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ABSTRACT: Localized surface plasmon (LSP)-enhanced ultraviolet LEDs - Fet
have been constructed via spin-coating Ag nanoparticles onto ZnO/SiO, | e P W
core/shell nanorod array/p-GaN heterostructures. Different from the pt
previous reports where the dielectric spacer-layer thickness was determined
only through photoluminescence (PL) characterization, the SiO, shell
thickness in this work is also optimized by actual electroluminescence (EL)
measurements to maximize the enhancement. It is interesting to find that the
enhancement ratios derived from PL and EL measurements demonstrate
different thickness dependences on SiO, shell: an optimal 3.5-fold PL

enhancement was obtained at the SiO, thickness of 16 nm, while an | @ agne exciton-LSP__ photon-LSP light

“abnormal” 7-fold EL enhancement was achieved at the thickness of 12 nm. | @ exciton coupling caupling SpuSSion

Time-resolved spectroscopy studies, as well as theoretical estimations and | ‘lectroluminescence R —Cach
enhancement mechanism enhancement mechanism

numerical simulations, reveal that the higher-ratio EL enhancement stems
from joint contributions, both internal-quantum-efficiency improvement
induced by exciton-LSP coupling and light-extraction-efficiency improvement aroused by photon-LSP coupling.

KEYWORDS: localized surface plasmon, ZnO/SiO, core/shell nanorod array, ultraviolet LED, luminescence enhancement,
exciton-LSP coupling, photon-LSP coupling

1. INTRODUCTION devices.”'"~* Thus, many groups optimized the spacer-layer
ZnO is regarded as a promising candidate for ultraviolet (UV) thickness through photoluminescence (PL) measurements in
LEDs and low-threshold laser diodes due to its wide direct consideration of suppressing undesired charge transfer and
band gap (3.37 eV) and large exciton binding energy (60 nonradiative Forster resonant energy transfer (FRET) between
meV).l_8 However, the electroluminescence (EL) efficiency of metal and ZnO."”™** For example, Mahanti et al. have studied
ZnO-based LEDs on either homojunctions or heterojunctions the effect of SiO, spacer-layer thickness on the PL enhance-
is not as high as expected due to the poor quality of p-type ZnO ments of Au and Ag nanoparticles (NPs) decorated ZnO
or considerable amounts of heterointerface defects. To improve nanorod arrays (NRAs) in detail.**** The PL optimized spacer-
the efficiency, two approaches have been proposed and proved layer thickness was directly employed for the subsequent LED
effective. One is employing one-dimensional single-crystalline fabrication and obtained a so-called “LSP-induced EL enhance-

ZnO nanowires/nanorods as the active layers for LEDs, since a
remarkable increase of carrier injection rate has been observed
in these nanosized light emitters.”® The other is introducing
metal localized surface plasmons (LSPs) into the LED design.
The resonant coupling between semiconductor excitons/
photons and metal LSPs enables the creation of additional
recombination/extraction paths, improving both the internal-

ment”. However, the so-called “optimal” thickness derived only
from PL characterizations cannot be directly adopted for EL
operation, because spacer-layer will also act as potential barrier
layer and seriously affect the carrier injection and transportation
properties under external bias. This point is very crucial to LSP-
induced EL enhancement, which must be carefully studied in

quantum-efficiency (IQE) and light-extraction-efficiency (LEE) actual EL process. Thus, to obtain the most suitable spacer-
of the LEDs.”™**
The thickness of dielectric spacer-layer between metal and Received: September 7, 2015
ZnO plays a very important role in improving the luminescence Accepted: January 7, 2016
efficiency of LSPs decorated ZnO-based materials and Published: January 7, 2016
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Figure 1. (a and b) Tilted-view SEM images of a bare ZnO NRA and a ZnO/SiO, core/shell NRA; (inset a) hexagonal end face of an as-grown ZnO
nanorod. (c) A typical TEM image of a ZnO/SiO, core/shell nanorod with shell layer of 16 nm; the white dashed lines are drawn as guide lines to
clarify the core/shell heterostructure. (d) A typical TEM image of ZnO/SiO, core/shell nanorods with Ag NPs decoration; (insets) are the energy
dispersive X-ray spectrum of Ag coated core/shell nanorods (upper right) and a TEM image of Ag NPs distributed on a TEM grid with carbon
membrane (bottom right). (e) The LSP resonant extinction spectrum of Ag NPs (black solid line) and a typical PL spectrum of ZnO NRA (red dot

line).

layer thickness for LSP-enhanced LED, thickness optimization
via actual EL measurements is required and more meaningful.

