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Low-dimensional ultraviolet light sources are enormous significance due to their wide range of potential ap-
plications, ranging from bioscience and high-resolution biological imaging, environmental conservation to public
hygiene. Nevertheless, developing energy-efficient and cost-efficient light sources still remains serious chal-
lenges. In this study, p-type ZnO microwires with Sb-incorporation (ZnO:Sb MWs) were synthesized individually.
The p-type conductivity was proofed using an individual MW based back-gated field-effect transistor; while the
Zn0:Sb MWs with quadrilateral cross-section exhibited stimulated emission resonant in well-defined Fabry-Perot
mode on the benefit of single-crystalline quality and atomically smooth side facets. The newly synthesized ZnO:
Sb MW was further used to fabricate homojunction light-emitting device by employing n-type ZnO film as
electron-transporting layer. A strong ultraviolet emissions peaking at around 378.5 nm was achieved upon
forward biased electrically, but illustrating much broader electroluminescence (EL) linewidth. Introducing Pt
nanoparticles (PtNPs) with desired plasmons, the light-out intensity is significantly enhanced. Particularly, the
broad EL profiles narrowed to about 16.6 nm at high injection regime, achieving electron-holes radiative
recombination in the ZnO:Sb MWs active region. The results exhibit a prominent progress achieving high-quality
ZnO nano/microstructures with genuine p-type conductivity, which has great hopes for its future applications
and development in ZnO homojunction optoelectronic devices.

1. Introduction advances of nanoscience and nanotechnology, low-dimensional mate-

rials as building blocks for ultraviolet light sources have attracted

Ultraviolet electromagnetic radiation, proverbially regarded as ul-
traviolet light sources, is currently employed in many industries and
applications, such as biological/chemical sensing, detection, medical
treatment, material processing, disinfection with the recent COVID-19
pandemic and so on [1-7]. The emerging ultraviolet light-emitting di-
odes (LEDs) and laser diodes (LDs), which have been constructed based
on wide-bandgap semiconductors, will be an enabling, competitive
technology that drives new and innovative applications. The light
sources of LEDs and LDs have a longer operating life, and are much more
green, energy saving and environmental protection than traditional
mercury ultraviolet lamps [8,9,10,11,12]. At present, the mature ul-
traviolet light sources are mostly fabricated on account of GaN-based
materials, structures and devices [13-15]. With the tremendous
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intense attentions, indicating their promising potential applications in
integrated photonics devices and systems. In contrast to traditional LEDs
and LDs that have been constructed based on thin-film and bulk struc-
tures, the nanostructured ones have higher efficiency, much more
compact and smaller size, and lower power-consumption. Those are
largely due to the interior of nanostructures, which currently exhibiting
natively self-constructed microcavities, defect-free, excellent laser gain
characteristics, high-crystalline quality and so on [16-20]. Success in
developing compact ultraviolet LEDs and LDs has been extremely
limited due to time-consuming, high-cost, complicated fabrication and/
or growth process. Despite the overall progress of GaN-based microLED
displays, such as epitaxial growth approach, nanoimprint lithography,
etching technique, many peculiarities of these materials, structures and

Received 14 November 2022; Received in revised form 14 December 2022; Accepted 17 December 2022

Available online 29 December 2022
0030-3992/© 2022 Elsevier Ltd. All rights reserved.


mailto:binghuili@163.com
mailto:mmjiang@nuaa.edu.cn
www.sciencedirect.com/science/journal/00303992
https://www.elsevier.com/locate/optlastec
https://doi.org/10.1016/j.optlastec.2022.109052
https://doi.org/10.1016/j.optlastec.2022.109052
https://doi.org/10.1016/j.optlastec.2022.109052
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2022.109052&domain=pdf

D. Wang et al.

devices still face intractable problems, especially for the springhead of
the decline of LED efficiency, which are produced by various loss
mechanisms of joule heating, leakage current and nonradiative recom-
bination in the course of the carrier transport and carrier recombination
procedure [13,15,21,22,23].

Progress in this field, with a broad gap energy of 3.37 eV and a large
exciton binding energy ~60 meV at room temperature, ZnO has ac-
quired extensive concerns as a potential semiconductor to develop ul-
traviolet optoelectronic devices, containing high-brightness LEDs, low-
threshold LDs, photodetectors and sensors in the ultraviolet region
[4,11,24,25,26,27,28]. Particularly, low-dimensional ZnO via single-
crystalline nature averagely has a wurtzite structure and exhibits a
naturally-formed geometries, which currently serves as good gain media
and optical cavities. Inspired by its unique geometries and atomically
smooth side facets, many attempts have been devoted to exploit ZnO-
based micro- and nanolasers, containing Fabry-Perot (FP) mode,
random mode, Whispering Gallery Mode (WGM) and so on [29-34].
Nevertheless, the high-quality single-crystalline p-type ZnO is still a
bottleneck and focused area of frontier research, which hinders the
development of ZnO optoelectronic devices, although various prepara-
tion technologies of p-type ZnO with different dopants have been re-
ported previously [8,26,27,35]. Among those doping elements, Sb has
been regarded as a highly promising candidate to synthesize p-type ZnO
even if its atomic size is much larger [11,36,37,38,39]. Theoretically
predicted that, because of large-size-mismatched impurity to Sb doping,
p-type ZnO could be evidenced using first-principle via Sbz,-2Vyz,
complexes model [40]. Experimentally, Sb has been proven to be a good
p-type dopant for ZnO nanostructures, and the p-type ZnO:Sb nano-
structures has evidently provided as ideal systems to construct homo-
junction LEDs and laser devices by combining n-type ZnO substrate
[41-46]. Nevertheless, the achievement of ZnO homojunction LEDs with
high-brightness, and LDs with distinguishable lasing modes, has not yet
implemented, severely limiting their practical applications.

