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ABSTRACT: In this study, a spin coating process in which
the grating structure comprises an Ag nanoparticle layer coated
on a p-GaN top layer of InGaN/GaN light-emitting diode
(LED) was developed. Various sizes of plasmonic nano-
particles embedded in a transparent conductive layer were
clearly observed after the deposition of indium tin oxide
(ITO). The plasmonic nanostructure enhanced the light
extraction efficiency of blue LED. Output power was 1.8 times
the magnitude of that of conventional LEDs operating at 350
mA, but retained nearly the same current—voltage character-
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istic. Unlike in previous research on surface-plasmon-enhanced LEDs, the metallic nanoparticles were consistently deposited over
the surface area. However, according to microstructural observation, ITO layer mixed with Ag-based nanoparticles was
distributed at a distance of approximately 150 nm from the interface of ITO/p-GaN. Device performance can be improved
substantially by using the three-dimensional distribution of Ag-based nanoparticles in the transparent conductive layer, which
scatters the propagating light randomly and is coupled between the localized surface plasmon and incident light internally

trapped in the LED structure through total internal reflection.
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1. INTRODUCTION

Group III nitride compound semiconductors used to fabricate
high-brightness light-emitting diodes (LEDs) at wavelengths
from the ultraviolet to visible region have attracted much
attention."™* Although LEDs are commercially available, they
are flawed by inefficiency caused by low internal quantum
efficiency (IQE) and poor light extraction efficiency (LEE)
from semiconductor light sources. IQE is strongly influenced by
the nonradiative recombination process of threading disloca-
tions and other defects, and by the separation of the electron
and hole wave functions caused by spontaneous polarization
and strain-induced piezoelectric polarization.”® Another source
of energy loss is total internal reflection (TIR), which occurs at
the emitter/air (or epoxy) interface because of the typically
high refractive index of the emitting materials.”® Therefore, the
most critical requirement for a high-power solid-state LED is
developing new methods to increase the IQE or LEE of the
devices.

Surface plasmons (SPs) excited by the interaction between
light and metal surfaces can enhance light absorption in
molecules” "' and increase Raman scattering intensities.">”"*
Fluctuations in electromagnetic fields, called surface plasmon
polaritons (SPPs), accompany the charge fluctuation of the SP
oscillation. However, when the resonant frequency of the SPPs
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overlaps the emission frequency of the quantum wells (QWs)
at the metal and semiconductor interface, the QW energy can
transfer to the SPs, in which case, electron—hole recombination
can produce SPPs instead of photons or phonons. Because the
density of SPP mode states is large, the QW—SP coupling rate
should be rapid, and the new path of a recombination increases
the spontaneous emission rate of the device.">™"” If the metal/
semiconductor surface were perfectly flat, extracting light from
the SPP mode would be difficult and the SP energy would
thermally dissipate. SPP energy can be extracted as light by
using rough metal film, which allows high-momentum SPPs to
scatter, lose momentum, and couple, forming radiative light.ls
However, only a few LEDs can be enhanced using SPP—emitter
coupling because the SPP resonant frequency of a metal film is
difficult to tune.'”*® Unlike SPPs on a metal film, the local
collective oscillations of electrons at interfaces between metallic
nanoparticles and dielectric matrices are localized surface
plasmons (LSPs). Generally, metallic nanoparticles are formed
through the thermal annealing of a thin metal layer. By
controlling the thickness of the deposited metal layer and the
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annealing conditions, metallic nanoparticles of various sizes,
shapes, and periodic distances can be tuned to induce LSPs
possessing various resonance energies. In addition, the LSPs
improved LED performance over SPPs ones result from less
dissipation because the induced electromagnetic wave is locally
confined and cannot propagate along the metal surface. The
metal layer is no longer opaque, enabling emission from the
metal side.