In this work, LSP-enhanced ZnO NRA UV LEDs were
fabricated by spin-coating Ag NPs onto ZnO/SiO, core/shell
NRA/p-GaN heterostructures. For the first time, the
thicknesses of SiO, shell layers (also as spacer-layers) were
optimized through both PL measurements and in situ EL
characterizations. It is interesting to find that the optimal
enhancement ratios derived from PL and EL characterizations
show distinctively different thickness dependences on SiO,
shell. To figure out this “tricky” phenomenon, time-resolved
luminescence measurements and theoretical estimations, as well
as finite-difference time-domain (FDTD) numerical simulations
were carried out and studied in detail. To our best knowledge,
there have been no reports yet to optimize the spacer-layer
thickness based on the actual EL method.

2. EXPERIMENTAL SECTION

The ZnO NRAs were epitaxially grown on the commercially available
p-GaN:Mg/Al, O, (0001) substrates (hole concentration, 3.44 X 10"
cm™?; Hall mobility, 10.2 cm?/(V s); rectangle size, S X 6 mm) by a
simple hydrothermal synthesis using zinc acetate and hexamethylene-
tetramine as precursors.”® Then, SiO, shell layers were coated onto the
as-grown ZnO NRAs by a layer-by-layer (LbL) deposition
method.””*® Different from traditional physical deposition techniques
(e.g,, pulsed laser deposition and magnetron sputtering) which always
suffer from the problem of nonuniform coating due to the shadow
effect, the LbL deposition employed here allows uniform coating and
easy control of shell layer thickness. According to our previous work,
the average coating rate of SiO, shell onto ZnO nanorod for LbL
deposition is 4 nm/cycle.”” Thus, the silica shell thickness can be
flexibly modulated via a multicycle LbL deposition strategy. More
experimental details for the preparation of ZnO/SiO, core/shell NRAs
are described in the Supporting Information, Figure S1. Afterward, Ag
NPs colloidal solutions (Sigma-Aldrich, 0.02 mg/mlL, containing
sodium citrate as stabilizer) were spin-coated (rotation speed: 2000 r/
min) onto these as-prepared ZnO/SiO, core/shell NRAs. X-ray
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diffraction (XRD) patterns of these core/shell NRAs with and without
Ag NPs decoration are shown in the Supporting Information, Figure
S2, which confirm the good crystallinity of synthesized ZnO/SiO,
core/shell NRAs. To construct heterojunction LEDs, metals Au/Ni
and In circular pads are selected as the contact electrodes for p-
GaN:Mg substrates and n-ZnO NRAs, respectively, and the electrode’s
diameter is around 1 mm. The EL signal output is collected from the
surrounding area of the top metal In electrode, and all spectra
(including PL and EL) were measured and collected at the same
experimental conditions in order to allow comparison.

3. RESULTS AND DISCUSSION

Figure la shows the scanning electron microscopy (SEM)
image of an as-grown bare ZnO NRA. It can be seen that they
are highly ordered and are vertically aligned on p-GaN
substrates. The mean size of the bare ZnO nanorods is 120
nm in diameter and 1 um in length. Through the multicycle
LbL deposition of SiO, shell layer, the composite NRAs with
clear core/shell heterostructures were obtained, and their
typical SEM and transmission electron microscopy (TEM)
images are shown in Figure 1b,c. After the succeeding spin-
coating process, Ag NPs with mean size of 10 nm were
distributed throughout the core/shell nanorods’ surface, and
the Ag NPs decorated ZnO/SiO, core/shell nanorods have
been formed (Figure 1d and insets). As mentioned above, the
SiO, shell introduced here acts as spacer-layer between ZnO
nanorods and Ag NPs. Therefore, their thicknesses should be
controlled within a proper range. According to previous
reports, the penetration depth (Z) of the Ag LSP evanescent

field into SiO, is given by Z = A/27y/(¢'y — €',,) /€', where

€4 and €, are the real part of the dielectric constants of SiO,
and Ag, and A is the wavelength of incident light.g’15 At near UV
region, the permittivity of SiO, is in the range of 3.0 to S.0,
while that of Ag is around —2.8.%"% The calculations reveal that
Z values between 33 and 49 nm for the ZnO UV emission
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Figure 2. (a) RT PL spectra of bare ZnO NRA and Ag NPs decorated ZnO/SiO, core/shell NRAs with different SiO, layer thicknesses. (b) The
variations of enhancement ratios of integrated UV (blue hexagon) and visible (red triangle) emission intensity with the SiO, spacer-layer thickness.
(c) PL spectra of the bare p-GaN substrate. (d) PL spectra of bare ZnO NRA and NRAs only coated with different SiO, shell layer thicknesses