In this research, we synthesized single-crystalline p-type ZnO
microwires via Sb-doped (ZnO:Sb MWs) using a facile chemical vapor
deposition (CVD). The p-type conductivity of ZnO:Sb MWs was
researched using a single-wire field-effect transistor (FET), confirming
its hole conduction channel. Subsequently, optical pumping measure-
ment made on a ZnO:Sb MW exhibited that the quadrilateral structures
can function as optical cavity, supporting FP lasing. Employing as
promising ultraviolet electroluminescent materials, a single ZnO:Sb MW
was utilized to construct homojunction LED with n-type ZnO film,
showing an excellent rectifying property with a threshold voltage of
approximately 3.25 V and strong ultraviolet emission peaking at 378.5
nm. However, the LED revealed much broader electroluminescence (EL)
linewidths ~40 nm. Benefit from Pt nanoparticles (PtNPs) coating with
appropriate sizes, the ultraviolet EL emission was significantly
increased, accompanying by a significant reduction of their linewidths
to about 16.6 nm. Therefore, typically ZnO:Sb band-edge emission was
achieved in the single MW active media in the as-constructed p-
PtINPs@ZnO:Sb MW/n-ZnO homojunction. The achievement of rela-
tively pure ultraviolet EL induced by cladding PtNPs was studied in
detail, which was due to the excitation of Pt plasmons. We anticipate
that this study will inspire more experimental attempts on the prepa-
ration of reliable p-type ZnO, as well as the development of ZnO
homojunction optoelectronic devices.

2. Experimental section
2.1. Sample preparation

Highly-purified antimony oxide (Sb2O3) powder was utilized as p-
type impurity dopant source to achieve the preparation of individual Sb-
doped ZnO microwires (ZnO:Sb MWs) [33,36,47]. The synthesis of ZnO-
based nano- and microstructures was carried out using a simple CVD
method, and the experimental scheme was performed in a simple tube
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furnace via double high temperature zones. The precursor mixture
contains ZnO, Sbo03 and carbon powders with a weight ratio of 9:1:10.
The thoroughly mixed precursor was contained in a corundum boat, and
a Si chip was put on the top surface of the source materials. The boat was
positioned at the heating area in the furnace. A carrying gas of 120 sccm
Ar and 5 sccm O, was imported into the quartz tube as protecting gas
and an oxygen source, respectively. In the synthesis regime, the tem-
perature at the heating zone was heated to about 1100 °C at a rate of
25 °C/min. The sample preparation was carried out for about 1 h under
normal ambient pressure. As the growth was accomplished, the tem-
perature of the depositing region dropped to room temperature slowly.
The sample of individual ZnO:Sb wires were acquired around Si sub-
strate. The as-synthesized ZnO:Sb MWs on the length scales vary from
submillimeter to centimeter, while the cross-sectional diameter varies
from hundreds nanometers to dozens of micron range.

2.2. Device fabrication

Fabrication of a single wire FET: A single ZnO:Sb wire based FET
device was constructed [27,37,45]. The heavily-doped Si chip covered
by 200 nm thick SiO, was utilized as the device substrate. An individual
ZnO:Sb wire was mechanically placed on the SiO5/Si substrate. Au
particles were welded on both ends of the ZnO:Sb MW by using FIB-SEM
system. Thus, a single ZnO:Sb MW FET device was fabricated.

Preparation of PtNPs: Pt quasiparticle films were evaporated on a
clean sapphire substrate (dual-face polishing) using electron beam
thermal evaporation method. The evaporation of Pt film with controlled
thickness was carried out at a speed of 0.02 nm/s under a constant
pressure of 7.5 x 10% Pa. An annealing treatment was carried out in a Ny
atmosphere at 600 °C. Maintaining about 30 min, a layer of PtNPs with
relatively uniform sizes could be yielded on the sapphire substrate. The
preparation of PtNPs with changeable sizes, such as the diameter and
gap distances, could be realized [26,48,49,50].

Fabrication of a PtNPs@ZnO:Sb MW: An individual ZnO:Sb MW
was mechanically transferred on a clean quartz substrate. Ag pastes were
used as electrodes to immobilize the wire on the substrate, forming an
Ag-ZnO:Sb-Ag (MSM) structured incandescent-type light bulb. Highly-
purified Pt was evaporated onto the ZnO:Sb MW using electron beam
thermal evaporation method, yielding a thin film covered the wire.
Thus, an individual ZnO:Sb MW covered by a layer of Pt nanofilm
(Pt@ZnO:Sb) was fabricated. When biased electrically, the fabricated
single wire MSM incandescent-type light bulb channel began to emit
visible light at its centre, and its brightness and area of light-emission
increase with an increase of the applied bias voltage. The brightest re-
gion of the light-emission is positioned at the centre of the ZnO:Sb wire,
which coincides with the location of the largest temperature zone. The
pre-evaporated Pt nanofilms in the center of ZnO:Sb MW were melted
into discrete nanoparticles because of Joule heating effect. In brief, a
hybrid structure involving an individual ZnO:Sb MW covered by PtNPs
(PtNPs@ZnO:Sb) was created. Particularly, PtNPs with different sizes
would be capable of preparing on the MW by changing the evaporation
time of Pt nanofilms [26,49,50].

Fabrication of Homojunction LED: One-dimensional wirelike ZnO
homojunction LED light source featuring in the ultraviolet region, which
is consisting of a p-type ZnO:Sb MW and n-type ZnO film, was proposed
and fabricated. The LED fabrication procedure is as follows [26,51].
First, a 200 nm thick ZnO film was grown on sapphire substrate in a
molecular beam epitaxy (MBE) system equipped with oxford radio-
frequency (RF) atom sources. Second, an Au film with 100 nm in
thickness used for the n-type contact was deposited on n-type ZnO film
using electron beam heating evaporation. Third, a 100 nm thick MgO
film was evaporated on the other side of ZnO film using electron beam
evaporation. Fourth, a single ZnO:Sb MW was mechanically placed on
ZnO film. One segment of the wire was laid on the MgO layer. Finally,
with the aid of a mask, Au film was evaporated on the segment of the
Zn0:Sb MW, which has been laid on the MgO layer. In the as-designed
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LED structure, Au films employing as the ohmic contact electrodes for
the current injection of the as-designed p-ZnO:Sb MW/n-ZnO homo-
junction LE. Similarly, the single ZnO:Sb MW covered by PtNPs was
further used to construct homojunction LED, as we described above.

