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White light-emitting diodes (LEDs) are great candidates for general lighting. Phosphors have commonly
been used for the color conversion layers of white LEDs; however, they backscatter more than half of the
down-converted light, which is lost within the device, thus degrading the overall performance. In this study,
we propose and demonstrate white LEDs with improved efficiency enabled by the intimate integration of

Ag@SiO,-supported blue InGaN/GaN nanorod LEDs together with green- and red-emitting perovskite na-
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Localized surface plasmon of a planar white LED.

nocrystal (PNC) films as color conversion layers. The photoluminescence (PL) intensity of the blue LEDs
(BLEDs) was significantly enhanced owing to the localized surface plasmon (LSP) effect of Ag@SiO, nano-
particles. In addition, the perovskite PL intensity was improved by the high-power BLED backlight. The
resulting PL intensity of the Ag@SiO, nanoparticle-embedded nanorod white LED was 62% greater than that

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

High-efficiency white light-emitting diodes (LEDs) have been
developed for solid-state lighting (SSL). The advantages of SSL in-
clude the high luminous efficiency, energy saving, small volume, and
long persistence [1,2]. The phosphor-converted (pc) white LED is the
most common type in SSL. The first example of pc-LEDs contained
cerium-doped yttrium aluminum garnet (YAG:Ce) phosphor in-
tegrated with a gallium nitride (GaN)-based blue LED (BLED) [3].
However, the low light conversion efficiency and low color rendering
index (CRI) due to weak red emission have been the common pro-
blems of using YAG:Ce>" [4,5]. In addition, a part of the blue light (at
a peak wavelength of approximately 450 nm) emitted by GaN LEDs
is down-converted by the phosphor to produce yellow light (at a
peak wavelength of approximately 545 nm); their combination re-
sults in white light generation. The major challenges regarding such
pc-LEDs are achieving high chromatic stability, high luminous
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efficiency, and brilliant color rendering properties, all of which de-
pend on the phosphor properties and efficiency of BLEDs.

As an alternative to YAG:Ce3*, perovskites can generate more
brilliant white light [6,7]. All-inorganic lead halide perovskite
(CsPbX3) nanocrystals (PNCs) offer outstanding optoelectronic
properties including tunable emission, high photoluminescence
quantum yields (PLQY), and narrow line-width emission across the
whole visible spectrum depending on the nanocrystal size and ha-
lide ion composition [8-10]. As a result, PNCs are widely investigated
for use in modern optoelectronic devices including solar cells, LEDs,
photodetectors, and lasers [6,11-13]. However, several problems
must be addressed for the widespread use of PNCs in practice. The
most urgent problem is the long-term stability of PNCs under humid
conditions [14]. This can be mitigated via passivation, e. g., with
polydimethylsiloxane (PDMS) for long-term stability [15]. PNCs can
be excited by UV or BLED backlight to obtain a wide color gamut
with high light efficiency.

Furthermore, for high-efficiency white LEDs, the power of the
backlighting BLED can be increased by improving the internal
quantum efficiency (IQE), external quantum efficiency (EQE), and
light extraction efficiency (LEE) to promote photon extraction [16].
Owing to their outstanding advantages, nanostructures are used in
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many devices such as super-bright LEDs, full color displays, and
flexible LEDs [17,18]. For InGaN/GaN multiple quantum well (MQW)-
based LEDs, nanorod (NR) structures can relieve strain and, thus,
compensate for large lattice mismatch at heterointerfaces, which
can enhance the radiative recombination efficiency and therefore
the IQE of LED devices [19]. In addition, owing to the large sidewall
surface of NRs, the LEE can be improved [18]. Previous studies re-
ported the localized surface plasmon (LSP) effect using Ag@SiO,
nanoparticles (NPs) [20]. If the LSP layer is sufficiently close (but not
too close) to the MQW active layer of an LED and the MQW emission
wavelength matches the LSP resonance energy, the LED performance
can be boosted through the energy coupling (EC) mechanism from
excitons in the active region of the LED to the LSP modes of the metal
nanostructures.