In previous studies investigating SP-enhanced GaN-based
LEDs, a metallic nanoparticle layer was embedded in the p-
GaN layer.”'~** The coupling of spontaneous emission from
InGaN/GaN multiple quantum wells (MQWs) with the LSP
modes of metal/dielectric nanostructures can enhance light
emission by improving the IQE of the device. However, the
penetration depth of the SP evanescent field, estimated to be
merely tens of nanometers for a blue emitting wavelength,
depends on the distance between the QWs and the metallic
structures.”®>® Nevertheless, the p-GaN layer in blue emissive
GaN-based LEDs, sandwiched between the active and p-type
conducting layers, must exceed a 100 nm thickness to ensure
sufficient carrier mobility. Therefore, the crystal quality and
electrical characteristics of such SP-enhanced LEDs are
degraded because the p-GaN is too thin to facilitate formation
of a p—n junction, and the metallic nanoparticles embedded in
the GaN layer induce defects.>®

Although the IQE enhancement via QW—LSP coupling of
LEDs has been studied, only a few cases in which the LEE is
enhanced by LSP—TM light coupling have been reported. In
some situations, because the distance between the metallic
nanoparticles and MQWs is long, enhancement through
emitter—field interaction is no longer applicable. Thus, the
energy of the generated photons in the active layers is first
transferred to the metallic nanoparticles, inducing LSPs and
then light emission. For LED structures grown on a c-plane
substrate, the transverse-electric TE (or transverse-magnetic
TM) polarization direction corresponds to the electric field
perpendicular (or parallel) to the c-axis. Because TE-light
propagates mainly in the vertical direction, it can easily escape
from the LED chip through the substrate direction. However,
the TM-light propagates mainly in the lateral direction, severely
affected by TIR because of the large incident angle on the
interface, and emission light only escapes from the top and
bottom surfaces when inside an escape cone. Because of the
various propagation directions, the LEE of the TE mode is
higher than that of the TM mode in most LED structures.”
Moreover, a ratio of approximately 1.8:1 has been observed
between electroluminescence (EL) intensities with polarized
TE and TM modes in blue LEDs,* suggesting that blue
photons cannot be entirely extracted from the escape cone. An
LSP—TM light resonance condition enables the metallic
nanoparticles to capture the trapped TM-light in the epitaxial
layers of LED devices and enhances the LEE>' ™3
improvement that only results from an out-coupling of the
generated photons by the metallic nanoparticles. Although the
IQE of LEDs is not enhanced by QW—LSP coupling, the LEE
of this device is enhanced by the LSP—TM light coupling.

In this study, an SP-enhanced LED (SPE-LED) was
successfully fabricated by improving the LEE of the device
through LSP—TM light coupling instead of QW—LSP coupling.
The distance between the Ag nanoparticles and InGaN/GaN
MQWs is too thick to allow the QW—LSP coupling. A spin
coating process, which used a grating structure composed of a
nano-Ag solution coated on a p-GaN layer, facilitated rapid
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processing time, high production yield, lower cost, and high
uniformity on the curved surface. Moreover, the size, density,
and periodic distance of metallic nanostructures were
controlled by adjusting the spin coating rate, heat treatment
condition, and nano-Ag solution concentration. An electron
beam was used to evaporate 200 nm-thick indium tin oxide
(ITO) for use as an ohmic contact layer, which was deposited
on the Ag nanoparticle top layer. During the physical vapor
deposition, the Ag nanoparticles were embedded in the ITO
layer, forming the Ag-based plasmonic nanostructure. The
structural properties of ITO/p-GaN with Ag nanoparticles were
investigated through atomic force microscopy (AFM), field-
emission scanning electron microscopy (FESEM), and trans-
mission electron microscopy (TEM). LED performance was
substantially improved by the three-dimensional distribution of
Ag-based nanoparticles. To validate the superior performance
of SPE-LEDs, conventional LEDs (C-LED) without Ag
nanoparticles were also fabricated for comparison.