2.3. Characterizations

Optical characterization of the CVD-prepared ZnO:Sb MW uncovered
and covered by PtNPs, and ZnO film were examined using a photo-
luminescence (PL) system. The PL measurement system contains a 325
nm He-Cd laser as excitation light source, a high-resolution LabRAM-UV
Jobin-Yvon spectrometer and a high-sensitivity charge-coupled device
(CCD). Lasing characterization of a single ZnO:Sb MW was tested using a
355 nm femtosecond (fs) laser (pulse duration of 150 fs, repetition rate
of 1000 Hz). The excitation laser beam was focused on the wire body by
a microscope objective. The light output was recorded using an optical
multichannel analyzer (Princeton, Acton SP2500i). Electrical charac-
terizations of a single ZnO:Sb MW without and with PtNPs covering,
ZnO film, the fabricated single ZnO:Sb wire FET device and the fabri-
cated ZnO:Sb MW homojunction LEDs were tested using a sourcemeter
system. EL characterizations of the as-fabricated LEDs were checked
using the high-resolution LabRAM-UV Jobin-Yvon spectrometer and a
high-sensitivity charge-coupled device (CCD). EL photographs were
captured using a CCD camera. In the EL research, a direct and contin-
uous current power source was employed to bias the LEDs electrically.

2.4. Theoretical calculation

Three-dimensional model involving a semispherical Pt nanostructure
was built up, and a hybrid structure which is made of the semispherical
Pt nanostructure placed on ZnO:Sb MW was further constructed. The
electric field distributions of the metal nanoparticle was simulated using
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a finite-differential time-domain simulation method. The spatial locali-
zation and distribution of electric-field intensities of the nanostructured
Pt, can be simulated respectively. The refractive indexes of ZnO:Sb
(nzno:sp), air (nui) are 2.35 and 1.0, respectively. In the simulation
regime, the plane wave outgoing the targets were perfectly absorbed by
surrounding perfect matched layer (PML); while the wavelength of
incident light A is referred to the value, which was observed according to
the strongest extinction peak experimentally (See Fig. 4 (a)). The size of
PtNP, especially for its diameter, was characterized to approximately 80
nm. The complex relative permittivity of Pt at A = 365 nm is evaluated to
aboutep, = n + ik = 0.85 + 2.76 i.

3. Results and discussions

As previously reported, Sb as an efficient dopant has been regarded
as highly promising candidate to achieve p-type ZnO theoretically and
experimentally. The electronic transport characteristic was evidenced to
be p-type using first-principle. In the theoretical model, the Sbz,-2Vz,
complexes can feature as acceptor source [11,36,40]. In this study, in-
dividual p-type ZnO:Sb wires were successfully prepared using highly-
purified SboO3 powder as the doping source. In the Experimental Sec-
tion, the preparation method can give ZnO:Sb wires with high yield, size
controllability, and repeatability. Scanning electron microscopy (SEM)
graph of single ZnO:Sb wire was exhibited in Fig. 1(a). Illustration in the
figure, the typical single ZnO:Sb MW exhibits high morphological
quality that showing regular quadrilateral shape, smooth sidewall facets
and sharp edges. The cross-section of the well-defined quadrilateral
Zn0O:Sb MW is shown in the inset of Fig. 1(a). The Energy-dispersive-
spectroscopy (EDS) analysis of the as-synthesized ZnO:Sb samples was
performed, with the corresponding elemental constituents is demon-
strated in Fig. 1(b). Clearly, the species that containing Zn, Sb and O are
presented in a single ZnO:Sb wire. Thus, the EDS elemental mapping

(c) =
=
S
s
2
172]
g —
= 8
— S —~
~O (o]
- =
. l J
20 30 40
2 Theta (degree)
190 170
(o ——Z0v (&) 0y ®
—m—-20V 188} —m—-20 V ‘ V,=1V
—A—QV —A—0V 169} ¥
000y 20 v 186t —y—20 V _
_[—*—40V S |40V 8 <
< 400 21ss " 2168
~ ~ v ~
3 S 182 X
I 167
P loz/J'i
0 178 - , , 166 ;
o 12 3 4 5 16 118 120 122 124 240 20 0 20 40
Vi (V) Vi (V) Vg V)

Fig. 1. Characterization of CVD-obtained ZnO:Sb samples. (a) A typical SEM observation of a single ZnO:Sb wire. Inset: The enlarged tilt view of a single ZnO:Sb MW,
demonstrating a quadrilateral cross-section, smooth end and side facets. (b) SEM image and elemental compositions of a single ZnO:Sb wire, showing uniform
distribution of Zn, Sb and O species. (c) XRD pattern of CVD-synthesized ZnO:Sb wires. Electrical properties of an individual ZnO:Sb MW FET, (d) I4-Vys curves at
different back-gate voltages, and the inset shows a schematic view of as-designed ZnO:Sb MW FET structure; (e) An enlarged I-Vgs curves marked in (d); (f) Iy-Vg

characteristic curves of the fabricated ZnO:Sb MW FET at Vg =1 V.
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results suggest that the incorporated Sb atoms were uniformly incor-
porated into the ZnO crystal lattice [11,37,47]. X-ray diffraction (XRD)
pattern measurement of the as-synthesized ZnO:Sb samples was per-
formed. The measured XRD pattern in Fig. 1(c) exhibits that three strong
peaks at 31.6°, 34.1° and 36.0° are belong to ZnO (100), (002), and
(101) crystal planes, respectively; while no other peaks could be
observed. The result suggests that the CVD-grown ZnO:Sb MWs are
single crystal property via c-axis oriented [11,25,37,47]. Conclusively,
the CVD-synthesized ZnO:Sb MWs with high crystal quality were ob-
tained by one-step CVD method.