In this study, the performance characteristics of white LEDs with
high efficiency BLEDs as backlighting unit and PNC films as color
conversion layers were studied. When the distance between PNCs is
within several nanometers, Forster resonance energy transfer (FRET)
occurs from green PNCs (with a large bandgap) to red PNCs (with a
small bandgap) [21]. Because FRET is a non-radiative process, it
should be suppressed for efficient down-conversion of lights. As
PNC-polymer composites contain many PNCs with different band-
gaps, FRET can occur in these samples [22]. In a polymer matrix that
contains green and red emitting PNCs, the energy transfer from
green to red PNCs causes the PL spectrum to be strongly weighted
toward the red band. Researchers have reported that FRET can be
mitigated in PNC-polymer composites by constructing bilayer film
structures that emit in different colors separately [23]. In addition,
red and green PNCs were separately mixed in polymer matrices and
combined to prevent FRET by avoiding their aggregation [22].

2. Experimental
2.1. Fabrication of blue emitting InGaN/GaN NR arrays

An InGaN/GaN MQW epitaxial structure was grown via metal
organic chemical vapor deposition to prepare Ga, In, and N pre-
cursors. The c-plane sapphire substrate was thermally annealed at
1100 °C for 10 min. Subsequently, a low-temperature GaN buffer
layer was deposited on the sample. A 2 pm thick undoped GaN layer
and a 10 pm thick n-type GaN layer were grown at 1060 °C. In the
next step, five pairs of InGaN/GaN MQWs were grown on high-
quality GaN epitaxial layers. The GaN barriers and InGaN wells were
grown at 850 and 750 °C, respectively. Furthermore, a 300 nm thick
p-type GaN layer was grown on top.

To prepare the NR LEDs, 1 pm thick SiO, and 80 nm thick Cr were
deposited as a hardmask on the surface via plasma-enhanced che-
mical vapor deposition and e-beam evaporator, respectively. A
monolayer of patterned PS nanospheres (diameter: 1 pm) was spin-
coated onto the Cr/SiO,/GaN substrate. The PS nanospheres were
reduced in an O, plasma ashing process. In the next step, Cl,/Ar-
based reactive ion etching (RIE) was performed to transfer the pat-
tern to the underlying Cr layer. The nanodot mask was transferred to
the SiO, layer via CF4-based RIE on the SiO,/GaN substrate. With the
prepared SiO, NR array as the etching mask, patterned InGaN/GaN
NR structures could be fabricated on the sapphire substrate through
inductively coupled plasma (ICP) etching with a Cl,/BCl; gas mix-
ture. In general, GaN NR arrays fabricated with the top-down
method exhibit surface defects on the NR sidewalls owing to high-
energy ion bombardment during plasma etching [17,24]. To retain
the performance characteristics of the etched GaN NR LEDs, a KOH-
based wet etching process (3 mol/L) was performed for 30 min [25].
The remainder of the SiO, NR arrays were removed by dipping the
sample into a buffered oxide etchant. Consequently, cylindrical
InGaN/GaN NR arrays remained on the sapphire substrate [26].
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2.2. Synthesis of Ag@SiO,

To synthesize SiO,-capped Ag NPs, NH4OH (28-30%), tetraethyl-
orthosilicate (TEOS), and the prepared silver NPs were used. In ad-
dition, de-ionized (DI) water and ethanol were used in all processes
[27]. The typical synthesis procedure is as follows: a 500 mL beaker
was filled with 80 mL ethanol, 19 mL DI water, and 1 mL Ag NPs
under vigorous magnetic stirring. After 10 min, 5 mL NH4OH
(28-30%) was added as a catalyst; subsequently, 40 puL pure TEOS
was added to prepare the shell. The solution was stirred for another
hour at room temperature. To remove residues and impurities, the
synthesized Ag@SiO, NPs were centrifuged in ethanol at 7000 rpm
for 20 min. The purified Ag@SiO, NPs were dispersed in 1 mL
ethanol.

