated between the surface and the bottom of the ZnO thin film
and gradually increases with progressing annealing. This temper-
ature difference is related to the mobility difference of ZnO at the
surface and bottom of the thin film. As a result, TDA-based
annealing reduces the number of defects and transforms amor-
phous ZnO thin films into single-crystalline ones. Hence, ZnO seed
layers annealed by the TDA method allow the growth of highly
crystalline ZnO NRs and thus promote the fabrication of high-
performance optoelectronics for diverse applications.

In this study, we deposited a ZnO seed layer on PEN using
a sol-gel spin-coating method and subjected this layer to TDA
method. In addition, ZnO NRs were hydrothermally grown on
non-annealed and annealed (TDA-processed) ZnO seed layers
for comparison. Further, we fabricated a transparent and flex-
ible ZnO-based UV photodetector to demonstrate the suitability
of the TDA method for the fabrication of next-generation
wearable optoelectronics devices.

2. Experiment
2.1 Preparation of ZnO seed layer

To deposit the ZnO seed layer by using sol-gel spin-coating
method, ZnO sol-gel solution was prepared by dissolving zinc
acetate dihydrate ([Zn(CH;COO),-2H,0], guaranteed reagent,
=99.0%, JUNSEI) and monoethanolamine (MEA) ([NH,CH,-
CH,OH], ACS reagent, =99.0%, Sigma-Aldrich) in 2-methox-
yethanol ([C3HgO,], guaranteed reagent, =99.0%, JUNSEI) and
the MEA was used to stabilize the solution and enhance the
solubility of the precursor salt. The zinc acetate/MEA molar
ratio equalled 1 : 1, and the concentration of the ZnO precursor
solution was 0.5 M. The prepared mixture was stirred at 60 °C
for 2 h to obtain a clear homogeneous solution that was used as
a coating source after being cooled to room temperature. For
PEN substrate, the cleaning is progressed by immersing PEN
substrates in isopropyl alcohol for 20 min with ultrasonication,
and rinsed with DI water for 2 min, and dried with N, gas
(99.9999%). The sol-gel solution spin-coated onto the cleaned
PEN substrate at 2000 rpm for 20 s and the spin-coated ZnO
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seed layers were preheated at 150 °C for 10 min in an oven. The
spin-coating and preheating processes was repeated four times.
Subsequently, the obtained ZnO thin films were annealed at
500 °C for 1 h by using the TDA method.

2.2 Growth of ZnO NRs

For the growth of ZnO NRs on three type of ZnO seed layer, the
precursor solution was prepared by mixing zinc nitrate hexa-
hydrate ([Zn(NO3),-6H,0], guaranteed reagent, =98.0%, Sigma-
Aldrich) and hexamethylenetetramine (HMT) ([(CH,)¢N,], ACS
reagent, =98.0%, Sigma-Aldrich) and the concentration of
precursor solution was 0.025 M. The PEN substrates with two
type of ZnO seed layer was fixed in Teflon-lined autoclave which
filled up with prepared precursor solution, and the growth of
ZnO NRs through hydrothermal method was proceeded at
140 °C for 4 h. After the completion of the growth, the hydro-
thermally grown ZnO nanorods were rinsed with DI water and
dried with high-purity N, gas. To avoid confusion, a schematic
for each type of ZnO NRs with growth and annealing conditions
is shown in Fig. S1.f

2.3 Characterization

The morphology of the ZnO thin films was measured by field-
emission scanning electron microscopy (FE-SEM) (TESCAN
MIRA3) on an instrument with an accelerating voltage of 30 kVv.
The crystal phases were analysed by X-ray diffraction (XRD)
(PANalytical X'Pert Pro) using a Cu-Ka radiation source (A =
0.15406 nm) at an accelerating voltage of 40 kV. The surface
chemical analysis was investigated by X-ray photoelectron
spectroscopy (XPS) (Thermo VG Scientific, K-alpha) with 300 W
Al Ko radiation. The optical properties were analysed by using
photoluminescence (PL) spectroscopy (Horiba, Triax 550) per-
formed using a He-Cd laser with an excitation power of 20 mW
and equipped with a 0.75 m single-grating monochromator with
a photomultiplier tube. In addition, the UV photoresponse
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properties were measured at a bias voltage of 0.1 mV using a UV
light (A = 365 nm) with a power density of 0.375, 0.75, 1.125, and
1.5 W em ™ 2

