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Collective oscillation of electrons located in the conduction band of metal nanostructures being still energized
electrons, with the energy up to the bulk plasmon frequency, are called nonequilibrium hot electrons. It can lead
to the state-filling effect in the energy band of the neighboring semiconductor. Here, we report on the incan-
descent-type light source composed of Au nanorods decorated with single Ga-doped ZnO microwire
(AuNRs@ZnO:Ga MW). Benefiting from Au nanorods with controlled aspect ratio, wavelength-tunable incan-
descent-type lighting was achieved, with the dominating emission peaks tuning from visible to near-infrared
spectral regions. The intrinsic mechanism was found that tunable nonequilibrium distribution of hot electrons
in ZnO:Ga MW, injected from Au nanorods, can be responsible for the tuning emission features. Apart from the
modification over the composition, bandgap engineering, doping level, etc., the realization of electrically driving
the generation and injection of nonequilibrium hot electrons from single ZnO:Ga MW with Au nanostructure
coating may provide a promising platform to construct electronics and optoelectronics devices, such as electric

spasers and hot-carrier-induced tunneling diodes.
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1. INTRODUCTION

Nonradiative decay of surface plasmons generates hot carriers in
metal nanostructures that can be injected into neighboring
semiconductor micro/nanostructures. Such working principle
on the generation of hot carriers has been utilized to construct
electronic and optoelectronic devices, such as solid-state light-
ing and displaying, photodetection devices, and photovoltaic
and photocatalytic devices [1-6]. Taking hybrid plasmonic
photodetection for example, under lighting illumination, the
energized carriers generated from metal nanostructures can
cross the interfacial potential barrier, which is formed between
the metal-semiconductor interface (such as Schottky barrier),
leading to the enhancement of photocurrent, especially if the
excited photon energy is well below the semiconducting
bandgap. The generation of tunneling currents towards the
metal-semiconductor interfacial region no longer suffers from
the limitation of traditional semiconductors [7—12]. In particu-
lar, during the plasmonic nonradiative damping, a nonthermal
distribution of the electron—hole pair can also be created with
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the aid of thermalizing the lattice in several picoseconds
[13-16]. Once the excitation energy is large enough, the higher
the rate of hot electron injection across the metal-semiconduc-
tor contact potential barrier, the greater the likelihood that non-
thermal distribution of hot electrons in the nearby
semiconductors can occur. Thereby, nonequilibrium hot elec-
trons created from the hybrid architectures profoundly can wi-
den optoelectronic features, and may afford a potential
candidate to construct novel optoelectronic devices [17-21].
In addition to optical illumination, energized electrons have
also been employed to excite metal plasmons, such as high-
energy free electrons (~30 keV), inelastic electron tunneling,
and a modest electric field [22-26]. As previous literature re-
ported, electrically driven light-emitting behavior has been real-
ized from the inelastic electron tunneling procedure, in which
the excited energy is harvested into plasmonic energy by
the surface electrons profited from intraband/interband transi-
tions, and then is converted to be emitted photons through
plasmonic decaying. Furthermore, by adjusting the sizes of
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metal nanostructures, as well as the geometry of the tunneled
junction structures, wavelength-tuning emissions can be
achieved [27-31]. However, due to the lower quantum effi-
ciency of metal plasmon-induced nonradiative energy transfer
from inelastic electron tunneling under electrical pumping, the
applications of hot-electron-induced lighting, such as commer-
cially viable ultracompact light sources and displaying, and ul-
trafast optical communications, are still unattainable [32-34].
In addition, metal plasmons inducing the generation and
injection of nonequilibrium hot carriers remain a field vastly
unexplored, although it can offer an underlying platform to
construct electrically driven light-emitting devices [35,36].

In this work, wavelength-tunable incandescent-type
light sources composed of individual Ga-doped ZnO microwire
(MW)  deposited with Au nanorods were constructed
(AuNRs@ZnO:Ga MW). Especially by adjusting the aspect
ratio of the Au nanorod, wavelength-tunable near-infrared
light-emission can be achieved, with the dominating emission
peak ranging from the visible to near-infrared spectral band. To
exploit modulation of Au-nanorods on the emission character-
istics, it could be found out that Au-nanorod plasmons induced
generation and injection of nonequilibrium hot electrons can
be responsible for the wavelength-tunable incandescent-type
lighting features. Furthermore, to demonstrate the scalability
and practicability of the incandescent-type emissions, size-de-
pendent ZnO:Ga MW's were also selected to construct distinc-
tive fluorescent filament emitters by introducing Au
nanostructure decoration factitiously. Therefore, by means of
the accurate control over the sizes of as-synthesized ZnO:Ga
MWs, aspect ratio of Au nanorods, and the deposition of the
Au nanorods on the ZnO:Ga MWs, single AuNRs@ZnO:Ga
MW can provide a key building block in solid-state lighting
and displaying. In particular, it also affords an inspiring plat-
form for fundamental studies and technological applications
in the fabrication of multicolor light sources and light-emitting

diodes.