2.3. Fabrication of high-efficiency NR BLED

To coat the InGaN/GaN NR BLED with Ag@SiO-, the latter was
dispersed in 1 mL ethanol and 1 g PDMS (base and curing agent with
a 10:1 wt mixing ratio), which had been uniformly mixed. The as-
obtained mixed solution was degassed to remove completely bub-
bles in the Ag@SiO,-PDMS mixture. In the next step, the mixture
was spin-coated onto the NR BLED substrate. An Ag@SiO, film was
obtained after curing the sample at 130 °C. Finally, the Ag@SiO, NPs
on the top of the InGaN/GaN NRs were removed in an O,/CH4-based
RIE process to prevent them from disturbing the incident laser beam
and to facilitate the extraction of emitted light.

2.4. Synthesis method for PNCs

Green CsPbBr; NCs were synthesized with the method of
Protesescu et al. [10]. First, to prepare the Cs precursor, 0.2 g Cs,CO3
was mixed in 10 mL 1-octadecence and 1 mL oleic acid (OA) at 150 °C
for 10 min. For the PbBr, precursor, 0.07 g PbBr, was dissolved in
5 mL ODE, 0.5 mL OA, and 0.5 mL oleylamine at 180 °C for 10 min.
The PbBr, precursor was rapidly added to 0.4 mL Cs precursor and
cooled in an ice water bath for 1 min [28]. After the reactions had
terminated, the synthesized PNCs were separated at 10,000 rpm for
20 min and re-dispersed in 1 mL toluene for further use. The red
CsPblz NCs were synthesized with the method of Ramasamy et al.
[12]. The exchange reaction was performed by adding calculated
amounts of ethanol solution of Lil to the CsPbBrsz NCs in toluene at
room temperature. This mixture was shaken vigorously, which
changed the color from green to red. The reaction terminated within
less than 5 s

2.5. Fabrication of white LED

To prepare a highly efficient pe-white LED, the prepared high-
efficiency Ag@SiO,-supported NR BLED substrates were coated with
two different PNCs (green- and red-emitting PNCs), respectively.
Each PNC type and 1 g PDMS (base and curing agent with 10:1 wt
ratio) were added into a Teflon beaker and mixed to obtain a uniform
mixture. The mixed solution was degassed to remove completely
bubbles in the PNC-PDMS mixture. Finally, a PNC-PDMS color
conversion film was obtained after curing the sample at 100 °C. To
prepare the double layered PNC-PDMS film, a red-emitting layer and
a green-emitting layer were sequentially spin-coated onto the
sample.

3. Results and discussion
3.1. Characterizations

To record XRD patterns of the samples, we used a Rigaku
SmartLab diffractometer with Cu Ka radiation (A = 0.1546 nm) and a
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Fig. 1. (a) Absorbance spectrum and (b) TEM image of Ag@SiO, NPs synthesized with sol-gel method.

nickel filter. The PNC structures were analyzed with XPS (AXIS Ultra
DLD, Kratos. Inc; monochromatic Al Ka radiation: 1486.6 eV, 150 W).
The morphology was examined with field-emission SEM (SUPRA-
40VP) and high-resolution TEM (JEOL-2010). The UV-vis spectra
were recorded with a UV-vis spectrophotometer (UV-2550,
Shimadzu). For the room-temperature PL measurements, a 405 nm
laser with a 100 mm diameter and 25 mW power was used as the
excitation source. The TRPL measurement was performed while
exciting the LEDs under pulse excitation (pulse width: approxi-
mately 5 ns; center wavelength: approximately 405 nm); the mea-
surement was recorded with a monochromator, photomultiplier
tube, high-speed photodetector, and controller electronics. The op-
tical properties of the pe-white light, including the CCT, CRI, and CIE
coordinates were calculated with the method shown in our pre-

viously published paper [29]. All measurements were performed at
room temperature.