3. Results and discussion

Before describing the effect of TDA on the ZnO seed layer, one
should comprehend the underlying mechanism of this treat-
ment. During annealing process of TDA method, heat transfer
to ZnO thin films can be synchronized with heat release from
the substrate and amorphous ZnO thin films, and the crystal-
lization of the sol-gel spin-coated ZnO seed layer proceeds
through the synchronization of heating (IR lamp) and cooling
(cold plate) processes. When ZnO thin films deposited on PEN
were annealed using the IR lamp, the temperature of these films
and the polymer substrate rapidly increased from 20 to 500 °C
in just a few minutes, and hence, the temperature of ZnO thin
films and the polymer substrate had to be decreased in advance
to restrict polymer substrate deformation. Therefore, before
annealing, the temperature of the cold plate was set to —10 °C,
and the ZnO thin films deposited on the polymer substrate were
placed on the cold plate for 30 s to prevent PEN deformation. As
shown in Fig. 1(b) and (c), a sufficient amount of space was
available between ZnO thin films and the quartz plate because
of the presence of a mica plate with a hollow square at its center.
This space was required to prevent the condensation of mois-
ture. When ZnO thin films were subjected to TDA method
without this separate space, moisture was formed, as the
temperature of the ZnO thin film surface during 30 s cooling
dropped to values below the dew point, which deteriorated the
annealing efficiency and heat transfer rate. Moisture formation
on the surface of ZnO thin films interrupted heat transfer to the
same, and, as a result, the crystallization of these films was
hindered. Therefore, the temperature decrease of ZnO thin
films and PEN as well as the presence of a separate space were
concluded to be essential for successful TDA method.

Fig. 1 Schematics images for annealing process of TDA method.
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Fig. 2 FE-SEM images of (a—c) non-annealed ZnO seed layer and (d—
f) ZnO seed layer annealed by using TDA method.

Fig. 2 shows the non-annealed and annealed (using TDA
method) ZnO seed layers. In the former case, the surface
featured ZnO particles, whereas in the latter case, 2D ZnO
nanosheets were observed. In general, ZnO thin films deposited
by sol-gel spin-coating exhibited a fibrous root structure
comprising ZnO nanoparticles because of the slow cooling after
pre-heating.” However, when ZnO thin films were deposited on
PEN substrate, pre-heating proceeded at temperatures lower
than those used for ZnO thin films deposited on Si, glass, and
quartz substrates because of the low melting point of PEN.
Thus, the thermal energy and time were insufficient for ions to
aggregate along the crystal planes having a similar lattice match
to decrease their high surface energy, and the surface
morphology of the non-annealed ZnO seed layer comprised ZnO
nanoparticles as opposed to a fibrous root structure. In
contrast, the TDA-processed ZnO seed layer featured 2D ZnO
nanosheets with a fibrous structure. This morphological
difference was related to the mobility difference of ZnO mole-
cules at the surface and bottom of ZnO thin films.**** In other
words, when the ZnO thin films were crystallized by TDA
method, synchronized heating and cooling resulted in
a temperature difference between the film surface and bottom.
For TDA method, ZnO thin films were placed on a cold plate
prior to annealing, which lowered the temperature of the film
bottom. In addition, the surface temperature of ZnO thin films
increased during annealing, whereas that of the film bottom
stayed low. The ZnO molecules at the surface of ZnO thin films
had an elevated mobility due to the large amount of thermal

Fig. 3 FE-SEM images of (a—c) ZnO NR1s and (d—f) ZnO NR2s.
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Fig. 4 XRD patterns of (a) ZnO seed layer and (b) ZnO NRs.

energy, whereas the ZnO at the films bottom had a decreased
mobility due to the small amount of thermal energy and low
temperature caused by heat dissipation. Therefore, ZnO mole-
cules with high thermal energy moved to the bottom of the
wrinkled network structures to reach thermal equilibrium,
whereas ZnO molecules at the bottom of the wrinkled network
structures rarely moved, which resulted in the formation of 2D
ZnO nanosheets.