The electronic transport properties of an individual ZnO:Sb wire was
researched using a back-gate FET structure. The schematic illustration of
a single wire based FET device structure is represented in the inset of
Fig. 1(d). In the FET structure, a 200 nm film of SiO, was prepared on Si
substrate, thus, the SiO,/Si substrate was employed as the back-gate and
dielectric gate oxide. The gap distance between source and drain elec-
trodes (Au) was measured to approximately 50 pm. When operated
under various gate voltages, the measured I4-Vy; curves of drain current
versus drain source voltage of the as-constructed single ZnO:Sb wire FET
device was exhibited in Fig. 1(d). Enlarged Iy-Vys curves measured at
Vgs = 1.20 V was illustrated in Fig. 1(e). It is obviously presented that as
the gate voltage Vj is reduced from 40 to —40 V, the tendency of the
curve becomes sharper. The dependence of I;; on the gate voltage V; was
measured at a Vg = 1.0 V. Accordingly, the relationship of Ij-Vy is
plotted in Fig. 1(f). As the V, varying from —40 to 40 V, the Iy is
observably reduced, thus suggesting the hole conduction channels. It is
apparent that the CVD-synthesized individual ZnO:Sb MWs have p-type
semiconductor conductivity characteristics [27,35,37].

The single crystalline quality of the CVD-prepared individual ZnO:Sb
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MWs would give rise to excellent optical properties and lasing actions.
The exciton binding energy ~ 60 meV could facilitate a prominent
excitonic influence at room temperature, rendering the as-synthesized
ZnO:Sb samples much more efficient light emitters and gain medium
for stimulated emissions [11,26,33]. Indeed, the lasing action could be
realized in single ZnO:Sb wire when pumped optically by a 355 nm fs
laser. In the optical pumping, the laser spot can cover the cross-sectional
diameter of CVD-prepared ZnO:Sb MWs. Fig. 2(a) exhibits optical
micrograph of ZnO:Sb wire luminescence at a high excitation fluence ~
145.6 pJ/cm?. From the emission image, the large fluence can result in
localized regions of enhanced light-emitting region, which distributed
along the bilateral facets of the ZnO:Sb MW. Varying the excitation
fluence, the emitted photons were recorded. Fig. 2(b) reveals the PL
spectra at excitation fluences of 34.8, 56.5 and 71.2 pJ/cmz, respec-
tively. The PL spectra exhibit an approximately linear feature: at low
excitation power density of 34.8 pJ/cm?, a broad spontaneous radiation
peaking at around 390.0 nm and line width of about 17.5 nm dominates
the PL spectrum. With an increase of the excitation fluence up to 71.2
pJ/cm?, a series of two sharp peaks at the longer wavelength shoulder of
PL spectra was observed. Further, Fig. 2(c) displays PL spectra in terms
of excitation fluence ranging from 34.8 to 145.6 pJ/cm? With
increasing excitation power fluence that exceeding 78.8 uJ/cm?, a group
of narrow PL lines, which are resolved from the broad PL spectra,
appear. These sharp PL subpeaks grow superlinearly in their intensities
with an increase of excitation power fluence, marking the occurrence of
stimulated radiation. Eventually, these sharp lines occupy over the
whole PL spectra, thus yielding a hallmark of lasing radiation
[29,33,49].

As previous studies published, low-dimensional semiconductors with
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Fig. 2. Lasing characterization of a ZnO:Sb MW under the laser excitation at a wavelength of 355 nm. (a) A far-field PL image of ZnO:Sb MW emission pumped at an
excitation fluence of 145.6 pJ/cm? (b) The plot of PL spectra by changing the pumping fluence from 34.8 to 71.2 pJ/cm? (c) The evolution varying from the
spontaneous radiation to lasing with an increase of pumping fluence. From down to up, sharp lasing peaks appear, and then dominate the PL spectra as the excitation
intensity increasing above the laser threshold. (d) A magnified view of a PL spectrum when pumped at an excitation power intensity of 145.6 pJ/cm? yielding a Q-
factor value of about 1577. (e) Representative dependencies of integrated PL intensity and FWHM of the main lasing peaks on the excitation power intensity, giving

rise to the threshold fluence of 78.8 pJ/cm?.
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rectangular-shaped cross section have been widely used to construct
lateral-cavity FP microlasers because of single crystal property and
smooth facets. The sample of ZnO nano- and microstructures, such as
nanowires, microribbons, microwires with quadrilateral cross section,
has been extensively applied to fabricate FP microlaser devices [31-33].
The observed multimode emission features of a quadrilateral ZnO:Sb
MW were investigated. Despite the pumping fluence, the obtained PL
features, which contain the peak distances between neighboring reso-
nant modes, the line width of the predominant emission peak and the
emission center, are seemingly unchanged. It is particularly important
that the line widths of the main emission modes remain unchanged at
elevated pumping fluences. Taken a PL spectrum pumped at an excita-
tion fluence of 145.6 pJ/cm? for example, the full width at half
maximum (FWHM) of the main lasing mode is measured to about A\ ~
0.25 nm; while the equably spaced gap (AL) of PL spectra with multi-
peak modes is measured to approximately 1.68 nm (See Fig. 2(d)). The
Q-factor corresponding to the observed FWHM of the main lasing peak
was calculated to ~ 1577 according to the equation Q = A/AX, in which
A is the luminescence wavelength. Theoretically, the understanding on
the PL characteristics of the quadrilateral ZnO:Sb wire was examined.
The spaced gap for typical FP microcavity is derived as follows
[31,33,52]:

/12

A= =)

@

In which, the cavity length L. is the width of the used quadrilateral
ZnO:Sb wire, dn/dJ is evaluated to about —0.010 nm ™ at 390 nm. Thus,
L. is calculated to about 6.5 pm, which is approximatively comparable to
the value of experimental observation. Therefore, the sample of indi-
vidual ZnO:Sb nano/microcrystals with quadrilateral morphologies and
straight facets can enable to construct FP microresonators. Fig. 2(e)
exhibits the variations of integrated PL intensity and the FWHM in terms
of excitation fluence, respectively. The course of evolution for the
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obtained PL spectra demonstrates an instantaneous sharp decreasing in
FWHM and an abrupt change for light input-output around the laser
threshold. The distinct narrowing of FWHM and superlinear increase of
PL intensity above the Py, ~ 78.8 pJ/cm?, confirm the occurrence of FP
lasing action.