2. EXPERIMENTAL SECTION

A. Synthesis of Individual ZnO:Ga MWs

Individual ZnO:Ga MWs were successfully synthesized via the
chemical vapor deposition (CVD) method [37-40]. During
the synthesizing procedure, high-purity powders of ZnO,
Ga,0;, and graphite (C) with a definite weight ratio of
10:1:11 were adopted and served as the precursor mixtures.
A corundum boat was employed as the container, with cleaned
Si substrate placed on the top of the mixture to collect the prod-
ucts. The synthesizing process can be generalized as follows.
(1) Argon (Ar: 99.99%, 180 sccm) serving as the protecting
gas was introduced to clean the furnace chamber, yielding
the oxygen-deficient environment in the growing procedure.
(2) After the corundum boat was placed at the hottest regions
of the tube furnace, the furnace temperature should be raised to
1150°C at a speed of 25°C - min™' from room temperature
because of the carbothermal reduction temperature of
Ga,03. (3) When the temperature of furnace chamber main-
tained at 1150°C for 30 min, a relatively large amount of Zn-
vapor and slight Ga-vapor could be accumulated around the Si
substrate, which helps with mixing Zn-vapor and Ga-vapor

sufficiently. (4) Incorporated with residual O, in the furnace
chamber, individual Ga-doped ZnO MWs could be gradually
formed around the Si substrate. (5) Finally, by introducing
highly pure O, (99.99%, 20 sccm) into the furnace chamber,
and maintaining the condition for about 30 min continually,
individual ZnO:Ga MWs with high crystallization quality can
be collected around the Si substrate, together with the wall of
the corundum boat.

B. Synthesis of Au Nanorods with Controlled Aspect
Ratios

Well-defined Au nanobipyramids (NBPs) with controlled sizes
were employed to prepare Au nanorods with desired plasmonic

properties and heat stability [41-43].

C. Device Fabrication

A single ZnO:Ga MW was selected, and then transferred
onto the quartz substrates. Two indium (In) particles serving
as the electrodes were applied to fix the MW, leading to the
fabrication of light-emitting devices based on the metal-
semiconductor—metal (MSM) structure. Specifically, Au nano-
structures were deposited on the MWs by spin coating. After
annealing for 30 min at 150°C, hybrid architecture composed
of a single ZnO:Ga MW prepared with Au nanostructures

decoration was fabricated.

D. Analysis Instruments

The size, surface morphology, and crystal structures of single
Zn0O:Ga MWs prepared via Au nanostructures were character-
ized using a scanning electron microscope (SEM). Au nanorods
were also characterized using a transmission electron micro-
scope (TEM). To confirm that Ga was incorporated into ZnO
MWs, elemental mapping distribution of Zn, Ga, and O
species was also characterized using energy-dispersive X-ray
spectroscopy (EDX). The current—voltage (/—V') characteristics
of single ZnO:Ga MWs, as well as the hybrid architecture con-
sisting of single ZnO:Ga MW prepared with Au nanostructure
decoration, were investigated using a Keithley 2611 system.
The photoluminescence (PL) measurements were carried out
using the 325 nm line of a He—Cd laser via a LABRAM-
UV Jobin Yvon spectrometer. The extinction of Au nanostruc-
tures was measured using an ultraviolet-visible-near-infrared
spectrometer.

3. RESULTS AND DISCUSSION
As previous literature reported, individual ZnO MWs with

controlled Ga incorporation have been utilized to construct
wavelength-tuning semiconducting lamp filaments [19,44,45].
Meanwhile, owing to the outstanding optical behaviors, chemi-
cal stability, biocompatibility, and high-temperature tolerance,
Au nanorods with controlled aspect ratios have been widely
applied in the applications of photovoltaic and photocatalytic
devices, photodetectors, and so on [7,17,41,42,46]. Herein, a
typical semiconducting filament emitter composed of single
Zn0:Ga MW prepared with Au nanorods decoration was fab-
ricated, and the experimental fabrication procedure was sche-
matically described in the experimental section. During the
fabrication procedure, Au nanorods with an extinction peak
centered at 695 nm were selected, as illustrated in Fig. 1(a).
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The Au nanorod was also characterized with the TEM image
demonstrated in the inset. Figure 1(b) displays the SEM image
of single AuNRs@ZnO:Ga MW. The random orientation
characteristics of the deposited Au nanorods were also charac-
terized using the amplified SEM image, as demonstrated in
Fig. 1(c). Thus, experimental setup of a typical incandescent
emitter composed of single AuNRs@ZnO:Ga MW was fabri-
cated. While possessing linear and symmetric features, the /-V
curves of electronic transport properties suggested the Ohmic
contacts between the In and ZnO:Ga, as displayed in Fig. 1(d)
(the green solid line). Additionally, single ZnO:Ga MWs can
sustain high current densities, which are dominated by Ga
incorporation [45,47].