Fig. 3(a)-(c) show ZnO NRs (NR1s) grown on the non-
annealed ZnO seed layer, while Fig. 4(d)-(f) show ZnO NRs
(NR2s) grown on the TDA-processed ZnO seed layer. In the
former case, the ZnO NRs and the ZnO plate were observed
simultaneously, whereas only ZnO NR2s were observed when
the annealed ZnO seed layer was immersed into the aqueous
solution. In the case of the hydrothermal method, the crystal-
line ZnO seed layer is of high importance, as it provides
heterogeneous nucleation sites for ZnO NR growth.*® At the
initial stage of hydrothermal ZnO NR growth, Zn(OH), is
formed in aqueous solution through the combination of Zn**
and OH™ ions and subsequently transforms into ZnO crystals
(which act as nucleation sites) on the ZnO seed layer.**** When
the concentration of ZnO reaches supersaturation, ZnO crystals
grow in their typical habit to afford ZnO NRs. However, the
amorphous ZnO seed layer is dissolved during the hydro-
thermal reaction to generate ZnO clusters in the aqueous
solution. The size of these clusters gradually increases (because
of the aggregation of small clusters and the combination of Zn**
and OH™ ions) to afford 2D ZnO nanosheets. Consequently, the
formation of these nanosheets restricts the growth of ZnO NRs,
and growth on the amorphous ZnO seed layer affords a smaller
amount of ZnO NRs with decreased diameter and length, as
shown in Fig. S2.7 In addition, these results indicate that the
crystallization possibility of the ZnO seed layer can be estimated
by the observation of 2D ZnO nanosheets.

Fig. 4 shows the XRD patterns of non-annealed and annealed
ZnO seed layers and the ZnO NRs grown on the two seed layer
types. The pattern of the TDA-processed ZnO seed layer
exhibited a strong diffraction at 34.4°, which was ascribed to the
ZnO (002) plane, whereas the diffraction peak of ZnO could not
be observed, which indicated that TDA method allows one to
crystallize amorphous sol-gel spin-coated ZnO thin films.>* In
the case of ZnO NRs, a strong ZnO (002) diffraction peak (34.6°)
and two weak diffraction peaks of ZnO (100) and (101) planes
(31.7 and 36.4°, respectively) were observed, indicating that ZnO
NRs were grown with a c-axis orientation regardless of the
crystallization of the ZnO seed layer. Furthermore, XPS was used