Previous research has found that, one-dimensional ZnO wire-like
structures, which were doped by Ga, Al and Sb dopants, have been
widely used to fabricate incandescent-type filament bulb [26,47,49,53].
Considering the high crystal quality and preeminent transport properties
of charge carriers, an individual ZnO:Sb MW was employed to construct
MSM-type structure device, in which Ag pastes were utilized as the
electrodes. When biased electrically, the single wire can emit bright
green light, and the resulting luminescence photograph was exhibited in
Fig. 3 (a). Cladding Pt nanofilms on the wire (the evaporation time ~
350 s), EL characteristics of the as-constructed single ZnO:Sb MW-based
filament bulb, such as the light wavelengths and emitting color, were
changed greatly. Accordingly, the luminescence photographs were
further filmed in Fig. 3(b). The modulation of the Pt nanostructures on
the EL characterization of an individual ZnO:Sb MW MSM light source
was studied [26,49,50]. After being biased electrically, the morphol-
ogies of the coating were examined. First, Fig. 3(c) exhibits SEM image
of Pt nanofilm, which has been evaporated on the ZnO:Sb wire. The
region ~ I is associated with nonlighting region in the Pt@ZnO:Sb wire,
showing quasi-particle film. That is, there is no significant change of the
evaporated Pt nanofilms in the non-luminescence regions. Second, the
segment of the sample positioned toward the critical area between
electroluminescent and non-electroluminescent regions was examined.
The SEM figure in region-II is represented in Fig. 3(d). Notably, a
marked difference varying from quasi-particles film to physically iso-
lated nanoparticle is observed. Finally, Fig. 3(e) shows the SEM graph of
wire, which is positioned at the electroluminescent region (~III). It is
notably illustrated that uniform distribution of discrete PtNPs have been
formed on the ZnO:Sb MWs [26,49,54].

,______.-\

PtNPs@ZnO:Sb

Fig. 3. The morphological characterizations of a single ZnO:Sb MW undecorated and decorated by Pt nanostructures. (a) Optical microscope EL image of a single
ZnO:Sb MW based fluorescent filament light source, the light source was operated at a driving current of 7.5 mA. (b) Optical microscope EL image of a fluorescent
filament light source, in which the ZnO:Sb MW was covered by Pt nanofilm (the injection current ~ 6.8 mA). (c) SEM image of Pt nanofilms, which has been
deposited on ZnO:Sb MW (~1). (d) SEM graph of the marked II in (b), which corresponds to the critical area between the lighting and non-lighting. In II-region, the
evolution of Pt changing from quasiparticle film to isolated and hemispherical nanoparticles can be achieved. (e) SEM image of physically isolated PtNPs, which has

been prepared on the ZnO:Sb wire (~III).
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Fig. 4. Characterizing the modulation of PtNPs on the electrical and optical features of an individual ZnO:Sb MW. (a) I-V curves of a single ZnO:Sb MW, and the wire
coated by PtNPs. (b) PL spectra of a single ZnO:Sb MW, and the sample coated by PtNPs. (c) Normalized extinction spectrum of as-synthesized PtNPs. Inset: SEM
figure of PtNPs sample. (d) TRPL results of a pristine ZnO:Sb MW, and the wire decorated by PtNPs. (e) Theoretically simulated electric-field intensities of an isolated
PtNP, which placed on ZnO:Sb (x-y plane). (f) The calculated electric-field intensities at the PtNP/ZnO:Sb interface, which is corresponding to x-z plane.

The influence of PtNPs on the optical and electrical features of ZnO:
Sb wires were studied. Fig. 4(a) illustrates I-V curves of an individual
ZnO:Sb MW without and with PtNPs cladding. Apart from the
enhancement of electronic transport properties, the linear feature in-
dicates that the formation of ohmic contacting between ZnO:Sb MW and
Ag pastes electrodes. Previous literature reported that surface mor-
phologies of low-dimensional ZnO plays a crucial role on current
transport across the Au-ZnO interface. The underlying factors, which
involving the surface states, crystallization quality, charge carrier’
depletion layer and band bending caused by surface influences, have a
distinct modulation on ZnO:Sb barrier heights [18,39]. The modulation
could be principally assigned to Fermi level pinning or metal-induced
gap states when contacting with the nearby semiconductor. Due to the
relatively higher crystallization quality of CVD-synthesized ZnO:Sb
samples, the Schottky barrier created at Pt/Zn0O:Sb interface makes little
effect on the current transport characteristics of an individual ZnO:Sb
MW. Consequently, the observably enhanced electronic transport
behavior observed in a ZnO:Sb MW can be assigned to the surface
treatment by capping PtNPs [51,53,55].

Upon optical excitation by a He-Cd laser, PL properties of an indi-
vidual ZnO:Sb MW not decorated and decorated by PtNPs were checked.
The PL spectra are depicted in Fig. 4(b). Shown in the figure, the PtNPs
coating (the diameter d ~ 80 nm) can be used to enhance intensity of
ultraviolet emission in contrast to that of the pristine MW. While, there
is little variation of the visible emission in the single ZnO:Sb MW un-
covered and covered by PtNPs. In addition to the protective capping and
surface passivation, the enhancement in PL intensity based on an indi-
vidual ZnO:Sb MW is ascribed to the cooperative effect of surface
reconstructing and positive suppression of non-radiative recombination
centers with the aid of PtNPs decoration. Further to precisely exhibit the
influence of PtNPs with appropriate sizes on the photoelectrical

properties of an individual ZnO:Sb MW, the ultraviolet plasmonic
response was researched. The synthesis of PtNPs with identical size was
implemented, as we mentioned in the Experimental Section. The sample
of PtNPs that has been synthesized on the quartz substrate was shown in
the inset of Fig. 4(b). Clearly, the sizes of these nanoparticles were
averagely identical to those being prepared on the ZnO:Sb wire. Optical
characteristics of these PtNPs were studied using ultraviolet-visible
extinction spectroscopy. Fig. 4(c) exhibits their extinction spectrum, in
which the dominant peak was found at 365 nm. Thereby, the achieved
emission enhancement in the PtNPs@ZnO:Sb MWs can be assigned to
coupling between PtNPs plasmons and ZnO:Sb excitons [28,51,56]. To
gain deeply understanding the coupling mechanism, time-resolved PL
(TRPL) tests of a single ZnO:Sb MW uncovered and covered by PtNPs
were carried out at room temperature, and the TRPL curves are shown in
Fig. 4(d). The decay lifetime 7 is described as the formula

1(t) = Lexp(—1t/7) (2)

In this formula, Iy is a constant [56]. Illustration in the figure, the
decay lifetime of the PtNPs@ZnO:Sb MW was evaluated to approxi-
mately 149 ps, which is dramatically smaller than that of the pristine
sample (~219 ps). The spontaneous emission decay rate of ZnO:Sb MW
is dramatically increased owing to Purcell effect. The result illustrates
that the PtNPs coating can facilitate the electron-holes recombination in
the ZnO:Sb MW, providing the plasmon-mediated resonance coupling
between the ZnO:Sb excitons and PtNPs plasmons [28,51,54].