3.2. Materials and device performance

The LSP resonance results of the NPs demonstrate that the
fluorescence characteristics of samples with NPs are greatly affected
by the Ag@SiO, layer of the light-emitting layer [19]. The distance
from the metal surface is the most important factor for high EC ef-
ficiency. The minimum interspacing between the active layer and
LSP of the metal NPs allows us to assume that the Ag@SiO, NPs are
optimal for a stable and reliable improvement of the LED perfor-
mance characteristics because they result in efficient EC between the
LED active regions and NP-related LSPs. Based on this consideration,
we embedded synthesized Ag@SiO, NPs in the NR LED. Fig. 1b shows
a transmission electron microscopy (TEM) scan of the morphology of
the Ag@SiO, NPs. They are mostly spherical; moreover, the Ag NPs
are completely covered by a SiO, shell with approximately uniform
thickness. The estimated size of the Ag@SiO, NPs ranges between 50
and 80 nm, and the SiO, shell is 20 nm thick. The UV-vis spectrum in
Fig. 1a shows the Ag@SiO, NPs have an absorbance peak at 425 nm.
The absorbance wavelength of these NPs is in the blue emission
range of the NR LEDs; therefore, these NPs can be suitable for pro-
moting EC via LSP mechanism [30,31].

Fig. 2 shows the morphologies, crystal structures, and optical
properties of the as-synthesized CsPbBr; and CsPbl; NCs. The TEM
images (Fig. 2(a and b)) were recorded to study the morphology of
the as-prepared PNCs. The CsPbBrs NCs have cubic structures similar
to those reported in the previous report on the low-temperature
synthesis. Implication of ethanol-based lithium iodide (Lil) con-
centration promoted growth of the cubic structure. The TEM images

reveal that the CsPbBrs and CsPbl; NCs have retained their cubic
morphologies; however, they have different thicknesses. The CsPbls
NCs are thicker than the original CsPbBrs NCs. As shown in the X-ray
diffractometer (XRD) data in Fig. 2¢, the (200) reflection peak at
30.92° has shifted to a lower angle (29.31°) owing to lattice expan-
sion caused by the substitution of larger I- ions for smaller Br- ions.
In addition, the intensity of the XRD peaks has changed. For the
iodide-exchanged samples, the intensity of the (200) peak is higher
than those of the other planes. Thus, the CsPbls; NCs have grown
along the (200) plane after the iodide exchange reaction. To in-
vestigate the surface composition and chemical states of the ele-
ments present in the CsPbBrs and CsPblz thin films, X-ray
photoelectron spectroscopy (XPS) measurements were performed.
Fig. 2(d and e) display the complete XPS spectra of the samples with
C, Cs, Pb, Br, and I signals.

Fig. 3 presents the absorbance and spectra of the CsPbBr; and
CsPbl; NCs, which undergo halide exchange reactions at different Lil
concentrations. The as-synthesized CsPbBr; NCs have an absorbance
peak at approximately 505nm, which experiences a redshift to
630 nm after the reaction with 60uL 1M Lil. With increasing Lil
concentration, the absorbance peak experiences a redshift, which
agrees well with the XRD measurements. Moreover, the (200) peak
shifts toward lower angles, which indicates the substitution of Br~
with I'. As shown in Fig. 3, the PL peak can shift from 520 to 630 nm
with different Lil concentrations. The CsPbBr3 and CsPbl; NCs exhibit
strong absorbance and narrow luminescence peaks (full-width-at-
half-maximum - FWHM = 23 and 31 nm, respectively).

