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Abstract The enhanced surface plasmon (SP) coupling
effects in a blue light-emitting diode (LED) with regularly
patterned (REG) surface Ag nanoparticles (NPs) on a di-
electric interlayer (DI) of a lower refractive index over-
grown on p-GaN are demonstrated. Without a DI, the
surface Ag NPs-induced SP coupling with the quantum
wells (QWs) in the LED can lead to the increases of
internal quantum efficiency and LED output intensity,
the reduction of the external quantum efficiency droop
effect, and the enhancement of modulation response. By
adding a DI, the SP coupling effect is enhanced, resulting
in the further improvements of all the aforementioned fac-
tors. We compare the SP coupling effects in the LEDs
with REG Ag NPs on DIs to those of randomly distribut-
ed (RAN) Ag NPs previously reported. Although the var-
iation trends of the localized surface plasmon (LSP) res-
onance peaks and hence the SP coupling behaviors of
REG and RAN Ag NPs are similar, their LSP resonance
strengths at the QW emission wavelength are different due

to their different spectral patterns of LSP resonance. In
other words, although the REG Ag NPs can produce
stronger collective LSP resonance with a narrower spec-
tral width, the SP coupling effect depends mainly on the
LSP resonance strength at the QW emission wavelength.

Keywords Surface plasmon . Light-emitting diode . Ag
nanoparticle . Dielectric interlayer

Introduction

By fabricating a metal nanostructure on a light-emitting
diode (LED), the induced surface plasmon (SP) coupling
with the quantum wells (QWs) of the LED can create an
alternative light emission channel and hence enhance the
internal quantum efficiency (IQE) and LED output inten-
sity [1–10]. Also, because of the significant decrease of
the carrier density in the QWs during the SP coupling
process, either effect of current overflow [11–13] or Au-
ger recombination [14–16] in an LED is weakened, lead-
ing to the reduction of the efficiency droop effect [17–19].
Among the metals used for generating SP coupling, the
resonance wavelength of an Au nanostructure is usually
longer than the green range and its dissipation rate is
higher, when compared with an Ag nanostructure. Mean-
while, the SP resonance of Al is usually limited to the UV
range. For visible application, Ag is an optimized choice,
particularly for SP-coupled blue and green LEDs. Both
surface plasmon polariton (SPP) and localized surface
plasmon (LSP) resonance can induce SP coupling effects
in an LED. Although SPP generated on a smooth surface
can also couple with a radiating dipole in a QW for emis-
sion enhancement, a momentum compensation scheme,
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such as a metal grating, to shift the SPP dispersion curve
into the light cone can significantly enhance emission.
However, for blue-green LEDs, the period of such a metal
grating must be in the range of 100 nm [18]. It is either
difficult or expensive to fabricate such a metal grating. On
the other hand, the fabrication of a metal nanoparticle
(NP) or a local metal nanostructure for generating LSP
resonance can be a more practical approach for
implementing an SP-coupled LED. In particular, the dis-
tribution of surface metal NPs on an LED is a simple and
inexpensive method for fabricating an SP-coupled LED
[20, 21].

Although the theoretical short-wavelength limit of LSP
resonance on a small Ag NP in air can be as short as
∼200 nm, by forming such an Ag NP on or inside GaN, the
major LSP resonance feature (the dipole resonance mode) for
coupling with a QW is always located in the yellow-red range
because LSP resonance wavelength increases with surround-
ing refractive index. In this situation, the application to blue-
green LEDs relies on the higher order LSP resonance modes,
which are usually weaker and have high dissipation rates [22].
Therefore, for effective SP coupling in the blue-green range, a
certain scheme must be designed for blue-shifting the major
LSP resonance feature into the blue-green range. Generally,
the LSP resonance feature is blue shifted when the size of a
metal NP is reduced. However, it has been numerically shown
that the SP coupling effect of a single metal NP is reduced
when its size becomes smaller [23]. In this situation, a higher
planar metal NP density is required for achieving a strong SP
coupling effect that may represent a technical difficulty. An
alternative approach for blue-shifting the LSP resonance fea-
tures of a metal NP is to place a dielectric interlayer (DI),
which has a refractive index smaller than that of GaN
(∼2.4), on the top of an LED before depositing metal NPs.
In the case of SPP with a flat metal/GaN interface, it has been
theoretically and experimentally shown that by inserting a thin
dielectric layer (such as SiO2 of 1.5 in refractive index) be-
tween the metal and GaN layers, the SPP dissipation rate is
reduced, the evanescent field intensity of SPP beyond a certain
depth in GaN is increased, and the SPP density of state is
decreased [23]. The combination of these factors can result
in a further emission enhancement of QW through SPP cou-
pling. In the case of LSP, although the SP coupling behavior
after adding a DI can be different from that of SPP, it is ex-
pected that the smaller refractive index of the DI right below a
metal NP can blue-shift its dipole resonance mode. In partic-
ular, the behavior of the substrate LPS mode, which has the
major energy distributed around the interface between the
metal NP and the substrate [21, 24], is expected to be sensitive
to the refractive index change of the substrate. This substrate
mode is the most important spatially distributed LSP mode
coupling with the QWs in an SP-coupled LED. With a DI
for blue-shifting the LSP resonance features, the overall LSP