Especially when the injection current exceeded a certain
value, such as 8.5 mA, green lighting can be observed, with
the emission regions located at its center. Increasing the injec-
tion current can enhance its brightness, as well as expand the
lighting regions. To further characterize the emission character-
istics, Fig. 1(e) illustrates the EL spectra of the single ZnO:Ga
MW based emitter, with the dominant emission peaks centered
at 513 nm. Figure 1(g) presents an optical microscope photo-
graph of the green emissions. Afterwards, introducing Au nano-
rods deposition, linear 7 - V' characteristics demonstrated that
there was little effect on the modification of electronic transport

characteristics, as demonstrated in Fig. 1(d) (the red solid line).
With increasing injection current ranging from 9.0 to 13.2 mA,
single AuNRs@ZnO:Ga MW-based incandescent-type lamp
filament began to emit bright and red lighting, with the dom-
inant emission peaks redshifting to about 725 nm, as shown in
Fig. 1(f). Therefore, by incorporating Au nanorods, individual
Zn0:Ga MW can be applied to construct near-infrared typical
incandescent lamp filament source.

Considering the influence of Au nanorods on the modulation
of typical near-infrared emissions, optical and electronic proper-
ties of single AuNRs@ZnO:Ga MW were measured. First, single
Zn0:Ga MW with a quadrilateral cross section was synthesized
via one-step carbothermal reduction methods. Figure 2(a) dem-
onstrates the optical photograph of the as-synthesized ZnO:Ga
MWs, indicating that a mass of MW can be collected around
the Si wafer. Figure 2(b) illustrates that the as-synthesized ZnO:
Ga MW possessed smooth surfaces, accompanied with perfect
quadrilateral cross section displayed in the inset. Therefore, indi-
vidual ZnO:Ga M'Ws with quadrilateral cross section can be pro-
duced by a free catalyst via a vapor—solid process [40,48]. With
the aid of a spin-coating technique, Au nanorods with random
orientation can be deposited on the ZnO:Ga MW. Figure 2(c)
illustrates the SEM image of the deposited Au nanorods. And
then, Au nanorods with controlled aspect ratio ranging from
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EL emission characteristics from single AuNRs@ZnO:Ga MW -based incandescent-type light source (the extinction peak of Au-nanorod,

695 nm). (a) The extinction spectrum of Au nanorods, with corresponding TEM image of the Au nanorods demonstrated in the inset. (b) SEM
image of single AuNRs@ZnO:Ga MW. (c) Amplified SEM image of Au nanorods deposited on the MW. (d) 7 - V' characteristics of single ZnO:Ga
MW prepared via Au nanorods decoration. (¢) EL emission spectra from single ZnO:Ga MW-based fluorescent emitter. (f) EL emission spectra
from single AuNRs@ZnO:Ga MW-based incandescent-type light source. (g) Optical microscopic image of the light emitting from electrically biased
single ZnO:Ga MW-based fluorescent emitter (scale bar, 200 pm). (h) Optical microscopic image of the light emitting from electrically biased single
AuNRs@ZnO:Ga MW-based incandescent-type light source (scale bar, 200 pm).
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panel I to panel IV were also synthesized, as demonstrated in
Fig. 2(d). The extinction of Au nanorods was measured using
an ultraviolet-visible-near-infrared spectrometer, as displayed
in Fig. 2(e). It exhibited typically their ultraviolet-visible-near-in-
frared extinction spectra, each of which is composed of one trans-
versal surface plasmon resonance peak centered around 510 nm,
and the other longitudinal resonance peaks ranging from 600 nm
(panel I), 695 nm (panel II), 783 nm (panel III), to 855 nm
(panel 1V) [7,41,49].

Room-temperature PL measurements were carried out on
account of single ZnO:Ga MW deposited via Au nanorods
decoration. In the case of PL measurement, a single ZnO:Ga
MW with the length up to 2 cm was selected, and then divided
into four segments. PL emission of single bare ZnO:Ga MW
displayed that ultraviolet emission centered around 378 nm do-
minated the PL spectra, accompanied with weak visible emis-
sion, as illustrated in Fig. 2(f). Thus, the PL emissions could be
divided into two main bands: the dominant emission is the typ-
ical near-band-edge (NBE) ultraviolet emission, while the other
negligible emission may be originated from the related broad
deep levels, or related Ga incorporation induced impurity level
emissions in the visible range [45,47,50]. By contrast, the en-
hancement of ultraviolet emission can be achieved by means of
introducing Au nanorod deposition [Fig. 2(f)]. Compared with
the bare ZnO:Ga MW, a little blueshift of PL emissions can be
achieved, which could be ascribed to the electron filling of
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the conduction band of ZnO:Ga (Burstein—Moss effect).
The remarkable enhancement of the NBE-type PL emission
could be attributed to the charge transfer from Au nanorods
to ZnO:Ga MWs [51-53]. Especially, by incorporating Au
nanorods, near-infrared emission cannot be collected from op-
tical pumping single AuNRs@ZnO:Ga MW. Therefore, under
optical pumping excitation, Au nanorods with the extinction
peak centered at 695 nm cannot be applied to achieve the reali-
zation of Au-nanorod plasmons selectively amplifying the near-
infrared emissions from AuNRs@ZnO:Ga MWs.