RSC Adv, 2021, 1, 17538-17546 | 17541
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to investigate the chemical composition of ZnO NRs grown on
the ZnO seed layer. Fig. 5 shows typical survey spectra of ZnO
NR1s and NR2s, revealing the presence of Zn and O. Regardless
of growth conditions, the C 1s peak of carbon adsorbed on the
surface of ZnO NRs during their exposure to the ambient
atmosphere was observed at 284.08 eV. Fig. 6(b) presents raw
high-resolution Zn 2p spectra, revealing the presence of two
distinct peaks at 1044.81 €V (Zn 2p,,,) and 1044.12 €V (Zn 2p3,
2).*>*¢ The splitting of the Zn 2p peaks (23 eV) indicated the
occurrence of spin-orbit coupling.”” ZnO NR2s exhibited more
intense Zn 2p peaks than ZnO NR1s. Moreover, the binding
energies of these peaks were lower in the former case (1044.12
vs. 1044.81 eV and 1021.04 vs. 1021.72 eV). In general, the Zn 2p
peaks were accurately assigned to ZnO, and their intensity
increase was therefore due to the higher density and increased
length/diameter of ZnO NRs. The shift of Zn 2p peak positions
was related to a change in the chemical environment of surface
atoms, specifically, to a change in the number of Zn atoms
combined with O atoms. When the amorphous ZnO seed layer
was processed by TDA, its crystallization increased the growth
rate of ZnO NRs by providing heterogeneous nucleation sites.
Thus, the amount of Zn-O bonds increased, and the Zn 2p
peaks shifted to lower binding energies. The O 1s spectra of ZnO
NR1s (grown on non-annealed ZnO seed layer) and ZnO NR2s
(grown on TDA-processed ZnO seed layer) are shown in Fig. 5(c).
The spectrum of ZnO NR1s showed a major peak at 530.63 eV
with a small shoulder at 532.13 eV, while the spectrum of ZnO
NR2s showed a major peak at 529.88 eV with a small shoulder at
531.53 eV. For an accurate comparison of oxygen chemical
states, the O 1s spectra of ZnO NRs were fitted using Gaussian
functions, with the results presented in Fig. 6(a) and (b). In the
case of ZnO NR1s, the O 1s signal was deconvoluted into two
components. The lower-binding-energy peak at 530.53 eV was
attributed to O>~ ions surrounded by Zn>" ions in the wurtzite

(a) ZnO NR1s (b)

Olsa
O1sb \(\

.

BT

ZnO NR2s

Intensity (arb.units)
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5w e ss s 8w

N e
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Fig. 6 Gaussian-fitted peaks for O 1 s of ZnO (a) NR1s and (b) NR2s.
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(a) XPS Survey spectra for ZnO NRs, (b) XPS spectra of the Zn 2p core level regions, and (c) XPS spectra of the O 1s core level regions.

lattice, while the higher-binding-energy peak at 531.65 eV was
attributed to chemisorbed or dissociated oxygen or OH species
on the ZnO NRs surface.’®*® In the case of ZnO NR2s, the O 1s
signal was deconvoluted into a stronger peak at 529.86 eV and
aweaker peak at 531.43 eV. Interestingly, the intensity of the lower-
binding-energy peak of ZnO NR2s exceeded that of ZnO NR1s,
whereas the intensity of the higher-binding-energy peak was
virtually independent of the type of the ZnO seed layer. This result
suggests that because of their higher density and larger diameter,
ZnO NR2s had higher amounts of O*>~ ions that were surrounded
by Zn** ions in the wurtzite lattice. In addition, the O 1s binding
energies of ZnO NR2s were shifted to lower values because of
oxygen sufficiency was filled up and the electrons surrounding
oxygen are reduced compared to the case of ZnO NR1s. The similar
intensities of the higher-binding-energy O 1s component at
~531 eV were due to the unchanged amount of interstitial oxygen
generated in the ZnO lattice during hydrothermal growth.

The optical properties of ZnO NRs grown on the two types of
ZnO seed layers were probed by room-temperature PL spec-
troscopy. As shown in Fig. 7(a), the PL spectrum of ZnO NR2s
featured a sharp peak ascribed to the near-band-edge (NBE)
emission in the UV region and a broad peak ascribed to deep-
level (DL) emission in the visible region, respectively.®®*
However, unlike the normal spectrum of ZnO NRs, the PL
spectrum of ZnO NR1s featured a sharp emission in the UV
region and two broad emissions in the visible region. In several
studies, the NBE emission at 375 nm was attributed to exciton
recombination, while DL emission was ascribed to defects such
as oxygen vacancies, interstitial oxygen, zinc vacancies, antisite
oxygen, and interstitial zinc.®*"** Herein, ZnO NR2s, which were
grown on a TDA-processed ZnO seed layer, exhibited a two-fold
higher NBE emission intensity than ZnO thin films grown on an
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——7Zn0NR2s 2000°
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o o o0 B ) 00