resonance strength can be reduced. Nevertheless, because the
emission wavelength of the QWs in an LED becomes closer to
the LSP resonance peak, the SP coupling effect at the QW
wavelength can become stronger. Recently, such an SP cou-
pling behavior with a DI was demonstrated in a blue-emitting
LED [19]. By inserting a SiO2 or GaZnO thin layer as the DI
between randomly distributed (RAN) Ag NPs and the p-GaN
layer, the LSP resonance peak is blue shifted to become closer
to the QWemission wavelength of the LED for enhancing the
SP coupling effect. A lower refractive index or a larger thick-
ness of the DI leads to a larger blue shift range.

InGaN/GaN QW LEDs have been used for the develop-
ment of visible communications [25–28]. Combining with the
function of general lighting, LEDs can be used for indoor
short-range data transmission. In this regard, the modulation
speed of an LED becomes an important issue. For increasing
the modulation speed, a micro-LED of a small mesa has been
developed for reducing the effective RC time constant in such
a device [25]. Because the SP coupling process can increase
the emission rate or carrier decay rate, the modulation speed of
an SP-coupled LED is expected to be higher, when compared
with a conventional LED.

Although the concept of blue-shifting the LSP resonance
peak of surface metal NPs for enhancing SP coupling effect in
the blue range by adding a DI has been briefly demonstrated
[19], many details of such an SP coupling behavior have not
been reported yet. In particular, because of the random size
distribution in RAN metal NPs, the LSP resonance peaks of
individual metal NPs are dispersed and hence the collective
resonance peak is broad and weak. In this regard, the SP
coupling effect of regularly patterned (REG) metal NPs is
expected to be stronger near the collective LSP resonance
peak, when compared with RAN metal NPs. In this paper,
we first demonstrate the effects of adding a DI between the
p-GaN layer and metal NPs in an SP-coupled LED with REG
surface Ag NPs. Two DI materials of different refractive indi-
ces, including SiO2 (∼1.5 in refractive index) and GaZnO
(∼1.8 in refractive index), are used to observe the effect of
varying the refractive index of the DI. Although GaZnO is a
dielectric material in the optical spectral range, it is a good
conductor under direct-current operation. The comparison be-
tween the REG Ag NP-induced SP-coupled LEDs with insu-
lating SiO2 and conductive GaZnO DIs can show us their
different electrical properties. It is shown that with surface
Ag NPs for producing significant LSP coupling, the IQE
and LED output intensity is increased, photoluminescence
(PL) decay time is shortened, efficiency droop effect is re-
duced, and modulation −3 dB frequency is increased. By
adding the DIs, the variation ranges of these factors are in-
creased following the same trends. The results of the LEDs
with REG Ag NPs are compared to those with RAN surface
Ag NPs when the same DI structures are added. Although the
variation trends of LSP resonance peaks and hence SP
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coupling behaviors of REG and RAN Ag NPs are similar,
their LSP resonance strengths at a given QWemission wave-
length can be different due to their different spectral patterns
of LSP resonance. In this paper, we also compare the differ-
ences of SP coupling between LEDs with single and multiple
QWs. In BSample Structures and Fabrication Procedures^ sec-
tion of this paper, the sample structures and fabrication proce-
dures are presented. The basic optical properties of those sam-
ples are shown in BPhotoluminescence Characterization
Results^ section. Then, the characterization results of the LEDs
with REG surface Ag NPs are reported in BPerformances of the
LEDs with Regularly Patterned Ag Nanoparticles^ section.
Next, the performances of the LEDs with RAN surface Ag
NPs are briefly described in BPerformances of the LEDs with
Randomly Distributed Ag Nanoparticles^ section for compari-
son. Discussions about various comparisons are made in
BDiscussions^ section. Finally, the conclusions are drawn in
BConclusions^ section.