To probe into influence of Au nanorods on the electronic
transport properties, the deposition of Au nanorods on the
MW was also taken into account by adjusting the spin coating.
Again, the 7 - V curves illustrated that introducing Au nano-
rods did have little effect on the electronic transport behavior of
single ZnO:Ga MW, as shown in Fig. 2(g). Compared with
metal nanostructure decoration by means of the physical sput-
tering technique, the little modulation on the electronic trans-
port properties may be ascribed to the water solubility, and the
remaining organics as well during the synthesizing process
[17,19,54,55].

While introducing light illumination, the photoconductive
behavior from single AuNRs@ZnO:Ga MW was characterized.
The relevant schematic diagram is depicted in Fig. 3(a)
[56-59]. In this section, Au nanorods [panel II in Fig. 2(d)]
were utilized to construct single AuNRs@ZnO:Ga MW. By
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(a) Optical photograph of the synthesized ZnO:Ga MWs. (b) SEM image of single ZnO:Ga MW, with perfect quadrilateral cross section

displayed in the inset (scale bar, 12 pm). (c) SEM image of ZnO:Ga MW prepared with Au nanorods decoration (the spin-coating number, x1).
(d) TEM images of the Au nanorods with controlled aspect ratio. (¢) The extinction spectra of Au nanorods with controlled aspect ratio. (f) PL
emissions from ZnO:Ga MW prepared via Au nanorods decoration, with the controlled aspect ratios. (g) 7 - V' behaviors of single ZnO:Ga MW
prepared with Au nanorods decoration (corresponding extinction peak centered at 695 nm), with the spin-coating number ranging from 0 to 6.



Research Article

comparison, electrical characterizations were conducted to ex-
ploit the photoelectric properties of single AuNRs@ZnO:Ga
MW under dark and lighting illumination, with the lasing wave-
lengths denoted as 405 nm, 532 nm, and 685 nm, respectively.
Meanwhile, to guarantee that the photoconductive behavior of
the single AuNRs@ZnO:Ga MW relied on the incident radia-
tion wavelength, the laser power tuner was utilized to achieve the
excitation laser intensity being 5 mW /cm?. The single ZnO:Ga
MW prepared with or without Au nanorod decoration can yield
the dark current around 5.0 mA, and the photocurrent of
17.5 mA at 20 V, with the incident lasing wavelengths denoted
as 405 nm and 532 nm, respectively. Especially when lighting is
illuminated under the excitation laser at 685 nm, the / - V' char-
acteristic curve of single AuNRs@ZnO:Ga MW demonstrated
that the maximum photocurrent value of 31.5 mA can be de-
tected, which is sixfold that of the bare ZnO:Ga MW, as dem-
onstrated in Fig. 3(b) [17,37,39].

In addition, the time-dependent photocurrent curves of sin-
gle AuNRs@ZnO:Ga MW (the extinction peak, 695 nm) with
on/off switching upon light illumination at zero bias voltage are
shown in Fig. 3(c). When illuminated at 405 nm and 532 nm,
respectively, the detected photocurrent spectra demonstrated a
sharp increase in intensities, which is concomitant with the on-
set of illumination. Accordingly, the maximum photoconduc-
tivity values of 2.1 nA and 2.5 nA were detected, respectively.

O O Vol. 8, No. 1 / January 2020 / Photonics Research 95

While introducing the lasing illumination at 685 nm, a photo-
current around 5.20 nA can be detected. To rule out that the
detected photocurrent response may be generated from the
presence of surface defects, such as antisite oxide O, Zn va-
cancy Vyz,, oxygen vacancy Vo, and Ga substituted Zn Gaz,,
time-dependent photocurrent characteristics were also studied
on the base of single bare ZnO:Ga MW, but little signal of the
photocurrent could be detected [39,58,59]. The detected pho-
tocurrent response at the excitation laser of 405 and 532 nm
may be originated from directly photoexcited carrier generation
due to the absorption of the deposited Au nanorods. That is,
under direct photoexcitation, carriers could be collected from
the excitation of d-band, which is well below the Fermi level,
and then they are transited into the conduction band in Au
nanorod. By contrast, the higher photocurrent values detected
at the illumination of lasing wavelength ~685 nm from single
AuNRs@ZnO:Ga MW can be ascribed to Au-plasmon in-
duced hot electron generation and injection towards the inter-
face between Au nanorods and ZnO:Ga MW, since the
wavelength of the incident light being 685 nm approximates
the plasmon excitation energy of the deposited Au nanorods
(1.78 €V) [2,17,60].