(without Ag NPs decoration).

wavelength of 380 nm. To ensure the occurrence of resonant
coupling between ZnO excitons and Ag LSPs, SiO, shell
thickness should be controlled within 30 nm in our
experiments. Herein, SiO, spacer-layers with different thick-
nesses ranging from 0 to 20 nm were inserted between Ag NPs
and ZnO nanorods to find the maximum luminescence
enhancement, and this will be discussed in detail in Figures 2
and S. Figure le gives the LSP resonance extinction spectrum
of the Ag NPs used here, which is centered at a wavelength of
395 nm. The relatively broad distribution of this extinction
band may result from the size fluctuation of Ag NPs and the
coupling between neighboring LSPs.'**” An obvious spectral
overlap is observed between the ZnO UV luminescence and Ag
LSP resonance extinction, suggesting the possibility of a
resonant coupling between ZnO excitons/photons and Ag
LSPs. Thus, the enhanced UV emission from ZnO/SiO, core/
shell NRAs would be expected.

Figure 2a presents the room temperature (RT) PL spectra of
bare ZnO NRA and Ag NPs decorated ZnO/SiO, NRAs with
different shell layer thicknesses. It is known that the LSP-
enhanced PL is usually attributed to two independent
processes: excitation (absorption) enhancement or emission
enhancement.*'* In our PL measurements, a 325 nm line of a
He—Cd laser was used as the excitation source, which is far
away from the LSP resonance wavelength of 395 nm, thus
excluding the excitation enhancement effect. In Figure 2(a),
one can see that all spectra consist of a near-band-edge (NBE)
emission peak at 380 nm and a relatively weak and broad deep-
level (DL) emission band centered at 560 nm.*° Herein, the
DL emission band is very likely induced by the surface defects
of synthesized ZnO nanorods (e.g,, oxygen vacancies) due to
the relatively large aspect ratio of the nanorods.'*** The ZnO
UV PL is enhanced even though the Ag NPs are directly coated
onto the bare ZnO NRA. As mentioned earlier, the
introduction of SiO, spacer-layer can suppress the undesired
charge transfer and nonradiative FRET processes, thus resulting
in further PL improvement. With increasing SiO, shell layer
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thickness, the ZnO UV emission gradually increases. A
maximum ~3.5-fold enhancement of the integrated UV
emission intensity is obtained when the SiO, thickness reaches
16 nm. Further increase in shell layer thickness only leads to
the reduction of PL enhancement due to the evanescent wave
nature of LSP resonant field. Such a variation trend is also
illustrated in Figure 2b. In contrast, only very weak enhance-
ment ratios ranging between 1.5 and 2.0 are observed in the
visible emission region, probably due to the much less spectral
overlap between ZnO DL emission and Ag LSP resonance
extinction. In addition, the RT PL spectra of bare p-GaN
substrate and ZnO NRAs coated only with different SiO,
thicknesses (without Ag NPs decoration) are also given in
Figures 2c,d, respectively. As can be seen, the spectrum of bare
p-GaN substrate is composed of two broad emission bands
peaked at 365 (the NBE emission) and 422 nm (Mg acceptor-
related emission), which is noticeably different from the PL
spectra of ZnO NRAs. Hence, the observed UV emission and
relevant PL enhancement phenomena are just from the ZnO/
SiO, core/shell NRAs. As to the spectra of ZnO NRAs coated
only with different SiO, thicknesses in Figure 2d, they look
almost the same with a negligible enhancement ratio (<1.1-
fold) after SiO, coating. Thus, the surface modification of SiO,
coatings does not play an efficient role in the observed UV
emission enhancements.