Fig. 4 shows the 3-D sample structures and scanning electron
microscopy (SEM) images of the NR LED, Ag@SiO, NP-embedded NR
LED, and white LED with Ag@SiO, NP-embedded NRs and PNCs.
Fig. 4(a and d) clearly show that the NRs have diameters of ap-
proximately 700-800 nm and lengths of approximately 3 pum. The
distance between the NRs is approximately 300 nm. To study the EC
mechanism between the NPs and NR LED, the synthesized Ag@SiO,
NPs and PDMS were spin-coated onto the NR LEDs as shown in
Fig. 4(b and e). As seen in Fig. 4e, the NPs on top of the NRs were
clearly removed after ashing process to facilitate the extraction of
emitted light, and the embedded NPs were close to the active layer
of the NR LEDs. The preparation of the Ag@SiO,-embedded NR BLED
was presented in detail in our previous publication [20]. Owing to
the tunable PL emission range that covers the entire visible wave-
length range, the narrow FWHM, and high PLQY, PNCs have huge
potential for color conversion layers in white LEDs that generate
white light with a high color quality. Hence, as presented in Fig. 4(c
and f), a prototype white LED with a neutral white light was
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Fig. 2. TEM images of (a) CsPbBr; NCs and (b) CsPbl3 NCs. (c) XRD patterns of CsPbBr; NCs (

and (e) CsPblz NCs (red).
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Fig. 3. Normalized PL intensity and absorbance of CsPbBr; NCs (green) and CsPbls
NCs (red).

prepared with thin layers containing PDMS-based perovskite NCs
(green and red) in conjunction with an Ag@SiO,-embedded NR BLED
chip (Apeak: approximately 455nm). To prepare a highly efficient
white LED, we adopted the Ag@SiO,-embedded NR BLED as back-
light unit. To avoid that the reabsorption and FRET cause a significant
redshift of the desired final color of the white LED, we prepared a
double-layer structure that comprises separated green and red
emitting composite layers. First, the red emitting thin layer
(CsPbl3-PDMS) was deposited onto the Ag@SiO,-embedded NR

bottom, green) and CsPbl; (top, red). XPS full-range spectra of (d) CsPbBr; NCs (green)

BLED; subsequently, the green emitting thin layer (CsPbBr;-PDMS)
was deposited onto the sample.

Fig. 5 compares the performance results of the as-grown planar
LED, NR structure, and Ag@SiO, NP-embedded NR structure. The PL
measurements were performed with near normal incidence (Fig. 5a).
The PL peak wavelength of the planar sample (467 nm) experiences a
blue-shift after the fabrication of NRs. This blueshift can be attrib-
uted to strain relaxation in the area of the etched sidewall [32,33].
The improved PL intensity is understood as follows: strain relaxation
restores the tilted band to a flat band by increasing the overlap be-
tween the electron and hole wave functions; this increases the light
oscillation strength and radiative recombination rate [19]. The lu-
minescence peak occurs at 457 nm, and the PL intensity is 31%
greater than that of the planar LED. The PL intensity of the Ag@SiO,
embedded sample was increased owing to the LSP effect between
the Ag@SiO, and the MQWs. Moreover, the efficiency is 45% greater
than that of the planar LED and 11% greater than that of the NR LEDs.
To understand the underlying mechanism behind these intensity
improvements, the EC process of the NP-embedded NRs must be
investigated. Usually, EC to non-radiative recombination in the
emitter is limited to the distance of several tens of nanometers. In
the case of the Ag@SiO, NPs, the Ag spheres are covered by a 20 nm
SiO, shell. The SiO, shell provides a long enough separation, which
prevents the tunneling of electrons. This suggests that Ag@SiO, NPs
can prevent the energy loss of LSPs, thereby improving luminescence
efficiency [34-36]. To present the LSP effect, Fig. 5b shows time-
resolved photoluminescence (TRPL) spectra of NR LED and Ag@SiO,-
embedded NR LED. Both relaxation curves show initial fast decay
regions, which is typical for InGaN/GaN MQWs. The fast decay is
often believed to be due to excitonic relaxation and nonradiative
relaxation. The measured effective lifetimes at 455nm of the
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Fig. 4. Schematic structures of (a) NRs, (b) Ag@SiO,-embedded NRs and (c) fabrication of white LED with PNC films. SEM images of (d) NR structures, (e) Ag@SiO,-embedded NRs,

and (f) PNC coating on Ag@SiO,-embedded NR structure (f).
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Fig. 5. (a) Room temperature PL spectra of planar, NR, and Ag@SiO, NP-embedded NR samples. (b) TRPL decay curves of reference NR LED and NP-embedded NR LED.