Afterwards, the typical absorption of single ZnO:Ga MW
prepared with and without Au nanorods deposition was carried
out, as shown in Fig. 3(d). A strong absorption in the ultraviolet
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diagram of hot carrier generation mechanisms in plasmonic Au nanorods, and then injected into ZnO:Ga MW channel under light illumination.
(b) The I - V characteristics of single ZnO:Ga MW prepared with Au nanorods decoration under dark, and illumination with the excitation lasing
wavelengths at 405 nm, 532 nm, and 685 nm, respectively, with the laser power density denoted as 5.0 mW /cm?. (c) The 7 - # characteristics with
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spectral region can be observed, accompanied with negligible
absorption in the spectral band from visible to near-infrared.
It is also noted that by introducing Au nanorods decoration,
a lictde enhancement of the ultraviolet absorption from
AuNRs@ZnO:Ga MWs can be achieved. To characterize
the modulation of Au-nanorods on the decay time of ZnO:
Ga MW, time-resolved photoluminescence (TRPL) experi-
ments were carried out using an optically triggered streak cam-
era system (C10910, Hamamatsu) of the fundamental 35 fs
pulses with a repetition rate of 1 kHz (OperA Solo,
Coherent). Corresponding TRPL spectra were collected at
the probe wavelength of 375 nm [56,58,59]. Figure 3(e) shows
the TRPL spectra of single ZnO:Ga MW prepared with and
without Au nanorods decoration. In contrast, the single bare
Zn0O:Ga MW displayed a monoexponential decay, with the
lifetime 7 = 39.5 ps. While introducing Au nanorod deposi-
tion, the exponential decay lifetime 7 reduced to be about
21.0 ps. The shorter decay time can be attributed to the in-
creased recombination rate of excitons, which is induced by Au
nanorod plasmons. Additionally, the PL decay time of single
AuNRs@ZnO:Ga MW 74 ,Nrs@zn0:Ga can be expressed as
TAUNRs@ZnO:Ga = TR+ T 73+ + Tsp, where 7yps and 7p are
nonradiative and radiative decay times of the hybrid architec-
ture, respectively, and 7gp is the Au-plasmon mediated exciton
lifetime. Due to the smaller zgp, the spontaneous emission rate
of single AuNRs@ZnO:Ga MW is higher than that of bare
Zn0O:Ga MW [53-55].

It is well-known that the hot carrier generation from metal
nanostructures can be divided into two major physical mech-
anisms: direct photoexcitation and nonradiative plasmonic
decay [60]. Direct photon absorption from metallic nanostruc-
tures could be utilized to produce a photocurrent; nevertheless,
due to the small electron—photon cross section, the hot carrier
generation is very inefficient. Additionally, the photoexcited
carriers from Au nanorods are primarily dominated by inter-
band transitions. Under lighting illumination, electrons can
be excited, and then transited from the d-band with its upper
edge ~2.3 eV below the Fermi level [8,28]. By comparing with
direct photoexcitation, nonradiative plasmonic decaying induc-
ing the generation of hot carrier facilitates the excitation of elec-
trons from near the Fermi energy, leading to generation of hot
electrons with substantially high energy. The hot electrons with
adequate energy can overcome the metal-semiconductor
barrier. Therefore, the hot carriers generated by surface plas-
mons are larger than that from interband transitions. It also
indicated that plasmons decaying nonradiatively induced hot
carrier generation could be more efficient [10,17,61].

To exploit the generation mechanism of photoinduced car-
riers from Au nanorods, a diagrammatic drawing is depicted in
Fig. 3(f). For the incident light at the wavelengths being sub-
stantially deviated from excitation wavelengths of metal plas-
mons, the photocurrents detected are dominated by directly
photoexcited carriers from Au nanorods, which are deposited
on ZnO:Ga MW. The excited carriers generated are primarily
from interband transitions: the excited electrons can be
transited from the d-band to the conduction band above the
Fermi level, with corresponding physical process denoted as
i [see Fig. 3(f)]. Under radiation at 685 nm, which is in close
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proximity to the extinction wavelength of the Au nanorods,
localized surface plasmons in Au nanorods can be excited.
And then, by means of nonradiative plasmonic decay, the ex-
cited metal plasmons can transfer the energy to oscillating elec-
trons, yielding the distribution of hot electrons, with the energy
well above the Fermi level of Au. While possessing the energy
well above the Schottky barrier towards the interface between
Au-nanorod and ZnO:Ga, the generated hot electron can be
directly injected into the conduction band of the neighboring
Zn0O:Ga MW; additionally, electrons with lower energies than
the Fermi energy have exponentially decreased probability to be
injected. The hot electron generation and injection processes
denoted as ii in Fig. 3(f) can be responsible for the enhance-
ment of the photocurrents, although, the directly photoexcited
carrier injection process previously described is still allowed to
occur [11,21,60].

Full-field electromagnetic simulations were also carried out
using a commercially available software package, Lumerical
FDTD. The metallic particles in this study are assumed to
be Au nanorods, and are modeled by using experimental dielec-
tric data [17,62]. During the simulation procedure, the Au
nanorod with the length (50 nm) and diameter (20 nm)
was adopted, accompanied with the resonant wavelength de-
noted as A = 695 nm, the refractive index of ZnO:Ga denoted
as 77,0.Ga = 2-45, and the refractive index of environmental
medium air denoted as 7,, = 1.0. Electrical field intensity
|E/E,|?* distribution of isolated Au nanorods can be calculated,
with the electromagnetic wave propagating along the x direc-
tion of x—y plane [Fig. 4(a)], the y direction of the x—y plane
[Fig. 4(b)], and the x direction of the x—z plane [Fig. 4(c)].
Thus, the total E-field intensities can be calculated in accor-
dance with resonance wavelength, with corresponding field
intensities localized towards the contact region between Au-
nanorod and ZnO:Ga MW. In particular, single Au nanorods
can exhibit much stronger field localization around the contact