2. EXPERIMENTAL SECTION

The blue LED wafers used as the samples in this experiment consisted
of a typical GaN-based LED structure grown on a c-plane (0001)
sapphire through metal—organic chemical vapor deposition
(MOCVD). The epilayers of the LED structure, listed in order from
substrate to surface, were as follows: a 0.03 ym thick GaN nucleation
layer; a 2.7 ym thick GaN undoped layer; a 3.0 um thick n-GaN layer;
10 pairs of InGaN/GaN MQWs; 0.025 pm thick Mg doped p-AlGaN;
and 0.2 um thick p-GaN. To coat the Ag nanoparticles on the p-GaN
top layer, the samples were removed from the MOCVD chamber. Spin
coating using a nano-Ag solution (in which the average Ag-particle
diameter was approximately 20 nm) was employed, and after the nano-
Ag solution was uniformly coated on the p-GaN layer, the Ag layer was
transformed to Ag nanoparticles during baking at 130 °C for 1 min.
The metallic nanoparticle layer was then fabricated, and a baking
process enabled the metallic nanoparticles to self-aggregate. Because
the optical response of the metallic nanoparticles depended on the
size, shape, and density, controlling the nanostructure by modulating
the concentration of the nano-Ag solution with the proper spin coating
rate was beneficial. In addition, a 200 nm thick ITO film, the
transparent conductive layer, was deposited on the Ag nanoparticle
layer through electron-beam evaporation, and subsequently thermally
annealed at 550 °C for 5 min in an ambient atmosphere. To fabricate
the LEDs, the mesa was partially etched using an inductively coupled
plasma etching process featuring Cl, source gases until the n-GaN
layer was exposed for n-type ohmic contact. Finally, the Ti, Al, Ti, Cr,
and Au layers (15 nm, 2000, 15, 5, and 200 nm, respectively) were
deposited onto samples to form n-pad and p-pad electrodes. The blue
SPE-LED was 1 X 1 mm. For comparison, the p-GaN layer of a
conventional LED without Ag nanoparticles was also fabricated.

3. RESULTS AND DISCUSSION

After the nano-Ag solution was uniformly coated on the p-GaN
top layer in a spin coating process, a Ag layer was formed, and
subsequently transformed into Ag nanoparticles during baking
at 130 °C for 1 min. Figure 1 depicts AFM images of the Ag
nanoparticles created using nano-Ag solutions with concen-
trations of 100 and 10 ppm, respectively, on the p-GaN top
layers. Because of the high uniformity on the surface of curved
parts during a spin coating process, the root-mean-square
(RMS) roughnesses for the two samples were 1.18 and 3.90
nm, respectively. Compared with the as-grown p-GaN epilayer
(RMS = 0.95 nm), the grating structure on the p-GaN top layer
that had a low surface roughness was naturally formed through
the self-aggregation of Ag nanoparticles. However, Ag nano-
particle size increased and their shapes became more irregular
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Figure 1. AFM images of the surface with (a) 100 ppm and (b) 10
ppm concentrations of the nano-Ag solutions coated on p-GaN top
layer after a baking process, respectively.

as the concentration of nano-Ag solution increased; the size and
shape of the Ag nanoparticles determined the resonance energy
of the generated LSP.

Figure 2 illustrates the conductive atomic force microscopy
(C-AFM) images, including the surface morphology and

Figure 2. (a) Topographic image of ITO thin film embedded with Ag-
based nanoparticles. (b) Current distribution image of ITO layer
embedded with Ag-based nanoparticles at a sample bias voltage of S00
mV.

current distribution of an as-deposited ITO thin film on the
Ag nanoparticle layer (the sample fabricated using a nano-Ag
solution with 10 ppm concentration). C-AFM is a powerful
current-sensing technique that enables studying insulating
materials on the nanometer scale. Figure 2a illustrates the
surface morphology, in which ITO grains have maximal
diameters of approximately 100 nm and protrude from the
film plane by a few tens of nanometers. The current
distribution image for bias voltages at the tip of S00 mV was
measured in the same sample area depicted in the surface
morphology image. In the current distribution image shown in
Figure 2b, much of the scanned areas exhibited a current higher
than the 12 nA sensitivity of the amplifier (white areas),
because the ITO thin film was a transparent conductive layer
with low resistance. However, the image reveals isolated regions
of current signals that have an average diameter of
approximately 20 nm. These regions exhibit a local minimum
of the measured current (black areas), and are hereafter called
“spots.” This article focuses on the characterization of these
spots.