Sample Structures and Fabrication Procedures

Four similar LED epitaxial structures are grown with
metalorganic chemical vapor deposition on c-plane sapphire
substrate. Each epitaxial structure consists of a 1-μm u-GaN
layer, a 2-μm n-GaN layer, a QW structure (including a ∼3-
nm InGaN well and ∼10 nm u-GaN barriers on both sides in
each period of QW), a 20-nm p-AlGaN layer, and a p-GaN
layer. The four LED epitaxial structures include the combina-
tions of two p-GaN thicknesses at 50 and 120 nm and two QW
period numbers at 1 and 5. The SP coupling behaviors with
REG surface Ag NPs on various DI structures between the
cases of thin and thick p-GaN and between the cases of single-
and multiple-QW are to be compared. The QW emission
wavelengths of all the four epitaxial structures are around
470 nm. Each LED epitaxial structure is used for fabricating
five LED samples. Based on the epitaxial structure of thin p-
GaN and single-QW, samples A1-E1 are processed without
REG surface Ag NP (A1), with REG surface Ag NPs but
without DI (B1), with REG surface Ag NPs and a SiO2 layer
of 3 nm in thickness as the DI (C1), with REG surface AgNPs
and a SiO2 layer of 6 nm in thickness as the DI (D1), and with

REG surface Ag NPs and a GaZnO layer of 10 nm in thick-
ness as the DI (E1), respectively. The same Ag NP and DI
conditions are implemented on the epitaxial structure of thick
p-GaN and single-QW for fabricating samples A1′-E1′. Then,
the same Ag NP and DI conditions are implemented on the
epitaxial structure of thin p-GaN and multiple-QW for fabri-
cating samples A5-E5. Next, the same Ag NP and DI condi-
tions are implemented on the epitaxial structure of thick p-
GaN and multiple-QW for fabricating samples A5′-E5′. The
detailed descriptions of the aforementioned 20 samples, in-
cluding the average Ag NP sizes, are given in columns 2–5
of Table 1. The REG Ag NPs either on p-GaN or on a DI are
patterned with nano-imprint lithography. First, a SiN (40 nm)/
SiO2 (40 nm) mask with triangularly patterned holes of
100 nm in hole diameter and 200 nm in pitch is formed
through plasma-enhanced chemical vapor deposition and re-
active ion etching [29]. In the case of a SiO2 DI, SiO2 is again
deposited onto the patterned mask to form a SiO2 layer of the
designated thickness (3 or 6 nm) on the p-GaN surface at the
bottom of a patterned hole. Then, an Ag layer of ∼8 nm in
thickness is deposited onto the mask. The Ag thickness inside
the patterned holes is also ∼8 nm. REG Ag NPs with a SiO2

DI can be formed after a liftoff process through the etching
with buffered oxide etchant (BOE). The SiO2 DI is not etched
by BOE since it is covered by an Ag NP. After a thermal
annealing process at 300 °C for 30 min with ambient nitrogen,
REG Ag NPs of smooth surface can be obtained. Figure 1a
schematically demonstrates the device structure around an Ag
NP with a SiO2 DI. Figure 2a shows a tilted scanning electron
microscopy (SEM) image of the REG Ag NPs in sample C1,
i.e., with a SiO2 DI of ∼3 nm in thickness. Figure 2b shows the
cross-sectional transmission electron microscopy (TEM) im-
age of sample C1 around an Ag NP. Here, the bright stripe
beneath the dark Ag NP region corresponds to the ∼3-nm
SiO2 DI. In the case of a GaZnO DI, a GaZnO layer of
∼10 nm is deposited onto p-GaN before the formation of the
patterned mask. After the complete procedure of REG Ag NP
fabrication, the whole GaZnO layer is preserved, as schemat-
ically shown in Fig. 1b. GaZnO is a good transparent conduc-
tor under direct-current operation, but is a dielectric material in
the optical spectral range with the refractive index around 1.8.
The GaZnO layer is deposited with molecular beam epitaxy at

Table 1 Sample parameters of samples A1-E1, A1′-E1′, A5-E5, and A5′-E5′

Sample QW
no.

p-GaN thick.
(nm)

NP size
(nm)