Zn0:Ga |(©)

0 50 - ' 100

Fig. 4. Electrical field intensity |E/E,|? distribution of isolated Au-
nanorods, with the electromagnetic wave propagating along (a) the x
direction of the x—y plane (horizontal), (b) the y direction of the x—y
plane (vertical), and (c) the x direction of the x—z plane (horizontal). In
the simulation process, Au-nanorods with the length (50 nm) and
diameter (20 nm) were adopted, accompanied with the resonant wave-
length denoted as 4 = 695 nm, the refractive index of ZnO:Ga de-
noted as 77,0.c, = 2.45, and the refractive index of environmental
medium air 7, = 1.0.
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regions. Electromagnetic energy could be confined to the Au-
Zn0:Ga junctions, giving rise to intense localized E-field.
As we previously stated above, Au nanorods with the extinc-
tion peak centered at 695 nm can be utilized to construct
near-infrared incandescent-type light sources from electrically
biased single AuNRs@ZnO:Ga MW based incandescent-type
lamp filament. Meanwhile, the dominant emission peaks relate
to the plasmons of Au nanorods, accompanied with strong
electric field localizations towards the deposition areas of Au-
nanorods. Additionally, PL emission measurements from
single AuNRs@ZnO:Ga MW also demonstrated that the
enhancement of the ultraviolet emission can be attributed to co-
operative effect of the suppression of the visible emission and Au-
nanorod plasmons induced hot electron generation and injection
from Au nanorods into the conduction band of ZnO:Ga
[53,54,63]. Due to the mismatching between the extinction
peaks of Au-nanorods and the negligible PL emission in the
near-infrared spectral band of single MW, the electrically driven
near-infrared emissions cannot be attributed to Au-nanorod plas-
mon selectively amplified near-infrared emission from single bare
Zn0O:Ga MW. To exploit the remarkable modulation of near-
infrared emission behavior from an electrically driven single
AuNRs@ZnO:Ga MW based filament-type light source, a dia-
grammatic drawing is depicted in Fig. 5(a). Single bare ZnO:Ga
MW can be utilized to construct semiconducting filament emit-
ter. While introducing Au nanorods deposition, the intrinsic
lighting from a single bare ZnO:Ga MW based emitter can
be completely suppressed. Therefore, Au-nanorods nonradia-
tively inducing the interfacial energy transfer between Au-nano-

rod and ZnO:Ga MW can occur [17,64,65].

(a)

Zn0:Ga ( h\_j
| a4

G
Normalized Intensity (a.u.)="
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Despite the excitation energy sufficiently large above the
Fermi level and thus the nonradiative plasmonic decay, with
the relaxation time in the order of the nanosecond to millisec-
ond rate, nonequilibrium hot electron distribution can be pro-
duced [8,10,16,66]. However, electrically driving the
generation of nonthermalized hot carriers is still at the primary
stage. That is, to explore the likelihood of electrically driving
the generation of nonequilibrium hot electrons from single
AuNRs@ZnO:Ga MW, normalized intensities consisting of
the extinction spectrum of Au nanorods, EL emission spectrum
of the single bare ZnO:Ga MW-based emitter, and EL emis-
sion spectrum from single AuNRs@ZnO:Ga MW-based emit-
ter were depicted, as shown in Fig. 5(b). The spectral overlap
between transversal plasmon resonance peak of Au nanorods
and EL emission spectra from a single ZnO:Ga MW-based in-
candescent-type source was achieved in the visible spectral
band. By incorporating Au nanorods, the incandescent-type
lighting features from a single MW-based filament emitter
illustrated that the dominating lighting peaks redshifted to
around 725 nm. Interestingly, remarkable overlapping between
the longitudinal resonance peak and incandescent-type lighting
peak from single AuNRs@ZnO:Ga MW-based filament emit-
ter was also observed. Thus, under electrical driving, the near-
infrared incandescent-type lighting cannot be assigned to the
PLs from the Au nanorods, which are deposited on the
MWs [7,30,33,67].

To further exhibit the modulation of Au-nanorods on
the emission characteristics of a single ZnO:Ga MW-based
filament-type emitter, a single ZnO:Ga MW with the length
~2 mm was selected, and by introducing Au nanorods [panel

7Zn0:Ga AuNRs@ZnO:Ga

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 5. (a) Schematic illustration of the modulation of Au-nanorod plasmons on the incandescent-type lighting features of single ZnO:Ga MW-
based fluorescent light source. (b) Normalized intensities of the EL spectrum from single bare ZnO:Ga MW -based fluorescent light source, the EL
spectrum from single AuNRs@ZnO:Ga MW-based fluorescent light source, and the extinction spectrum of the deposited Au nanorods.
(c) Micrographs of bright visible light emitting from an electrically driven single AuNRs@ZnO:Ga MW-based incandescent-type light source
in the dark field and bright field (scale bar, 200 pm). (d) Optical microscopic images of bright visible light emitting from electrically driven single
Zn0O:Ga MW prepared with partial Au nanorods decoration (scale bar, 300 pm).
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I in Fig. 2(d)] decoration uniformly, remarkably bright visible
emissions were also observed from the wire once the applied
bias exceeded a certain value, as demonstrated in Fig. 5(c).
And, its brightness increased with the applied bias. By contrast,
another ZnO:Ga MW with the length ~2 c¢m was also selected,
and then Au nanorods [panel II in Fig. 2(d)] partially deposited
on the MW were introduced, as demonstrated in Fig. 5(d).
When the applied bias reached a certain value, such as
44 V, bright and visible emission can be observed, with the
red lighting regions located towards the section, where Au
nanorods were deposited. The most interesting finding is that
bright and green emission can also be observed, with the emis-
sion regions located towards the bare segment [see Fig. 5(d)].
Therefore, tandem emission units involving green and red
emissions can be constructed.