To confirm the existence of Ag-based nanoparticles
embedded in a transparent conductive layer on the p-GaN,
the LED epitaxial structure with an ITO layer was soaked in a
hot HCl solution (the sample also fabricated using the nano-Ag
solution with a 10 ppm concentration). After a 1.5 min wet
etching process, a portion of the ITO top layer was etched out
(etching depth ~ 100 nm), and the Ag-based nanoparticles
below the surface were exposed. Figure 3a depicts FESEM
micrographs, which clearly show the various sizes of Ag-based
nanoparticles embedded in the ITO layer after the deposition
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Figure 3. (a) Plane-view FESEM micrographs of the ITO film
embedded with Ag-based nanoparticles (the sample fabricated by
nano-Ag solution with 10 ppm concentration) after the wet etching
process. An enlarged FESEM image is shown in panel b.

of the ITO film (~200 nm). The acid resistance of the
transparent conductive layer increased because of the existence
of the Ag-based nanoparticles. The high-FESEM-magnification
image shown in Figure 3b indicates that the diameter and
density of Ag-based nanoparticles were between 20 and 80 nm
and 8.47 X 10° cm™? respectively, and each ITO layer covered
approximately 15.67% of the surface area. Based on these
results, most Ag-nanoparticles presented in this study were
embedded in the ITO film.

In addition to FESEM imaging, the ITO film embedded with
Ag-based nanoparticles that had grown on the p-GaN layer was
also analyzed through TEM plane-view observation. To prepare
a sample for TEM measurement, the substrate, LED epilayers,
and a portion of the ITO film were ground. An approximately
80 nm thick ITO film remained on the thin region of the TEM
sample. Figure 4 depicts the TEM bright field image and the

Figure 4. TEM bright field image and corresponding electron
diffraction pattern of the ITO film embedded with Ag-based
nanoparticles (the sample fabricated by nano-Ag solution with 10
ppm concentration).

corresponding electron diffraction pattern of the sample.
Several nanoparticles with an average size of 35 + 10 nm
were distributed randomly in the ITO film. The feature of TEM
image was similar to that of FESEM image. The electron
diffraction pattern was analyzed to determine the crystal
structure of the sample, and many diffraction rings were
observed, indicating that the structure of the sample was
polycrystalline. As expected, the majority of the diffraction rings
were indexed to the ITO crystalline phase. In addition, two
diffraction rings belonging to the Ag,O(111) and Ag,0(220)
planes were formed in the pattern. Therefore, the Ag,O phase
could be attributed to the Ag-based nanoparticles formed in the
ITO film.
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To determine the transition and distribution of Ag spacings greater than 3.15 A had formed (Figure Sd), belonging
nanoparticles after the ITO layer evaporated, the LED samples to the 3R-polytype AgIn0,(006) plane.** The AgInO,
were subjected to high-resolution TEM (HR-TEM) measure- formation indicated that the Ag nanoparticles contributed to
ment. Coated Ag nanoparticles formed using nano-Ag solutions the ITO evaporation process and created the other solid phase.
with concentrations of 10 and 100 ppm embedded in the ITO A nano-Ag solution with a concentration of 100 ppm was

layers. Figure S depicts TEM images of the nano-Ag solution used to embed Ag into the ITO layer, and a similar TEM
measurement was applied (Figure 6). Figure 6a shows a cross-

”~ N
v N
7 — 1d=2.39A
J /
S ¥ Ag(111)
-7
Region Il

& d=3.15A
|!Ag|no2 (006)

4994
) SapTey
ZaN

R A
AginO; (006}
3 _," ol

Figure 5. (a) Cross-sectional TEM images of ITO film embedded with

Ag-based nanoparticles on the p-GaN top layer (using the nano-Ag Figure 6. (a) Cross-sectional TEM images of ITO film embedded with
solution with 10 ppm concentration). HR-TEM images for this sample Ag-based nanoparticles on the p-GaN top layer (using the nano-Ag
were focused on (b) region I, (c) region II and (d) region III, as solution with 100 ppm concentration). HR-TEM images for this
marked in Figure Sa. sample were focused on (b) region I, (c) region II, and (d) region III,

as marked in panel a.