Table 1
Summarized PL enhancement and EC efficiency of the blue and white LEDs.

Structure Peak wavelength(A max, NM) FWHM(nm) PL enhancement EC efficiency
Blue LED Planar 467 20.27 1 -
NR 457 16.74 1.31 1
Ag@SiO,-embedded NR 457 16.65 145 1.57
White LED Planar+PNCs - - 1 -
NR+PNCs - - 110 -
Ag@SiO,-embedded NR+PNCs - - 1.62 -

reference NR and Ag@SiO,-embedded NR LEDs are 3.41 and 2.48 ns,
respectively. This results from the coupling of MQW excitation en-
ergy to the fast LSP channel from which the energy is converted into
outside light [37]. From these transient PL results, the EC efficiency
of each sample was calculated with the following equation:
Nec = TL_S}’/(TL_S}’ + Tn_a]norad); Thanorod  (3.41ns) and 7sp  (2.48 ns) re-
present the decay times of the reference NR LED and NP-embedded
NR LED, respectively. The calculated EC efficiency of Ag@SiO, LSP is
57%. Thus, the near-surface MQWs of the NRs close to NPs should be
strongly affected by the LSP fringe field and recombination rates. In
addition, the effective PL lifetime should be the sum of the reciprocal
bulk and near-surface recombination lifetimes. These considerations

suggest that the PL intensity increase and lifetime acceleration due
to MQW-LSP coupling should be much higher than those calculated
by the simple estimates above [38]. The PL enhancement and EC
efficiency of the blue and white LEDs are summarized in Table 1.
Fig. 6 shows the performance results of the white LED. Based on
this device structure, we investigated the photometric properties of
the generated white light such as the correlated color temperature
(CCT), color rendering index (CRI), and commission internationale de
I'’Eclairage (CIE) coordinates. In addition, to prove the improved PL
efficiency, we compared the characteristics of the planer white LED,
NR white LED, and Ag@SiO,-embedded NR LED. The PL intensity of
the Ag@SiO,-embedded NR sample is 47% higher than that of the NR
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Fig. 6. (a) PL spectra of the fabricated pe-WLED with different BLED intensity. (b) CIE coordinates of the corresponding white light emission with Ag@SiO, embedded nanorod

structure.

sample and 62% higher than that of the planar sample (see Fig. 6a).
The white light from the Ag@SiO,-embedded NR has resulted in a
CRI of 87.7 with a CCT of 5975 K; thus, the sample provides a high-
CRI white light. The inset in Fig. 6b shows the CIE diagram; (X, y)
coordinates (0.3378, 0.3216) of the sample are very close to those of
standard neutral white light (0.333, 0.333). Therefore, perovskite
white (pe-white) LEDs with Ag@SiO,-embedded NR BLEDs are pro-
mising candidates with improved efficiency and high color purity.

4. Conclusions

In conclusion, we have demonstrated a reliable approach to the
fabrication of high-performance perovskite white LED. The pre-
sented color conversion layers with PNCs (CsPbX3) and PDMS mix-
ture can generate high PLQY and high CRI performance. In addition,
use of Ag@SiO,-embedded InGaN/GaN NR structure to replace
planar BLED provides an effective way of improving the BLED effi-
ciency, resulting in highly efficient pe-white LED. Consequently, the
pe-white LED has a CRI of 87.7, CCT of 5975K, and white CIE co-
ordinates of (0.3378, 0.3216). The fabricated white LED with the
highly efficient BLED structure opens up new possibilities for op-
toelectronic applications.
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