The incandescent-type lighting working mechanism is de-
picted in Fig. 6 [19,35]. First, being electrically driven, the hot-
test spots can also be formed towards the center of the MW
prepared with Au nanorod decoration due to the Joule heating
effect. Thus, a sufficiently strong electric field (~10° V/m)
could be produced towards the hottest spots owing to the
extremely poor heat dissipation, which is induced by high crys-
tallization quality of the as-synthesized MWs [45,68-70].
Second, the transported electrons in the MW channel can
be accelerated and become energized electrons, which are spa-
tially localized towards the center of the MW. Because of the
inelastic collision, the interplay of the energized electrons trans-
ported in the MW channel and free electrons localized at the
surface of Au-nanorod can occur. In consequence, collective
oscillation of the free electrons in Au nanorods can be excited
[65,69,71]. Finally, through nonradiative plasmonic decay, Au-

nanorod plasmons can transfer their energies into oscillating

ot electron
Electron

Hole

Fig. 6. Schematic diagram of the working principle of bright visible
light emitting from electrically biased single AuNRs@ZnO:Ga
MW-based incandescent-type light source.
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higher-energy electrons, leading to formation of hot electrons.
Considering that the nonthermal distribution of the hot elec-
trons is well above the Fermi energy of Au-nanorods, the en-
ergetic electron with its energies above the contact-potential
barrier at the metal-semiconductor interface is directly injected
in the conduction band of the adjacent ZnO:Ga MW, while
the electrons with relative lower energies have an exponentially
decreased probability to be injected [17,29,67]. Especially once
the hot electron possessed the energy up to plasmon frequency,
Au-nanorod plasmons inducing the generation of nonequili-
brium distribution of hot electrons can lead to the state-filling
effect in the energy-level configuration of ZnO:Ga, which can
be employed to dominate the near-infrared emission character-
istics from single AuNRs@ZnO:Ga MW-based incandescent
light source [8,54,55].

To probe into the near-infrared incandescent-type emission
features, it can also be found out that the hot carrier transfer
rate is being higher than its relaxation rate in the single
AuNRs@ZnO:Ga MW, accompanied with the nonequili-
brium hot electron in the conduction band with its energy up
to plasmon frequency. After relaxation of the nonequilibrium
hot electrons, another energy level may be created in the en-
ergy-level configuration of ZnO:Ga, resulting in the thermal
and nonthermal distributions overlap in population. Therefore,
during this relaxation, fractional electrons could be scattered
into energy-level configuration of ZnO:Ga (luminescent
states), where they can recombine with holes in the form of
emitting photons. It is reasonable to deduce that the dominat-
ing emission wavelength of the emitted photons is relevant to
the energies of the hot electrons, and then redshifts monoton-
ically after the relaxation procedure. The generation and injec-
tion of hot electrons with energy up to the plasmon frequency
can be utilized to dominate the characteristic of the emitted
photons, such as the emission wavelength and spectral line-
width [8,27,30,66]. Despite that, Joule heating effect played
a significant role in the incandescent-type emission character-
istics, but it cannot be compatible with the thermal radiation
mechanism (blackbody radiation theory). By comparing the
emission spectra collected from the single AuNRs@ZnO:Ga
MW-based incandescent-type light source and the correspond-
ing emission peaks from the theoretical models of blackbody
radiation, the maximum temperatures were calculated and
can approach 3000 K, which far more greatly exceeded the en-
durance of single ZnO:Ga MW [68,69]. In addition, for the
emission characteristics, such as wavelength-tuning emission
from individual ZnO:Ga MW-based light sources heavily de-
pending on the Ga-incorporation concentration, increasing the
injection current can bring a little redshift of the dominating
emission peaks, while reducing the ambient temperature can
bring significant enhancement of the EL emissions and so
on, and can also rule out the thermal radiation mechanism.
Therefore, there is no direct experimental evidence that the in-
candescent-type lighting characteristics, such as the emission
wavelengths, spectral linewidth, and the incandescent-type
lighting output intensity, were dominated by the temperature
generated by the Joule heating effect [19,45,69,70].