w0 a0 w0 s @0 6o e s = )
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Fig. 7 (a) PL spectra of ZnO NR1s and NR2s and (b) Gaussian-fitted DL
emission of ZnO NR1s.
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amorphous ZnO seed layer. When TDA-processed ZnO thin
films were used as the seed layer for the hydrothermal method,
a greater amount of ZnO nuclei, which play a crucial role in the
growth of ZnO NRs, were formed on the ZnO seed layer to
increase the growth rate of ZnO NRs. In contrast, in the case of
amorphous ZnO thin films, the density of ZnO nuclei formed on
the seed layer was lower because of the dissolution of the
amorphous ZnO seed layer during hydrothermal treatment,
which resulted in a lower density of ZnO NRs. Thus, ZnO NR2s
grown on the crystalline ZnO seed layer, on which ZnO nuclei
can form, exhibited a more intense NBE emission than ZnO NRs
grown on the non-annealed ZnO NRs because of the higher
number of excitons in the former case. In the case of DL
emission, the PL spectra of ZnO NR1s were fitted using
Gaussian functions to enable an accurate comparison and
determine the origin of DL emission. As shown in Fig. 7(b),
three Gaussian peaks, attributed to interstitial zinc, antisite
oxygen, and interstitial oxygen, were observed for ZnO NR1s at
425, 500, and 600 nm, respectively. The broad yellow emission
observed at 550 nm for ZnO NR1s and NR2s was typical of ZnO
NRs grown in an oxygen-rich environment. Herein, ZnO NRs
were grown on two types of ZnO seed layers in aqueous solution,
which caused the incorporation of interstitial and antisite
oxygen into the ZnO lattice, in line with previous studies. In
addition, the strongest fitted peak centered at 425 nm was
ascribed to interstitial zinc. When the ZnO NRs were grown on
amorphous ZnO thin films, the ZnO seed layer dissolved in the
aqueous solution to form Zn** ions. During the growth process,
the number of Zn** ions generated from zinc nitrate hexahy-
drate and the amorphous ZnO seed layer increased, and these
ions entered ZnO NRs. As a result, ZnO NR1s grown in the
aqueous solution with abundant Zn>" and O*>~ ions contained
interstitial oxygen and zinc.

To confirm the possibility of fabricating transparent and
flexible optoelectronics using the TDA method, we measured
the transparency of the ZnO seed layer and ZnO NRs. As shown
in Fig. 8(a), the TDA-processed ZnO seed layer exhibited
a higher transmittance than the non-annealed ZnO seed layer,
which was ascribed to the fact that the crystallization of ZnO
thin films decreased light scattering. Considering hydrother-
mally grown ZnO NRs, ZnO NR1s exhibited an average trans-
mittance of >80% in the visible region, whereas the
transmittance of ZnO NR2s decreased from 90 to 70% as the
wavelength decreased from 900 to 400 nm. Moreover, ZnO NR2s

© 2021 The Author(s). Published by the Royal Society of Chemistry

grown on the annealed ZnO seed layer exhibited a lower
transmittance than ZnO NR1s because of the higher density of
ZnO NRs in the latter case. The optical bandgaps of ZnO NR1s
and NR2s were calculated from the corresponding Tauc plots
using the following equation:

(ahv)?* = hy — E, 1)

where « is the absorption coefficient, v is the photon energy,
and E, is the bandgap of ZnO NRs. Fig. 8(b) shows a plot of
(ahw)? vs. hv.®>° The optical bandgap of ZnO NRs was estimated
as the intercept with the energy axis obtained by extrapolating
the straight-line part of the curve. The calculated optical
bandgap of ZnO NR2s (3.76 eV) was lower than that of ZnO NR1s
(3.78 eV), which was ascribed to the larger diameter of the
former NRs. In other words, the conduction and valence band
levels were red-shifted with increasing NR diameter, as
quantum confinement effects resulted in a lower bandgap. The
width of localized states available in the optical bandgap of ZnO
NRs affected the optical bandgap structure, which is referred to
as an Urbach tail and is related to a similar exponential tail. The
absorption coefficient and photon energy near the band edge
are related by the following equation:

a = ag exp(hv/Ey) (2)

where o, is a constant, and Ey is the Urbach energy corre-
sponding to the width of the band tail.*” Fig. 9(c) shows a plot of
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Fig. 9 Time-dependent UV photoresponse of ZnO NR1s and NR2s.
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In avs. hv used to determine the Urbach energy, which is related
to the disorder of ZnO NR1s and NR2s. Specifically, Urbach
energies were calculated from the reciprocal gradient of the
linear portion of this graph as 52.1 meV (ZnO NR1s) and 50.3
meV (ZnO NRz2s), indicating that the latter NRs featured lower
structural disorder and improved crystallinity.