with the 10 ppm concentration. In the cross-sectional TEM

image (Figure Sa), which was used to examine the ITO grown sectional TEM image focused on the ITO/p-GaN region. After
on the p-GaN layer, the interface of ITO/p-GaN was clearly the Ag nanoparticles were coated on the p-GaN layer, a 200 nm
apparent, and the ITO layer was approximately 200 nm thick. thick ITO layer was evaporated. Regions I, II and III marked in
Three regions (marked I, II, and III in Figure Sa), comprising Figure 6a were subjected to HR-TEM measurements, depicted
the interface between p-GaN and ITO, and the middle and in Figure 6b—d, respectively. The interfaces between p-GaN
upper parts of the ITO layer, were selected in which to perform and ITO, and the middle and upper parts of the ITO layer were

HR-TEM measurement (Figure Sb—d). As shown in the HR- also indicated in the regions, respectively. As shown in Figure
TEM image of the ITO/p-GaN interface (Figure Sb), 6b, the ITO grains formed on the p-GaN layer, and the Ag
numerous ITO grains aggregated on the p-GaN layer, and nanoparticle was approximately 30 nm from the p-GaN layer,
nearly no Ag grain was present. When imaging was captured at suggesting the Ag nanoparticle was suspended in this sample.
a distance of approximately 10 nm from the interface to ITO, a HR-TEM measurements on the middle and upper parts of ITO
Ag grain approximately 10 to 20 nm was observed; when the layer (Figure 6¢, d) indicated that the two regions had similar
distance was greater than 15 nm, several grains in the Ag,O microstructures. In addition to the ITO phase formed with d-
phase were visible, indicating that the Ag nanoparticles coated spacings of 2.93 to 2.96 A, various d-spacings, ranging from
on the p-GaN layer and suspended to form the ITO layer 3.12 to 3.15 A indexed to the AgInO, phase, were apparent in
evaporated. Additionally, Ag nanoparticles reacted with oxygen these two regions, suggesting that the Ag nanoparticles in this
atoms to form the Ag,0O phase. When the nanosized Ag sample were embedded in the ITO layer with a distance of
particles (<20 nm) acquired sufficient energy and melted, the approximately 150 nm (Figure 6a) and reacted with oxygen and
Ag particles reacted with gaseous atoms, forming the Ag,O indium atoms. Nearly no Ag,O phase was present in the
phase that was embedded in the ITO layer. The Ag,O phase sample. By contrast, a large d-spacing of 4.12 A was indexed to
was also observed in the middle of the ITO layer (Region II). the Sn(110) plane (Figure 6¢,d); the Sn phase was observed
Figure Sc shows Ag,O grains approximately 25 + 10 nm in size. only in the image shown in Figure 6. When the Ag
In the upper part of the ITO layer (Figure Sd), the Ag and concentration of nano-Ag solution was increased to 100 ppm,
Ag,0O grains disappeared. Based on the analysis depicted in increasingly more Ag atoms reacted with the oxygen and
Figure Sd, d-spacing evaluated to 2.93 A was indexed to the indium atoms, creating the AgInO, phase, and the Sn phase
ITO (222) plane. In addition to the ITO grains, other d- resulted from the unreacted Sn atoms. Compared with the
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sample using the nano-Ag solutions with 10 ppm concen-
trations, the amount of AgInO, phase substantially increased
with greater Ag concentration. According to previous
research,®® AgInO, film exhibits poorer electrical properties
with a resistivity of 1.7 X 107" Q-cm, than does conventional
ITO film. In this study, when the LED devices were fabricated,
the sample embedded with Ag nanoparticles created using the
nano-Ag solution with a 10 ppm concentration exhibited
improved optoelectronic performance, compared with the C-
LED. When the nano-Ag solution with a 100 ppm
concentration was used, the electronic performance of the
LED deteriorated, which is attributable to the AgInO, phase
that formed in the ITO layer; the electrical property of the ITO
worsened, resulting in poor ohmic contact between the ITO
film and the p-GaN layer.