By introducing Au nanorods with controlled aspect ratio
deposition, a near-infrared filament-type light source composed



Research Article - “ - @ Vol. 8, No. 1 / January 2020 / Photonics Research 99
| — R

of individual ZnO:Ga M'Ws was fabricated. Taking single ZnO:
Ga MW prepared via Au nanorod [panel I in Fig. 2(d), with the
extinction peak centered at 605 nm)] decoration for example,
Fig. 7(a) demonstrates that a little enhancement of electronic
transport properties can be obtained. By comparison, the
dominant emission peaks centered at 527 nm were observed
from electrically driven single bare ZnO:Ga MW-based
incandescent-type lamp filament, as illustrated in Fig. 7(b).
Introducing Au nanorod deposition, the dominating emission
peaks redshifted to around 601 nm, as shown in Fig. 7(c).
While introducing Au nanorod decoration [panel III in
Fig. 2(d), with the extinction peak centered around 783 nm],

the incandescent-type emissions from single ZnO:Ga MW-
based filament light source also redshifted, with the dominating
emission peaks centered around 780 nm, as indicated in
Figs. 7(e) and 7(f). When Au nanorods [panel IV in Fig. 2(d)]
with the extinction peak centered around 850 nm were depos-
ited on the synthesized MW, EL emission characteristics dis-
played that the dominant emission peaks from the bare ZnO:
Ga MW-based filament light source centered at 513 nm red-
shifted to about 905 nm, as demonstrated in Figs. 7(h) and 7(i).
Therefore, by introducing Au nanorods with controlled aspect
ratio decoration, wavelength-tunable incandescent-type emis-

sions from individual ZnO:Ga MWs-based filament-type light
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Fig. 7. Wavelength-tunable emissions from single AuNRs@ZnO:Ga MW-based incandescent-type light source: (a) / - V' characteristics of single
Zn0:Ga MW via Au nanorods decoration (the extinction peak, 605 nm); (b) EL emission from single bare ZnO:Ga MW-based incandescent-type
light source, with the emission wavelength centered at 527 nmj; (c) EL emission from single AuNRs@ZnO:Ga MW-based incandescent-type light
source, with the emission wavelength centered at 601 nm. (d) 7 - V' characteristics of single ZnO:Ga MW prepared via Au nanorods decoration (the
extinction peak, 783 nm); (e) EL emission from single bare ZnO:Ga MW-based incandescent-type light source, with the emission wavelength
centered at 518 nm; (f) EL emission from the single AuNRs@ZnO:Ga MW-based incandescent-type light source, with the emission wavelength
centered around 780 nm. (g) 7 - V' characteristics of single ZnO:Ga MW via Au nanorods decoration (the extinction peak, 855 nm); (h) EL
emission from the single bare ZnO:Ga MW -based incandescent-type light source, with the emission wavelength centered at 513 nm; (i) EL emission
from the single AuNRs@ZnO:Ga MW-based incandescent-type light source, with the emission wavelength centered around 905 nm.
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sources can be realized, with the dominant emission peaks tuning
from visible to near-infrared spectral band.

Consequently, incandescent-type light sources can be
achieved from single semiconducting nano/MWs prepared
via metal nanostructure decoration. It also can offer manage-
able, predictable, and ongoing requirements to construct
electrically driven ultracompact optoelectronic devices. This
experimental scheme can be extended to other wide bandgap
semiconductors, such as GaN, Ga,03, and SnO,. Especially,
by introducing metal nanostructure deposition, the typical light
sources with the emission wavelengths may cover from
ultraviolet to near-infrared spectral band. Being integrated as
single- or multicolor emission units, the incandescent-type
light sources can be compatible with silicon-based photonics
and optoelectronics devices, as well as lab-on-chip devices.
Furthermore, some scientific and technical challenges still
remain, and need to be addressed to realize this potential, such
as the development of electrically driving the generation of
nonequilibrium hot carrier schemes with higher efficiency,
and hot-electron-induced fabrication of tunneling diodes

[35,67,69,71,72].

4. CONCLUSION

In summary, typical incandescent light sources were success-
fully constructed on account of individual AuNRs@ZnO:Ga
MWs. By adjusting the aspect ratios of the Au nanorods, wave-
length-tunable incandescent-type emissions can be achieved,
with the dominating lighting wavelengths tuned from visible
to near-infrared spectral bands. The intrinsic physical mecha-
nisms being responsible for the emission modulation can be
attributed to Au-plasmon-induced generation of nonequili-
brium hot electrons that then are injected into the neighboring
Zn0O:Ga. Due to nonthermal distribution of the hot electrons
with energy up to the plasmon frequency, the state-filling effect
can be formed in the energy-level configuration. In particular,
the experimental results represented further important progress
to overcome the limitation of the bandgap of semiconductors
involving electrically driving the generation and injection of
energetically tunable, nonequilibrium distribution of hot elec-
trons, plasmons mediated energy transfer, and the nonequili-
brium hot-carrier-induced  state-filling effect. Additionally,
wavelength-tunable emission realized from individual MWs
prepared with metal nanostructure decoration can overcome
the traditional dilemma of semiconducting light sources with
sophisticated fabrication technologies associated with p—n junc-
tions, Schottky junctions, bandgap engineering, and so on.
Consequently, the novel incandescent-type light sources may
find potential applications in integrated optoelectronic devices,
such as multicolor emission devices and electric spasers.
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