To confirm the possibility of using TDA method for the
production of transparent and flexible optoelectronics, we
fabricated a transparent and flexible MSM UV photodetectors
from ZnO NRs grown on the two types of ZnO seed layers. Fig. 9
shows the time-dependent photoresponse of ZnO NRs
measured by periodically turning on and off light (A = 365 nm)
with an interval of 60 s in air. The dark currents of ZnO NR1s
and ZnO NR2s equalled 5.02 and 1.82 pA, respectively, while the
respective photocurrents equalled 22.3 and 61.4 pA. The
photocurrent difference was explained by considering the UV
detection mechanism of ZnO NRs. The UV photoresponse of
ZnO NRs could be divided into three steps, namely oxygen atom
adsorption on the NR surface, oxygen ion desorption and the
photogeneration of electron-hole pairs, and oxygen atom re-
adsorption. As the first UV photoresponse process, when the
ZnO NRs are held in the dark, oxygen atoms are adsorbed on the
NR surface by capturing free electrons from the conduction
band, which decreases the conductive region near the NR
surface and increases the depletion region.®® In the second step
(desorption of oxygen ions and photogeneration of electron-
hole pairs) under UV illumination, photons with energies equal
to or exceeding the band gap of ZnO NRs excite the electrons
from the valence band to the conduction band to generate
electron-hole pairs in ZnO NRs.* At this point, some photo-
generated holes move to the surface of ZnO thin films and
combine with the electrons captured by oxygen atoms to reduce
the depletion barrier near the NR surface. In contrast, the
photogenerated electrons and the free electrons formed
through the discharge of chemisorbed oxygen molecules
migrate to the electrode under the bias voltage to increase
photocurrent. After UV illumination, the photogenerated elec-
tron-hole pairs instantly recombine, and oxygen molecules are
adsorbed on the NR surface to decrease the photocurrent.”
Thus, oxygen adsorption and desorption on/from the NR
surface play important roles in UV photodetectors, and the
surface area of ZnO NRs affects the increment in photocurrent,
as a larger amount of oxygen atoms adsorbed and desorbed on/
from the ZnO NR surface can increase the number of electrons
and, hence, the photocurrent increment. Consequently, the
lower dark current and higher photocurrent of ZnO NR2s with
the annealed ZnO seed layer was explained by the largest
amount of chemisorbed oxygen due to the highest density and
larger surface area of ZnO NR2s, as discussed in the mechanism
of UV photodetectors. Alternatively, the performance of ZnO-
based UV photodetectors can be assessed in terms of the
photosensitivity (S) and photoresponsivity (R) of ZnO NRs,
which were calculated as

S= ph/Idarka (3)