According to the results shown in Figures 1—6, the
mechanism of Ag nanoparticles embedded in ITO film from
the ITO/p-GaN interface can be evaluated as follows. First, the
Ag nanoparticles formed during self-organized agglomeration,
after the nano-Ag solution was uniformly coated on the p-GaN
top layer and baked. During physical vapor deposition, the
target material (ITO) was transferred from the solid phase to
the vapor phase atom by atom, and then back to the solid
phase. Because the Ag nanoparticles (approximately 20 nm)
exhibited a lower melting point (approximately 150 °C) than
did the Ag bulk (approximately 960 °C). During reactive
deposition, the depositing material reacted with the gaseous
environment and molten Ag nanoparticles of the codeposited
material, forming a grain and gradually building a film on the
surface of p-GaN. Because the Ag nanoparticles and p-GaN
layer did not form a chemical bond during the baking process,
the various sized Ag-based nanoparticles of the compound
material embedded in the ITO layer (Figure 7).

3R-polytype
AgInO,

suspended nanoparticle layer °
I o—
020 %% o o
o 0 09 ©
p-GaN layer

Figure 7. Schematic Ag-based nanoparticles embedded in ITO layer
compound for Ag,O and 3R-polytype AgInO, along the c-axis.

In previous studies that focused on surface-plasmon-
enhanced LED devices,”'™>° the metallic nanoparticles were
consistently distributed over the p-GaN surface area, which
indicated that the improved performance of the LEDs was
caused by the two-dimensional distribution of nanoparticles
through MQW—LSP coupling. However, in this study, the Ag
nanoparticles embedded throughout most of the ITO layer.
Thus, improved LED performance can be facilitated by the
three-dimensional distribution of Ag-based nanoparticles.
Figure 8 shows the transmission spectrum of the Ag-based
nanoparticles embedded in the ITO layer. The ITO/sapphire
samples created using nano-Ag solution concentrations of 10 to
100 ppm exhibited optical curves. As shown in Figure 8a, a
primary absorption peak of Ag-based nanoparticle varied from
377 to 385 nm, attributable to the excitation of the dipole
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Figure 8. Transmittance spectrum of ITO and ITO embedded Ag-
based nanoparticles with various nano-Ag solution concentrations: (a)
as-deposited state and (b) annealing at S50 °C in atmosphere.

plasmon mode. The absorption peaks of the samples were
located in the near-ultraviolet region, distinct from those only
located at the blue wavelength region.*"”* Because of the
varying nanoparticle size and shape in the ITO layer, the LSP
modes of various resonance energies created broad trans-
mission dips and increased when the concentration of the
nano-Ag solution increased. In general, wavelengths correspond
to transmission dip redshifts; the dip broadens as the average
size of Ag-based nanoparticles increases; the absorption
intensity is determined by the amount of nanoparticles.

Figure 8b shows the transmittance of the ITO samples
annealed at 550 °C in an ambient atmosphere. As the diameter
of Ag-based nanoparticles increased during the thermal
annealing process, the localized SP resonance (LSPR) wave-
length lengthened and broadened, and a strong dip appeared
near 395 nm in the 100 ppm sample. In samples with higher Ag
concentrations (100 ppm), the dip near 395 nm was caused by
the SPP resonance generated at the interface of ITO and p-
GaN, a result that was similar to that obtained from the optical
transmission spectra of the Ag/ITO composite films.*®
However, precisely estimating the LSPR wavelength is difficult
because of the randomly distributed plasmonic nanostructure in
the ITO layer. A range of various wavelength shifts in the LSPR
can be expected. The LSPR wavelength belonging to the 10
ppm sample exhibited an absorption peak at 463 nm, which was
the lowest observed in this study. Because the prepared LED
sample emitted 455 nm of light, the 10 ppm sample could
enhance emission efficiency.

Figure 9a depicts the photoluminescence (PL) spectra of
InGaN/GaN MQW blue LEDs with and without Ag-based
nanoparticles embedded in ITO film. The PL spectra was

—— C.LED{wlo Ag)
—— SPE.LED(10 ppm Ag)
\—— SPE-LED(100 ppm Ag)

3 —— C-LED (wio Ag)
E (a) 3 (b) —— SPE-LED (10 ppm Ag)

——wio Ag on glass
——with Ag on glass

Transmittance (%)

PL Intensity (a.u.)
EL intensity (a.u.)