Further, theoretical analysis and simulation was promised to study
the coupling between PtNPs and ZnO:Sb MW. In the simulation, a lin-
early polarized plane wave was illuminated on the target. In the simu-
lation regime, a perfect structured PtNP immersed on the ZnO:Sb MW
was built. The use of PtNPs was modeled as a hemispherical cap. The
wavelength of incident plane wave is 365 nm, ngzno.sp is about 2.35.
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Fig. 4(e) displays the simulated electric-field distribution around a single
Pt nanostructure, which is placed on the ZnO:Sb (x-y plane). The result
exhibits that the strongest distribution of the simulated electric-field is
primarily centralized at two sides of the PtNP as the wavelength of
illuminated light was matched well with the dominant extinction peak
of PtNPs. Fig. 4(f) represents the distribution of simulated electric-field
at PtNP/ZnO:Sb interface, which corresponds to the cross section at x-z
plane. Ilustration in the figure, the calculated electric-field intensity is
principally localized at the PtNPs/ZnO:Sb interface. And the localized
electric-field intensities were due to the excitation of localized surface
plasmon resonances of PtNPs. Besides, the calculated electric-field can
also permeate into neighboring ZnO:Sb MW, accompanying by a sharp
decaying with an increase of the gap distance from the PtNPs to the
neighboring ZnO:Sb. That is, PtNPs can plasmonically reorganize the
electric-field distribution. Therefore, when excited plasmonically, the
PtNPs can concentrate the optical energy intensively at the PtNPs/ZnO:
Sb interface, facilitating the radiation recombination rate of electron-
hole pairs [28,49,56].

As described above, an individual ZnO:Sb MW uncovered and
covered by PtNPs were developed to fabricate homojunction LEDs, in
which n-type ZnO film was employed as electron transporting source
[11,26,36]. Schematic image of the fabricated p-PtNPs@ZnO:Sb MW /n-
ZnO homojunction LED is depicted in Fig. 5(a). Electrical properties of
the fabricated homojunction devices were performed, and the corre-
sponding current-voltage (I-V) characteristics are plotted in Fig. 5(b).
Shown in the figure, I-V curve of the pristine p-ZnO:Sb MW/n-ZnO
homostructure device exhibits a nice rectifying characteristics, and the
L, 20 v/I.20 v is extracted to about 8. The threshold voltage was estimated
to about 3.22 V. The result implies that a high-quality p-n homojunction
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is achieved due to the good Ohmic contacting properties between Au
electrodes and ZnO:Sb MW/ZnO substrate [35,36]. While introducing
PtNPs decoration, I-V curve (the violet solid line) reveals that the
rectification value of the fabricated p-PtNPs@ZnO:Sb MW/n-ZnO
homojunction LED can reach up to 20, which is observable higher than
that of the pristine homojunction. By a comparison, the incorporation of
PtNPs coating can result in significant increase of electrical properties of
the as-constructed p-PtNPs@ZnO:Sb MW/n-ZnO homojunction. Apart
from the LED-like rectification features, the threshold voltage of the
PtNPs@ZnO:Sb MW homojunction device is distinctly reduced to about
2.55 V. Although, much larger leakage current could be observed in the
reverse voltage. The clearly enhanced electronic transport properties in
the fabricated p-PtNPs@ZnO:Sb MW/n-ZnO homojunction LED is
attributed to the significant decrease of the contacting resistance by
cladding PtNPs, thus achieving the efficient transport and injection of
charge carriers in the ZnO:Sb MW active media in the as-constructed
LEDs [26,51].

Under external bias above the turn-on voltage, EL emission can occur
toward the p-n junction interface and the emitted photons can escape
from the sharp edges from ZnO:Sb MW. The emitted photons were
recorded by a microscope objective. The EL spectra of the fabricated
homojunction structured LEDs under different forward bias were
measured using a spectrometer. Fig. 5(c) presents the EL spectra of our
constructed p-ZnO:Sb MW/n-ZnO homojunction LED. It is obviously
seen that, a strong and broad ultraviolet emission band appeared at
around 378.5 nm under various currents varying from 0.8 to 7.6 mA.
Significantly, the defect-related luminescence in the visible wave-
lengths, which have been currently obtained in previously reported ZnO
hetero/homojunction light sources, is absent [38,43,44,52]. The EL

(a) (b)g —— p-PINPS@ZnO:Sb/n-ZnO (e) 7n0:Sb MW
—— p-ZnO:Sb/n-ZnO PL
d
=4t
=
[0
=
32t Zn0O film
PL
0 I
-~
: : =
20 -10 0 10 20 <
Voltage (V) \; =
= p-ZnO:Sb MW/n-ZnO
25Kk] B n
(c) p-Zn0O:8b/n-ZnO (d) p-PINPs@ZnO:Sb/n-ZnO 51 EL
~20k 60k =
= 7.6 mA ~
o =
15K S 45k
'z 2 p-PINPS@ZnO:Sb MW/n-ZnO
o 2] I
£ 104 g 30k
= 0.8 mA = 15k
.o m r
5K d
0 ' 0 —
300 400 500 600 300 400 500 600 360 400 440 480
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 5. Comparison of the as-constructed single MW homojunction LEDs, in which an individual ZnO:Sb MW was undecorated and decorated by PtNPs with
appropriate sizes. (a) Three-dimensional model describing the detailed structure of as-designed single wire homojunction LED, containing a p-type ZnO:Sb MW
covered by PtNPs and n-type ZnO layer. Au nanfilms contact were employed as the electrodes for the current injection. (b) The I-V characteristics curves of our
homojunction LED light sources. In the LED structure, ZnO:Sb MW was undecorated and decorated by PtNPs. (c) EL spectra of electrically-biased p-ZnO:Sb MW/n-
ZnO homojunction LED. The operating current varied ranging from 0.8 to 7.6 mA. (d) EL spectra of electrically biased p-PtNPs@ZnO:Sb MW /n-ZnO homojunction
LED, with the injection varying from 0.5 to 6.5 mA. (e) Normalized PL spectra of ZnO:Sb MW and ZnO film, and normalized EL intensities of our constructed LEDs are