DI
condition

Trans. min.
wavelength (nm)

Trans. min.
level (%)

Trans. level at
470 nm (%)

Dip FWHM
(nm)

A1/A5 (A1′/A5′) 1/5 50 (120) – – – – – –

B1/B5 (B1′/B5′) 1/5 50 (120) 85.3 No DI 512–512 27.0–27.7 65.8–66.1 84–86

C1/C5 (C1′/C5′) 1/5 50 (120) 52.2 Thin SiO2 494–497 41.9–42.9 47.4–48.2 135–136

D1/D5 (D1′/D5′) 1/5 50 (120) 47.2 Thick SiO2 482–487 47.4–48.5 49.9–50.5 154–156

E1/E5 (E1′/E5′) 1/5 50 (120) 76.4 GaZnO 502–506 36.5–37.0 50.1–50.8 117–118
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350 °C in substrate temperature. Its resistivity, mobility, and
electron concentration are 1.6×10−4 Ω-cm, 22 cm2/V-s, and
1.5×1021 cm−3, respectively [30]. Also, the transmission of a
GaZnO layer of 250 nm in thickness is higher than 90% in the
visible range. In all samples described above, a Ni (5 nm)/Au
(5 nm) current spreading layer is added to the sample top
surfaces.

RAN Ag NPs are also fabricated on the epitaxial struc-
tures of thin p-GaN (including single- and multiple-QW
structures) for comparing their LED performances with
those of REG Ag NPs. Based on the epitaxial structure
of thin p-GaN and single-QW, samples B1R-E1R are
processed with RAN surface Ag NPs but without DI
(B1R), with RAN surface Ag NPs and a SiO2 layer of
3 nm in thickness as the DI (C1R), with RAN surface
Ag NPs and a SiO2 layer of 6 nm in thickness as the DI
(D1R), and with RAN surface Ag NPs and a GaZnO layer
of 10 nm in thickness as the DI (E1R), respectively. In
this sample series, sample A1 assigned earlier can also be
used as the reference sample. The same Ag NP and DI
conditions are implemented on the epitaxial structure of

thin p-GaN and multiple-QW for fabricating samples
B5R-E5R. In this sample series, sample A5 assigned ear-
lier can also be used as the reference sample. The detailed
descriptions of samples B1R-E1R and B5R-E5R, includ-
ing the average Ag NP sizes, are given in columns 2–5 of
Table 2. The RAN Ag NPs are formed by depositing an
Ag layer of 2 nm in thickness on either p-GaN or various
DIs, followed by a thermal annealing process for 30 min
at 300 °C with ambient nitrogen. Under different surface
conditions, the formed Ag NPs have different sizes. It is
noted that the portions of the SiO2 DI layers in samples
C1R, D1R, C5R, and D5R not covered by Ag NPs are
removed through a dry etching process to expose p-GaN
for depositing a thin Ni/Au current spreading layer. How-
ever, the whole GaZnO DI layers in samples E1R and
E5R are preserved on the device beneath the thin Ni/Au
current spreading layer. Figure 3a shows a tilted SEM
image of the RAN Ag NPs on sample C1R. Figure 3b
shows a cross-sectional TEM image of a few Ag NPs in
sample C1R. Here, the bright stripes below the dark Ag
regions correspond to the SiO2 DI. LEDs of the standard
configuration with a mesa dimension of 300 μm×300 μm
are processed for all the assigned 28 samples.

Figure 4 shows the transmission spectra of samples B1-
E1, B1′-E1′, B5-E5, and B5′-E5′, which are normalized
by those of individual reference samples (A1, A1′, A5,
and A5′), after Fabry-Perot oscillations are filtered. Here,
one can see that all the transmission curves of the same
DI condition are very close, indicating the stability of Ag
NP fabrication. In Fig. 4, a depression corresponds to the
extinction caused by the mixed feature of the dipole and
higher order LSP resonance modes of the Ag NPs. One
can see that by adding a DI, the depression minimum is
blue shifted and its depth is reduced, implying that the
major LSP resonance wavelength becomes shorter and
the resonance strength becomes weaker after a DI is ap-
plied. Columns 6 and 7 of Table 1 show the ranges of the
transmission minimum wavelength and the corresponding

Fig. 1 a Schematic demonstration of the device structure around a
surface Ag NP when a SiO2 DI is used. b Schematic demonstration of
the device structure around a surface Ag NP when a GaZnO DI is used