To confirm that the luminescence enhancements indeed
originate from the resonant couplings between Ag LSPs and
ZnO excitons, we performed RT time-resolved PL (TR-PL)
measurements by employing a streak camera (temporal
resolution: 2 ps), and a femtosecond pulsed laser (wavelength,
266 nm; repetition rate, 76 MHz; pulse width, 200 fs) as signal
detector and excitation source, respectively. Figure 3 shows the
TR-PL spectra of the bare ZnO NRA and ZnO/SiO, core/shell
NRAs (with 16 nm SiO,) with and without Ag NPs decoration,
respectively; the monitoring wavelength was fixed at 380 nm.
As can be seen, the three samples exhibit distinctly different
fluorescence decay rates, and corresponding decay curves can
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Figure 3. RT TR-PL spectra of bare ZnO NRA (red square) and
ZnO/Si0, core/shell NRAs with (blue hexagon) and without (dark
yellow circle) Ag NPs; the thickness of silica shell is 16 nm and the
solid lines are the fits to a biexponential decay model.

be well fitted by a biexponential attenuation function. Through
a weighted average of two time constants, the effective UV
fluorescence lifetimes for the bare ZnO NRA, ZnO/SiO, core/
shell NRA and Ag NPs decorated core/shell NRA are
determined to be 79, 86, and 52 ps, respectively. Generally
speaking, excitons in semiconductor decay via both radiative
and nonradiative recombination channels. Thus, the PL lifetime
for bare ZnO NRA (7) can be expressed as’

1

‘L' krad + knon (1)
where the k.4 and k,, represent the radiative and nonradiative
recombination rates of ZnO nanorods, respectively. After the
SiO, shells were coated onto the nanorods’ surface, the surface
defects/traps were passivated in some extent, leading to the
reduction of k. Therefore, the SiO, coating results in a
slight increase of ZnO fluorescence lifetime. However, by
further introducing Ag NPs into the core/shell NRAs, an
additional decay channel, exciton-LSP interaction, should be
taken into account, and the PL lifetime for Ag NPs decorated
core/shell NRA (%) is written as™”

R
e — "rad + non + sp (2)
here, the k, is the exciton-LSP coupling rate and is believed to
be much faster than the k4 and k,,. Hence, the spontaneous
radiation rate of Ag NPs decorated core/shell NRA is increased,
resulting in a decrement of observed PL lifetime. That is, the
shortened PL lifetime indicates that the LSP provides an
additional, high-rate recombination channel, and is regarded as
a strong evidence for exciton-LSP coupling.

Usually, the increase in recombination rate will also induce
the improvement of IQE. In theory, the IQE for the samples
with and without Ag NPs (¥ g and #7;q) can be written as’

_ krad
”IQE - krad + knon (3)
and
krad + C/extksp
n =T
1 krad + knon + ksp (4)

where the C’. is the probability of photon extraction from the
LSP’s energy and is generally assumed close to 100%."" From
the eqs 3 and 4, it is easy to deduce that the 7*qp can be
improved compared with the 7,5 because of #*qz — Mg =
((knon X ksp)/((krad + knon + ksp) X (krad + knon))) > 0.
Combining eqs 1—4, the IQE ratio between Ag LSPs decorated
NRA and bare ZnO NRA can be expressed as'’

k ’
n IQE _ rlIQE +C ext(Pi: - 1)
WIQE %nIQE (5)

where the F,= 7/7* is a Purcell enhancement factor (F =1.52
in this work), which depicts the increase in spontaneous
recombination rate.”** According to our previous findings, the
Mmqe for ZnO nanostructures estlmated from temperature-
dependent PL spectra is around 12%.° A rough estimate, based
on eq 5, shows that the 7% oy is 3.5 times as large as #7;q, which
is in good agreement with the optimal 3.5-fold PL enhance-
ment ratio, as shown in Figure 2. This “coincidence” reflects
that the PL enhancement observed here is mainly attributed to
the IQE improvement induced by exciton-LSP coupling.
Figures 4a,b exhibit the structural schematic diagram and
current—voltage (I—V) curves of our LSP-enhanced NRA
LEDs with different SiO, thicknesses, respectively. Good ohmic
contacts have been formed between Au/Ni electrodes and p-
GaN:Mg substrates, as confirmed by a linear I-V relationship
in the inset of Figure 4b. Indium pad is supposed to easily form
ohmic contact with n-ZnO based materials. It is found that all
devices demonstrate typical rectifying diode-like behaviors with
obvious asymmetry under the sweeping of applied biases. The
turn-on voltage for the bare ZnO NRA/p-GaN heterojunction
LED is 5 V. After coating Ag NPs directly onto the bare ZnO
NRA’s surface, the injection current slightly increases as a result
of the formation of more conductive pathways on the nanorod’s
surface for leakage current.”'* However, as the SiO, shell layers
were inserted between ZnO nanorods and Ag NPs, the
injection current gradually decreases with the increasing shell
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Figure 4. (a) Structural diagram of our LSP-enhanced ZnO/SiO, core/shell NRA LED. (b) RT I-V curves of the LSP-enhanced core/shell NRA
LED:s with different SiO, shell layer thicknesses; the linear [-V characteristic in the inset verifies the good ohmic contact between Au/Ni electrode