given for a comparison (The driving current is fixed at a current of 5.2 mA).
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peak positions are nearly consistent with the PL. measurements, which
have been shown in Fig. 4(b). Thus, it is visibly evidenced that the broad
ultraviolet EL is mainly originated from the ZnO:Sb wire. No significant
shift in the EL peak positions could be observed even operated at high
driving current level. The resulting ultraviolet EL emissions are pri-
marily related to the fabricated p-ZnO:Sb/n-ZnO homojunction. Thus,
the quantum-confined Stark effect is absent [8,11,53]. Besides, with an
increase of the operating current, the dependence of EL intensity on the
operating current exhibits a linear manner. The approximatively linear
behavior suggested our fabricated an individual ZnO:Sb MW based light
source has a competent p-n junction characteristics, and can achieve
sufficiently-high recombination efficiency when operated as the driving
current at high levels. Similarly, when biased electrically, EL charac-
terization of our constructed p-PtNPs@ZnO:Sb MW/n-ZnO homo-
junction LED was carried out. Fig. 5(d) illustrates its EL spectra,
revealing a strong ultraviolet ELs positioning at around 375.0 nm.
Especially, the line width was averagely extracted to about 20 nm,
which is significantly narrower than that of the pristine homojunction
LED. In a consequence, the introduction of PtNPs can be used to purify
the EL behaviors of our fabricated p-ZnO:Sb MW/n-ZnO homojunction
LEDs [8,11,53]. Detailed information on the EL characteristics will be
discussed below.

To deeply understand the EL mechanism of the fabricated homo-
junction LEDs, normalized EL intensities of fabricated single MW
homojunction LEDs operated at a forward injection current ~ 5.25 mA
are plotted in Fig. 5(e). Besides, normalized PL intensities of ZnO:Sb MW
and ZnO film were also compared, as shown in Fig. 5(e). The dominant
wavelength of ZnO:Sb MW PL is centered at around 375.2 nm with the
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linewidth of about 12.5 nm, while the main peak of ZnO film PL emis-
sion was positioned at around 389.7 nm and linewidth of about 5.0 nm.
By contrast, the dominant EL wavelengths of our fabricated homo-
junction LEDs without and with PtNPs cladding were primarily centered
in the ultraviolet regions. Although all the ultraviolet EL emissions of
our fabricated homojunction LEDs are dominated by the band-edge
luminescence of ZnO:Sb MW, the profiles of the EL spectra represent
great differences. The line width of the p-PtNPs@ZnO:Sb MW/n-ZnO
homojunction LED is derived to about 20 nm, which is much narrower
than that of the pristine homojunction device (~40 nm). In this case, the
EL of our constructed p-ZnO:Sb MW/n-ZnO homojunction LED can
emerge from the ZnO:Sb MW, p-ZnO:Sb/n-ZnO interface and ZnO film,
respectively [36,52]. Because of the higher carrier concentration and
mobility in n-type ZnO film, the transport of injected electron from ZnO
film could win over the hole injection, which is originated from the p-
type ZnO:Sb MW. In a consequence, the EL emission is determined
primarily by electron injection from the ZnO film to the ZnO:Sb MW in
the as-constructed p-ZnO:Sb MW/n-ZnO homojunction LED. The radi-
ative recombination is mainly distributed in the ZnO:Sb MW [8,11,26].
Additionally, the fine structure of EL spectra with multimode subpeaks
illustrates a group of resonance fringes, which is associated with typical
FP microresonator in the quadrilateral ZnO:Sb MW. Q-factor of the su-
preme multipeak is evaluated to about 210 of the p-PtNPs@ZnO:Sb
MW/n-ZnO homojunction LED, which is visibly higher than that of the
pristine homojunction emission device (Q-factor ~ 180). Benefited from
the covered PtNPs, the radiative recombination in p-ZnO:Sb MW/n-ZnO
homojunction LED can be successfully modulated, and then finally
concentrated in the ZnO:Sb MW gain medium [26,55]. Consequently,
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Fig. 6. The effect of PtNPs on the EL properties of the pristine p-ZnO:Sb MW/n-ZnO homojunction LED. (a) EL spectrum of the pristine p-ZnO:Sb MW/n-ZnO
homojunction LED via Gaussian fitting (the forward current ~ 5.25 mA). Inset: The content of ZnO film emission, ZnO:Sb MW emission and p-ZnO:Sb/n-ZnO
interfacial emission. (b) EL spectrum of as-constructed p-PtNPs@ZnO:Sb MW/n-ZnO homojunction LED via Gaussian fitting (the forward current ~ 5.25 mA). Inset:
The content of ZnO film emission, PtNPs@ZnO:Sb MW emission and p-PtNPs@ZnO:Sb/n-ZnO interfacial emission. (c¢) EL spectra of our designed ZnO:Sb MW
homojunction LEDs without and with PtNPs coating were given for a comparison when plotted at an operating current of 5.25 mA. (d) The dependence of integrated
EL intensity of as-constructed single ZnO:Sb MW homojunction LEDs without and with PtNPs decoration in terms of injection current. (e) The variations of the main
EL peaks of our prepared homojunction LEDs versus the injection current. (f) The variations of the FWHM of as-prepared homojunction LEDs versus the injec-

tion current.
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the ultraviolet EL emission, which was derived from the as-synthesized
ZnO:Sb MW active region, can be dramatically increased with the aid of
plasmonic response of the deposited PtNPs [28,50,56].