Fig. 2 a Tilted SEM image of the
REG Ag NPs in sample C1. b
Cross-sectional TEM image of
sample C1 around a surface Ag
NP
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minimum level in various samples. Those ranges are quite
narrow. The QW emission wavelength at 470 nm is indi-
cated by a vertical dashed line in Fig. 4. In column 8 of
Table 1, we show the ranges of the transmission level at
470 nm. Here, one can see that the blue-shift range of the
transmission minimum increases with increasing DI thick-
ness and decreases with increasing DI refractive index.
The lowest transmission level at 470 nm among those
samples with DIs can be seen in the sample group of
C1, C1′, C5, and C5′. A lower transmission level at the
QW emission wavelength implies a stronger LSP reso-
nance at this wavelength and can result in a stronger SP
coupling effect. Figure 5 shows the transmission spectra
of samples B1R-E1R and B5R-E5R, which are normal-
ized by those of individual reference samples (A1 and
A5), after Fabry-Perot oscillations are filtered. The varia-
tion trend in Fig. 5 is the same as that in Fig. 4. Columns
6 and 7 of Table 2 show the ranges of the transmission
minimum wavelength and the corresponding minimum
level of samples B1R-E1R and B5R-E5R. Again, those
ranges are quite narrow. The QW emission wavelength
at 470 nm is also indicated by a vertical dashed line in
Fig. 5. In column 8 of Table 2, we show the ranges of the
transmission level at 470 nm. Here, the lowest transmis-
sion level at 470 nm among samples B1R-E1R (B5R-
E5R) is observed in sample E1R (E5R). By comparing
Fig. 4 with Fig. 5, one can see that the depressions in-
duced by REG Ag NPs (Fig. 4) are generally narrower

than those induced by RAN Ag NPs (Fig. 5). The ranges
of the full-width at half-maximum (FWHM) of the de-
pressions in Figs. 4 and 5 are listed in the rightmost col-
umns of Tables 1 and 2, respectively. Here, one can see
that the depression FWHM under each DI condition of
REG Ag NPs is smaller than that of RAN Ag NPs. This
result can be attributed to the more non-uniform NP size
distribution in the RAN NPs.

Photoluminescence Characterization Results

IQEs of the fabricated samples are evaluated based on PL
measurement excited by an InGaN laser diode at 406 nm with
5 mW in power. The ratio of the integrated PL intensity at
300 K over that at 10 K is usually regarded as the IQE of a
sample. The IQEs of samples A1-E1 and A1′-E1′ are listed in
row 2 of Table 3 (the numbers before slashes). Those of sam-
ples A5-E5 and A5′-E5′ are listed in row 2 of Table 4 (the
numbers before slashes). The numbers after slashes in rows 2
of Tables 3 and 4 represent the ratios with respect to the indi-
vidual reference samples (samples A1, A1′, A5, and A5′). In
Table 3, one can see that the intrinsic IQE of the epitaxial
structure of thick p-GaN (32.1 % in sample A1′) is higher than
that of the epitaxial structure of thin p-GaN (21.9 % in sample
A1). The growth of a thicker p-GaN layer can lead to a thermal
annealing process of the QW and hence improve the QW
quality [21]. By fabricating Ag NPs on the surface, the IQE

Table 2 Sample parameters of samples B1R-E1R and B5R-E5R

Sample QW
no.

p-GaN thick.
(nm)

NP size
(nm)

DI
condition

Trans. min.
wavelength (nm)

Trans. min.
level (%)

Trans. level at
470 nm (%)

Dip FWHM
(nm)