T %o o0 w0 a0 860 700 760
wavelength (nm)

380 400 420 440 460 480 500 520 540
Wavelength (nm)

400 420 440 460 480 500 520 540 560 580 600
Wavelength (nm)

Figure 9. (a) Room temperature PL spectra of the blue LEDs with and
without Ag nanoparticles. (b) EL spectra of the LED samples with and
without Ag nanoparticles when the injection current is 20 mA. The
inset shows the transmission spectra of only Ag nanoparticles on the
glass substrate.
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obtained by measuring the top side of the samples at room
temperature, using a He—Cd laser (4 = 325 nm) that had an
excitation laser power of 40 mW. Unlike the C-LED, the ITO
film embedded with Ag-based nanoparticles of LED exhibited a
PL intensity of enhancement and suppression in the 10 and 100
ppm samples, respectively. In the 10 ppm sample, the
integrated PL intensity of the LED increased 52.5%, compared
with that of the C-LED. The LSPR wavelength (463 nm) of the
Ag-based nanoparticles coincided with the emission wavelength
(455 nm) of the LED, enhancing the PL through the LSP—TM
light coupling. This enhancement was attributable to the
plasmonic nanostructure embedded in the ITO layer, which
coupled with the trapped TM light in the ITO/p-GaN interface
and the ITO layer, and subsequently emitted light. By contrast,
PL intensity was suppressed in the 100 ppm sample because the
transmittance at 455 nm was lower than 60%. The density of
state of these dipole plasmon modes achieved a maximum of
approximately 395 nm, indicated by the dip in the 100 ppm
curve (Figure 8b). Because of the momentum disparity
between the SPP and photon and the high dissipation rate,
PL intensity was suppressed. In addition, the coupling on the
high-energy side of the PL spectrum in the 100 ppm sample
caused a 2 nm blueshift in the spectral center of mass compared
with that of C-LEDs.

Figure 9b shows the electroluminescence (EL) spectra of the
LED without and with Ag nanoparticles (10 ppm sample) at
low injection current (@20 mA). It was found that the EL
peaks of these LEDs are located at the blue wavelength region.
The inset of Figure 9b shows the transmission spectra of only
Ag nanoparticles on the glass substrate using a nano-Ag
solution by spin coating process. Compared to spectra of Ag-
based nanoparticles embedded in ITO layer (Figure 8a), the
spectrum of the Ag nanoparticles exhibits an absorption peak at
437 nm, which resulted from the extinction by the excitation of
dipole plasmon modes in the Ag nanoparticle with regard to its
size, density, and periodic distance of nanostructures. This is
the unique SP band in absorption spectrum of pure Ag
nanoparticles, and the LSPR wavelength of pure Ag nano-
particle is matched with the emission wavelength of the light
emitted from LED. Therefore, the LSP—light coupling effect on
the high-energy side of the EL spectrum in SPE-LED leads to
the blueshift by 2 nm of its emission peak wavelength with
respect to that of C-LED. The spectral blueshift of SPE-LED
also supports the LSP—TM light coupling effect. Moreover, the
LSP—TM light coupling results in quite effective emission,
leading to 70% enhancement in EL peak intensity compared
with that of the C-LED. If the LSPR wavelength is closer to the
emission wavelength of LED, more efficient coupling to LSP
can be expected. Especially, the transmittance of pure Ag
nanoparticles on the glass substrate is higher than 84%,
indicating that the improvement of light out is not fully due to
the scatterings by the Ag nanoparticle layer. Owing to the
results of optical transmission, PL and EL spectra mentioned
above, it has the concrete evidence that the improvement in the
light out is due to LSP—TM light coupling effect.

To determine the optoelectronic performance of SPE-LEDs,
the current—voltage (I-V) characteristics and optical output
power were measured. As Figure 10a shows, the SPE-LED
forward voltages for the 10 and 100 ppm samples, measured
using an injection current of 20 mA, were 3.04 and 8.17 V,
respectively. The forward voltage of 20 mA in the C-LED
without Ag nanoparticles on the p-GaN top layer was 3.03 V,
indicating that the lower Ag-concentration samples did not
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Figure 10. (a) Typical current—voltage characteristics of SPE-LED
samples fabricated with different concentration of a nano-Ag solution.
(b) Light output power as a function of injection current for SPE-LED
and C-LED.