R= (Iph - Idark)/Popa (4)
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where I,p, is the photocurrent, Iy, is the dark current, and P, is
the optical power of UV light.”>”> As shown in Fig. 10(a), ZnO
NR2s had a higher photosensitivity than ZnO NR1s, i.e., more
electrons were generated in the former NRs at the same UV
exposure. Interestingly, ZnO NR2s also exhibited a two-fold
higher photoresponsivity than ZnO NR1s. Unlike in the case
of photosensitivity, photoresponsivity depends on the power of
UV light and is defined as the amount of electrons generated
through the discharge of chemisorbed oxygen molecules and
photogeneration at a constant UV light power. In other words,
more free electrons, formed by desorption of oxygen ions on the
ZnO NR surface and from photogenerated electron-hole pairs,
were generated on ZnO NR2s at the same exposure time and UV
light power density because of the larger surface area and
smaller number of defects that trapped free electrons and
decreased the increment in photocurrent. Fig. 10(b) and (c)
shows the photoresponsivity and photocurrent changes of ZnO
NRs at various wavelengths and power densities of UV light. As
shown in Fig. 10(b) and (c), ZnO NR2s exhibited a higher
photocurrent than ZnO NR1s at all wavelengths and power
densities. The photocurrents of ZnO NR1s and NR2s increased
as the UV light wavelength increased from 365 to 395 nm,
dramatically decreasing when the wavelength further increased
to 425 nm. In general, the number of photogenerated electron—
hole pairs is affected by the bandgap of ZnO NRs, as electrons
can only be excited by photons with energies larger than that of
the bandgap. Thus, the photocurrent at 365 nm exceeded that at
395 nm, as the former photons were more energetic. However,
one should note that the PEN substrate used for the hydro-
thermal growth of ZnO NRs has a bandgap similar to that of
ZnO NRs and thus absorbs a significant proportion of photon
energy. In addition, the photocurrent of ZnO NR2s increased
with increasing power density of UV light, whereas that of ZnO
NR1s barely changed. The unlimited increase in photocurrent
with increasing power density of UV light observed for ZnO
NR2s was ascribed to their large surface area. Finally,
a mechanical bending test was performed to evaluate the
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Fig. 10 (a) Photosensitivity and photoresponsivity of ZnO NR1s and
NR2s, (b) photoresponsivity changes of ZnO NR1s and NR2s at various
wavelengths of UV light, (c) photocurrent changes of ZnO NR1s and
NR2s at various power densities of UV light, and (d) photoresponsivity.
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flexibility of the UV light detector fabricated using ZnO NR2s.
Fig. 10(d) shows the photocurrent of ZnO NRs during a static
bending test at bending angles of 30 to 180° (flat state) at
a power density of 0.375 mW cm * and a bias of 1 V. As the
bending angle changed from 180 to 150°, the photoresponsivity
of ZnO NRs decreased from 55.6 to 44.6 pA W', further
decreasing with decreasing bending angle. Although the pho-
toresponsivity of our flexible and transparent UV photodetec-
tors decreased with decreasing bending angle, the
photoresponsivity of ZnO NR2s bent at an angle of 90° exceeded
that of ZnO NR1s in the flat state, which means that TDA can be
used as an annealing method for the production of oxide
semiconductor-based transparent and flexible optoelectronics.

4. Conclusions

ZnO NRs were hydrothermally grown on two types (annealed
and non-annealed) of ZnO seed layers to investigate the effect of
TDA method. ZnO NR2s, grown on the TDA-processed ZnO seed
layer, exhibited a higher NR density than ZnO NR1s, which were
grown on the non-annealed ZnO seed layer. Moreover, ZnO
NR2s had a higher O 1s a peak intensity than ZnO NR1s, which
was ascribed to the more pronounced recombination of the
escaped Zn*" jons and interstitial oxygen in the ZnO lattice in
the latter case. Interestingly, all ZnO NRs featured a similar O
1sb peak intensity, which was attributed to the fact that the
amount of oxygen vacancies was independent of growth
conditions. ZnO NR2s exhibited a three-fold higher photocur-
rent than ZnO NR1s under the same measurement conditions.
Moreover, the former NRs had a much higher photosensitivity
and a three-fold higher photoresponsivity than the latter, which
indicated that the TDA-induced crystallization of the ZnO seed
layer is suitable for the growth of highly crystalline ZnO NRs. In
addition, although the photoresponsivity of the flexible and
transparent UV photodetectors fabricated using ZnO NR2s
decreased with decreasing bending angle, the photo-
responsivity of ZnO NR2s bent at an angle of 90° exceeded that
of flat-state ZnO NR1s. Therefore, these results suggest that TDA
is an effective method for the fabrication of transparent and
flexible UV photodetectors with high photosensitivity, photo-
responsivity, and photocurrent stability.
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