B1R/B5R 1/5 50 58.4 No DI 514–515 39.9–40.1 59.4–59.6 119–119

C1R/C5R 1/5 50 35.5 Thin SiO2 476–476 48.8–49.3 49.5–50.0 143–143

D1R/D5R 1/5 50 24.2 Thick SiO2 462–463 51.2–51.8 51.9–52.0 162–163

E1R/E5R 1/5 50 43.2 GaZnO 478–480 46.3–46.3 47.1–47.5 129–130

Fig. 3 a Tilted SEM image of the
RAN Ag NPs in sample C1R. b
Cross-sectional TEM image of
sample C1R around a surface Ag
NP
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is enhanced in either sample group of A1-E1 or A1′-E1′.
Among samples B1-E1, the insertions of the DIs lead to
higher IQEs. In particular, an increase by 92 % is obtained
in sample C1. The variation trend of the IQE among samples
B1-E1 is consistent with that of the transmission level at
470 nm, as shown in Fig. 3 and Table 1. A lower transmission
level at 470 nm corresponds to a stronger SP coupling effect
and hence a higher IQE. Among samples B1′-E1′, the inser-
tions of the DIs slightly increase their IQEs. The intrinsic IQEs
of the epitaxial structures with five QWs (25.6 and 38.5 % in
samples A5 and A5′, respectively) are higher than those of the
corresponding samples with single QW (21.9 and 32.1 % in
samples A1 and A1′, respectively), indicating that the QW
quality of a multiple-QW structure can be superior to that of
a single-QW structure. Among samples A5-E5, the variation
trend of IQE is the same as that among samples A1-E1. How-
ever, the IQE enhancement ratios of samples B5-E5 are lower

than the corresponding values of samples B1-E1. Among
samples A5′-E5′, again the addition of either Ag NPs or DI
to the device results in a slight increase of IQE.

Figure 6 shows the normalized time-resolved PL (TRPL)
profiles of samples A1-E1 and A1′-E1′. The TRPL is mea-
sured with the excitation of the second-harmonic (390 nm) of
a fs Ti:sapphire laser (5 mW in average power). The exponen-
tially fitted decay times of those TRPL profiles are listed in
row 3 of Table 3. Here, one can see that the variation trend of
PL decay time among samples A1-E1 is consistent with that of
IQE, confirming the significant SP coupling effects in samples
B1-E1. A stronger SP coupling effect leads to a higher emis-
sion rate and hence a higher decay rate of carrier density. The
similar TRPL profiles of samples A5-E5 and A5′-E5′ are ob-
tained for fitting to give the PL decay times in row 3 of Table 4.
The variation trend of the PL decay time among samples A5-
E5 is the same as that among samples A1-E1 and is consistent
with the corresponding variation trend of IQE. It is noted that
the larger IQE of sample A1′ (A5′), when compared with that
of sample A1 (A5), originates from its relatively lower non-
radiative recombination rate such that its PL decay time is
longer. However, with Ag NPs in samples B1-E1 and B1′-
E1′ (samples B5-E5 and B5′-E5′), the emission rates are en-
hanced such that the IQEs are increased and the PL decay
times are reduced.

Performances of the LEDs with Regularly Patterned Ag
Nanoparticles

Figure 7 shows the variations of the normalized output inten-
sities of samples A1-E1 and A1′-E1′with injection current (L-
I curves). The LED output intensity of a sample is obtained by
summing those from the top and bottom sides. The relative
output intensities with respect to those of individual reference
samples (samples A1 and A1′) when injection currents are 5
and 100 mA are listed in rows 4 and 5 of Table 3, respectively.
Here, one can see that in all the samples, the output intensity
enhancements at 5 mA in injection current are about the same
as the corresponding values at 100 mA. The numbers after the
slashes in row 5 show the relative output intensities of all the
ten samples with respect to that of sample A1 when injection
current is 100 mA. In Table 3, we can see that the variation
trend of the output intensity among samples A1-E1 is consis-
tent with that of IQE. Also, similar to the variation of IQE, the
output intensity enhancement by adding surface Ag NPs or DI
is smaller in samples A1′-E1′, when compared with samples
A1-E1. The larger enhancement ratios in samples B1-E1 in-
dicate that the SP coupling strengths in samples B1-E1 are
significantly stronger because of their shorter distance be-
tween the Ag NPs and the QW. However, it is noted that even
with a significantly larger enhancement ratio through SP cou-
pling in sample B1, its output intensity is still lower than those

Fig. 4 Normalized transmission spectra of samples B1-E1, B1′-E1′, B5-
E5, and B5′-E5′ after Fabry-Perot oscillations are filtered. The vertical
dashed line indicates the emission wavelength of the QWs

Fig. 5 Normalized transmission spectra of samples B1R-E1R and B5R-
E5R after Fabry-Perot oscillations are filtered. The vertical dashed line
indicates the emission wavelength of the QWs
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of samples B1′-E1′ since the epitaxial structure of sample A1′-
E1′ has a higher intrinsic IQE. The corresponding relative
intensities of samples A5-E5 and A5′-E5′with respect to those
of individual reference samples (samples A5 and A5′) when
injection currents 5 and 100 mA are listed in rows 4 and 5 of
Table 4, respectively. The variation trends of the relative out-
put intensity in samples A5-E5 and A5′-E5′ are all the same as
those of samples A1-E1 and A1′-E1′. However, the enhance-
ment ratios in samples A5-E5 and A5′-E5′ are slightly lower.
The largest enhancement ratio is only 69 % in sample
C5, which is smaller than that of 77 % in sample C1.