To probe into the effect of PtNPs on the EL behaviors of our fabri-
cated ZnO:Sb MW homojunction LEDs, Gaussian fitting was applied to
analyze the emission spectra, which were recorded at a driving current
of 5.25 mA. The fitted EL spectrum via subpeak deconvolution for the
pristine p-ZnO:Sb MW/n-ZnO homojunction LED is shown in Fig. 6(a).
Mlustrated in the image, the EL spectrum is comprised of three distinct
bands peaking at around 374.5 nm, 391.5 nm, and 418.0 nm, respec-
tively. Compared with the emission spectra in Fig. 5(e), the wavelengths
of the luminescence center for broadband ultraviolet emission at 374.5
and 391.5 nm are originated from typical band-edge recombination in
the CVD-synthesized ZnO:Sb sample and ZnO layer, respectively. While
the light-emission peaking at 418.0 nm could be resulted from the
interfacial recombination of the electrons in n-ZnO layer and holes in p-
type ZnO:Sb MW. The content of ultraviolet emission, especially for the
light-emitting occurring in the ZnO:Sb MW in the pristine homojunction
LED, was calculated to about 33.56 %. By covering PtNPs on the ZnO:Sb
MW, the typical EL spectrum of our p-PtNPs@ZnO:Sb MW/n-ZnO
homojunction LED can be decomposed into three different Gaussian
parts, as displayed in Fig. 6(b). Illustration in the image, the obtained EL
emission of the as-constructed LED was primarily dominated by the
near-band-edge recombination occurring in the ZnO:Sb MW channel.
And the light-emission content of ZnO:Sb MW in the treated LEDs was
estimated to about 55.61 %. This value is explicitly larger than that of
the pristine homojunction LED. Therefore, cladding PtNPs with appro-
priate plasmonic response can be used to purify the ultraviolet emissions
of our proposed p-ZnO:Sb MW/n-ZnO homojunction LEDs.

When recorded at a forward driving current of 5.25 mA, EL spectra of
the constructed homojunction LEDs without and without PtNPs cladding
were shown in Fig. 6(c) to make a comparison. Illustration in the image,
a 4.5-fold enhancement of the EL peak intensity was achieved. Fig. 6(d)
demonstrates the curves of integrated EL intensities versus the forward
driving current for the fabricated an individual MW homojunction LED
light sources, respectively. The integrated EL intensities of the p-
PtNPs@ZnO:Sb MW/n-ZnO homojunction LED are significantly larger
than that of the pristine device at each input current. The result suggests
that the incorporation of PtNPs coating can effectively enhance the EL
efficiency of p-ZnO:Sb MW/n-ZnO homojunction LED. The influence of
PtNPs on EL properties of our fabricated homojunction LEDs was
researched in more detail. Fig. 6(e) depicts the dependence of the
dominant EL wavelengths on the forward operating currents. A slight
shift of the EL peaks toward longer wavelengths of the fabricated
homojunction LEDs can be observed, which could be derived from the
junction heating at high injection levels. Taken the p-ZnO:Sb MW/n-ZnO
homojunction LED for example, the junction heating can yield an
approximate 1.0 nm red shift of the predominant ultraviolet peak at
378.5 nm as the current increasing in the range of 0.8-7.6 mA; while the
junction heating could only result in a 0.5 nm red shift the dominated
ultraviolet peak at 375.5 nm. As the integrated EL intensities of our
constructed LEDs increase linearly, the radiative recombination rate that
primarily centralized in the ZnO:Sb MWs is not influenced by the high
junction temperature, which underlining that the CVD-synthesized ZnO:
Sb samples are the most likely the significant constituents for con-
structing droop-free LEDs and microlaser devices [8,11,26].

The dependence of EL linewidth of the fabricated homojunction
LEDs on the operating current is represented in Fig. 6(f). Shown in the
image, the EL linewidth of the pristine p-ZnO:Sb MW/n-ZnO homo-
junction LED was averagely extracted to about 40 nm, accompanying by
a visible narrowing tendency in the range of 45-40 nm. Introducing
PtNPs with desired plasmons, the EL profiles exhibit an observable
narrower linewidth ~ 20 nm on average. By a comparison, the recom-
bination regions that appearing in the ZnO film and occurring at the p-
Zn0:Sb/n-ZnO homointerface could be suppressed availably. Especially
for the p-PtNPs@ZnO:Sb MW/n-ZnO homojunction LED, the reduction
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in the EL linewidth varying from 31.5 to 16.6 nm can be obtained with
an increase of the operating current, implying a gradual suppression of
electron-hole recombination in the ZnO film and toward the p-ZnO:Sb/
n-ZnO interface. The obtained narrower EL linewidth at high injection
regime is comparable to the PL of CVD-grown ZnO:Sb MW in this
wavelength range. Consequently, Auger recombination and electron
overflow induced EL droop in the pristine ZnO:Sb MW homojunction
can be suppressed [8]. Introducing a layer of PtNPs decoration, the
predominant emission features of the obtained EL spectra for the LEDs
were consistently in agreement with those of the PL results obtained for
the CVD-synthesized ZnO:Sb samples, thus realizing typical electron-
hole recombination in the PtNPs@ZnO:Sb MW active region. These
unique homojunction ultraviolet LEDs exhibit highly stable emission
and negligible efficiency droop [11,26,45].

4. Conclusions

In summary, we have designed and prepared a facile and low-cost
project to construct low-dimensional ZnO homojuntion ultraviolet
LED, which is constituted by a ZnO:Sb MW covered by PtNPs as the p-
type component, and n-type ZnO film serving as n-type component. The
fabricated single MW homojunction LED can emit at an EL wavelength
of 375.5 nm and a linewidth of about 16.6 nm at high operating current
levels, thus achieving high-efficiency excitonic radiative recombination
in the ZnO:Sb MW gain region. In the LED structure, the usage of indi-
vidual ZnO:Sb MW can act as the active region of the homojunction LED
and generate a narrow-band ultraviolet emission with the aid of plas-
monic PtNPs. Thus, the preparation of genuine p-type ZnO low-
dimensional structures with good stability, reliability and repeatability
is imperative to fabricate highly efficient ZnO homojunction LEDs and
LDs featuring in the ultraviolet wavelengths. The experimental results
express a revolutionary progress aiming at the application of low-
dimensional p-type ZnO in developing luminescence/lasing devices,
and provides an important research strategy toward future fabrication
technique for ZnO homojunction optoelectronic devices.
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