and p-GaN:Mg substrate.
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Figure S. (a) RT EL spectra of bare ZnO NRA and Ag NPs decorated core/shell NRAs with different SiO, shell thicknesses; the injection current is
fixed at 5 mA. (b) Gaussian deconvolution analyses of the near-UV EL spectra for the bare ZnO NRA LED (olive circle) and Ag NPs decorated
core/shell NRA LED (blue hexagon); the shell thickness is 12 nm. (c) The variation of enhancement ratios of three different EL components with
SiO, shell thicknesses. (d) The dependence of EL enhancement ratio on emission wavelength.
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Figure 6. (a) FDTD simulations of the EL propagation behaviors in (left) a bare ZnO nanorod and (right) an Ag NPs decorated core/shell
nanorod; the latter clearly shows the LEE improvement induced by photon-LSP coupling interactions. Models illustrating the different enhancement
mechanisms in (b) EL (IQE improvement + LEE improvement) and (c) PL (single IQE improvement), respectively.

thickness, which also indicates that the thin dielectric silica
coatings indeed play the roles of spacer-layers and can suppress
the unwanted charge transfer between metal and semi-
conductor.

The RT EL spectra of bare ZnO NRA and Ag NPs decorated
core/shell NRAs with different shell-layer thicknesses were
recorded and plotted in Figure Sa. Under forward bias, all the
NRA LEDs show a single near-UV emission band peaked at
384 nm at the same injection current of 5 mA, whereas no
detectable EL signal was observed in the visible region. Similar
to the case of PL described above, their EL intensity is
improved as the Ag NPs and SiO, spacer-layer were coated
onto the nanorods’ surface and a maximum ~7-fold enhance-
ment is obtained at the SiO, shell layer thickness of 12 nm.
Because this near-UV EL band is relatively broad and is usually
believed to be composed of several luminescence components,
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multipeak deconvolution fittings with Gaussian function
(Figure Sb) are helpful to understand the EL enhancement
phenomena. It is found that for all LEDs, their broad near-UV
emission bands can be well fitted with three individual peaks
centered at 378, 397, and 427 nm, which can be ascribed to
ZnO NBE excitonic emission, interfacial radiative recombina-
tion, and Mg acceptor-related emission of p-GaN, respec-
tively.”** Figure 5c,d displays the detailed enhancement ratios
of each EL component and the wavelength-dependent EL
enhancement curve (a curve defined by the EL intensity ratio of
Ag NPs decorated core/shell NRA LED to the bare ZnO NRA
LED; the thickness of SiO, shell is 12 nm), respectively.
Obviously, the ZnO NBE emission shows the maximum
enhancement among all three luminescence components and
dominates the whole EL spectra after decorated with Ag NPs
and SiO, layer (Figure Sb). This phenomenon is consistent
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with the previous reports on LSP-enhanced n-ZnO/p-GaN
heterojunction LEDs.”"' ™"

However, by carefully comparing the improvements of PL
and EL, one can find that there are some inconsistencies
between them. First, the optimized spacer-layer thickness for
EL is 12 nm, smaller than 16 nm for PL. Second, the maximum
enhancement ratio in EL is 7-fold, “abnormally” higher than
3.5-fold observed in PL. Here, we tentatively give out the
possible reasons for the two inconsistencies. For the difference
in optimal spacer-layer thickness, the relatively larger thickness
of 16 nm derived from PL measurements is thick enough to
block the undesired charge transfer and nonradiative FRET
between ZnO and Ag. However, as mentioned in the
beginning, it also limits the carrier injection rate under external
bias in EL characterizations. Thus, to achieve the best EL
enhancement, the thickness of dielectric silica layer ought to be
slightly reduced, which not only keeps the unwished charge
transfer and nonradiative FRET being blocked, but also
increases the carrier injection rate in some extent. So, the
relatively thinner 12 nm SiO, spacer-layer presents the maximal
EL improvement. On the other hand, the enhancement ratio
observed from EL is usually the same as or slightly lower than
that from PL, because of the more serious heating effect
induced by injection current during EL measurements.
Surprisingly, the experimental results are just the opposite:
the enhancement ratio of EL is nearly twice that of PL. The
exact mechanism for this “abnormal” phenomenon needs
further investigation and should be related to the improved
LEE from Ag NPs decorated waveguide-type NRA LED. This
issue will be discussed in the following section in detail.