degrade the electrical properties, because a small amount of
AgInO, nanoparticles were formed by the Ag nanoparticles
embedded at the ITO/p-GaN interface. In the 10 ppm sample,
most of the low resistivity Ag,O was embedded in the ITO
layer, evident from the microstructural observation of HR-TEM
measurement. In addition, p-GaN thickness in the SPE-LEDs
was sufficient to facilitate formation of a p—n junction that
improved the electrical property. Only 4.03 V was required to
enable the 350 mA current to flow into the 10 ppm device, a
result that is an optimal result for surface-plasmon-enhanced
blue LEDs with low series resistance.”’ ~>° The series resistance
of the SPE-LEDs in this study gradually increased with the
increasing density of the Ag nanoparticles. When the nano-Ag
solution with a concentration of 100 ppm was used, the I-V
characteristic of the SPE-LEDs degraded because of the
nonoptimized ohmic contact property at the ITO layer that
was due to the thick AgInO, film with high resistivity. In
addition, the transmittance of the SPE-LED devices in the blue
wavelength region was low (Figure 8b). Therefore, in this
study, the optical performance of SPE-LEDs embedded with Ag
nanoparticles created using the nano-Ag 100 ppm solution was
not investigated.

As Figure 10D illustrates, device performance was measured
according to the light output power as a function of the
injection current. A 88.10% enhancement in output power was
achieved when the injection current was 350 mA because the
I-V characteristics and LSP resonance effect were excellent.
Figure 11 depicts a schematic diagram of the enhanced light-
output mechanisms. The three-dimensional distribution of Ag-
based nanoparticles in the ITO layer scatters the propagating
light randomly, forms an optical microcavity, and couples the
localized SP and TM-light internally trapped by the TIR in the
ITO/p-GaN interface and the ITO layer. The LSP—TM light
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Figure 11. Schematic diagram of light output enhanced mechanisms of
SPE-LED in comparison with the C-LED.
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coupling suggested that Ag-based nanoparticles coupled with
the trapped light in the device, and then radiated to the outside
of the device, enhancing the light extraction efficiency of the
LEDs.

To confirm this hypothesis, the far-field radiation patterns (at
350 mA) of SPE-LEDs using the 10 ppm sample and of C-LED
were measured for a chip that was not encapsulated by epoxy.
The normal direction and large-angle far-field pattern of the
SPE-LEDs were more enhanced that those of the C-LED
(Figure 12). Viewing angles of 153° and 144° were also
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Figure 12. Far-field emission patterns of the SPE-LEDs and C-LEDs
at the injection current of 350 mA.

measured for the SPE-LEDs and C-LED, respectively. The
overall integrated area of the SPE-LED electroluminescence
intensity was larger than that of the C-LED, because the LSP—
TM light coupling effect, microcavity effect and multiple
scattering caused by the Ag-based nanoparticles embedded in
ITO increased the light extracted from the ITO/p-GaN
interface and the ITO layer to air transition. These results
indicated that the three-dimensional distribution of Ag-based
nanoparticles embedded in the ITO layer efficiently increased
the light extraction at large angular directions and enhanced

light diffusion.

4. CONCLUSIONS

In this study, the light output of GaN-based LEDs using a novel
transparent conductive oxide film embedded with plasmonic
nanostructure on the p-GaN top layer was enhanced. Because
the Ag-based nanoparticles embedded throughout most of ITO
layer, the three-dimensional distribution of metallic nano-
particles in the ITO layer scatters the propagating light
randomly, forms an optical microcavity, and couples the LSP
and TM-light. Measurement of the PL intensity, EL intensity
and large-angle far-field emission pattern of the SPE-LEDs
indicated that the light extraction efficiency increased
substantially during LSP—TM light coupling. The optoelec-
tronic property of the conventional LED sample suggested the
superior performance of the SPE-LEDs (fabricated with lower
Ag-concentration samples), even though the Ag nanoparticles
were located a minimum of 200 nm from the MQWs. The
magnitude of the SPE-LED output power was 1.8-fold that of
the conventional LED at 350 mA, and nearly the same I-V
characteristics were maintained. Excellent device performance
indicated that the spin coating technique using a nano-Ag
solution can be applied to fabricate LEDs that provide high-
power solid-state lighting.
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