Many studies have proved that a nanorod with suitable
dimensions can act as an optical waveguide.”*" To clearly
illustrate this viewpoint, numerical simulations of light-wave
electrical field intensity distribution in bare ZnO nanorod and
Ag NPs decorated core/shell nanorod have been conducted
and the results are shown in Figure 6a. Herein, FDTD solution
8.6 was chosen as the simulation toolkit. A dipole point light
source (set as a transverse electric wave at wavelength of 380
nm) was placed at the interface between ZnO nanorod and p-
GaN layer, corresponding to the heterojunction active region
for exciton/electron—hole pair recombination. The results
clearly show that the light is well confined within the ZnO
nanorod, propagates along its axial direction, and finally emits
from the nanorod’s top surface (Figure 6a, left). Note that the
refractive indices of SiO, and ZnO at 380 nm are 1.47 and 2.45,
respectively,”®”” indicating that the ZnO/SiO, core/shell
nanorod itself is also a good optical waveguide. Such an optical
confinement system will limit the LEE of NRA LED because
the generated EL will be strongly self-absorbed during the
upward propagation process. However, after spin-coating Ag
NPs onto the core/shell nanorod, the light field energy will be
coupled out of the nanorod optical waveguide during its
propagation (Figure 6a, right). That is, the LEE, especially the
lateral LEE of core/shell NRA LED, is notably improved as a
result of resonant coupling between Ag LSPs and ZnO
photons. Combined with the enhancement ratios of IQE
(3.5-fold) and entire EL intensity (7-fold), the LEE improve-
ment in EL is estimated to be 2-fold, which is consistent with
the previous reports on ZnO- and GaN-based LEDs claiming
that the LSP resonant effect can induce a 2- to 4-fold LEE
improvement.'>*>*’ In a word, the EL enhancement is induced
by the joint contributions of IQE improvement (exciton-LSP
coupling near the active region) and LEE improvement
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(photon-LSP coupling during the EL propagation), as
illustrated in Figure 6b. On the contrary, the PL enhancement
is mainly dominated by the IQE improvement, as discussed
before, while the LEE improvement effect is relatively weak in
PL characterization. This is because the photoexcited excitons
are mainly distributed in the near-surface region of ZnO
nanorod top (usually several tens of nanometers; Figure
6¢).** In this case, the exciton-LSP coupling is the primary
near-field interaction mechanism leading to the IQE improve-
ment. The spontaneous radiations directly enter into free space
before the photon-LSP coupling can play an efficient role.
Therefore, compared to the EL with dual improvement routes,
the single route of IQE improvement aroused by exciton-LSP
coupling in PL exhibits a relatively low overall enhancement
ratio of 3.5-fold.

4. CONCLUSIONS

In summary, we have demonstrated the prototype devices of
LSP-enhanced LEDs by introducing Ag NPs into ZnO/SiO,
core/shell NRA/p-GaN heterostructures. Different from
previous works, the thickness of SiO, spacer-layer employed
here was carefully optimized via actual EL characterizations. By
comparatively studying the PL and EL spectra of these LEDs,
we note that the enhancement ratios deduced from EL and PL
measurements show different shell thickness dependences. On
the basis of the analyses of TR-PL characterization, theoretical
estimation, and FDTD simulation, two sets of enhancement
mechanism, including the joint improvement of IQE and LEE
in EL and single improvement of IQE in PL, were proposed to
explain the observed “freaky” phenomena. For the actual LED
device working under external voltage, both the SiO, shell
thickness of 12 nm and 7-fold luminescence enhancement
determined through EL characterizations are the really
optimized and needed results in the current study. Actually,
the higher enhancement ratio obtained in EL is more
meaningful in practical applications and the present work
provides a feasible way to improve both the IQE and LEE of
current LEDs.
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