As shown in Tables 3 and 4, with the SiO2 DIs (sam-
ples C1, D1, C5, and D5), the IQE and output intensity
are further enhanced, when compared with samples B1
and B5. A thinner SiO2 DI (samples C1 and C5) leads
to a larger enhancement. With a GaZnO layer as the DI,
the SP coupling effect becomes weaker and hence the IQE
and output intensity become smaller. This variation trend
is consistent with that of the transmission level at 470 nm,
as shown in column 8 of Table 1. A lower transmission
level corresponds to a stronger LSP resonance at this
wavelength and hence a stronger SP coupling effect for
generating a larger IQE and stronger output intensity.
Among samples B1′-E1′ and B5′-E5′, the variation trends
of output intensity are different from those of samples B1-
E1 and B5-E5, and hence are different from that of the
transmission level at 470 nm. Such differences indicate
that the output intensity increases in samples B1′-E1′

and B5′-E5′ have other causes besides a weak SP cou-
pling effect. The weak SP coupling leads to the slight
increases of IQE. The variation trend of IQE among sam-
ples B1′-E1′ or B5′-E5′ is the same as that among samples
B1-E1 or B5-E5. The increases of output intensity in sam-
ples B1′-E1′ or B5′-E5′, which have larger increase ratios
than IQE, are attributed to the light extraction enhance-
ment besides the weak SP coupling effect. The light ex-
traction enhancement is caused by the non-resonant scat-
tering and absorption-reemission process of the Ag NPs,
and the graded refractive index structure after a DI is
added. In particular, with a thicker DI of a lower refrac-
tive index in samples D1′ or D5′, the light extraction ef-
ficiency is more significantly increased.

Figure 8 shows the relations between injection current
and applied voltage (I-V curves) of samples A1-E1 and
A1′-E1′. The insert shows the magnified portion between
5.6 and 6.5 V to clearly differentiate those I-V curves. The
resistance levels of those devices are listed in row 6 of
Table 3. Here, one can see that the resistance levels of
samples A1-E1 are slightly larger than those of the corre-
sponding samples in group A1′-E1′, indicating that a
thicker p-GaN layer leads to a better electrical property
in the LED device. In the same group of sample, the
fabrication of surface Ag NPs or the addition of a DI
results in higher device resistance. In particular, a SiO2

DI leads to higher resistance, when compared with the
case of a GaZnO DI. The sample with a thicker SiO2 DI

Table 3 Characterization results of samples A1-E1 and A1′-E1′

Sample A1 B1 C1 D1 E1 A1′ B1′ C1′ D1′ E1′

IQE (%) 21.9/1 31.2/1.42 42.0/1.92 38.8/1.77 34.6/1.58 32.1/1 33.6/1.05 34.4/1.07 34.3/1.07 33.9/1.06

PL decay time (ns)/decay rate ratio 3.15/1 2.42/1.30 1.19/2.65 1.87/1.68 2.19/1.44 3.62/1 2.99/1.21 2.67/1.36 2.61/1.39 2.93/1.24

Relative intensity at 5 mA 1 1.35 1.75 1.65 1.47 1 1.12 1.19 1.23 1.16

Relative intensity at 100 mA 1/1 1.36/1.36 1.77/1.77 1.66/1.66 1.47/1.47 1/1.22 1.13/1.40 1.21/1.48 1.24/1.51 1.16/1.42

Device resistance (Ω) 25.7 26.9 29 29.9 27.8 24.5 25.4 28.6 29.3 27.1

EQE droop range (%) 58.3 40.2 26.3 30.6 32.7 46.8 43.9 40.6 38.5 42.7

−3 dB frequency (MHz)/ratio 8.6/1 12.2/1.42 13.5/1.57 13.1/1.52 12.6/1.47 8.3/1 8.8/1.06 10.2/1.23 10.9/1.31 9.3/1.12

Table 4 Characterization results of samples A5-E5 and A5′-E5′

Sample A5 B5 C5 D5 E5 A5′ B5′ C5′ D5′ E5′

IQE (%) 25.6/1 34.8/ 1.36 44.8/1.75 42.5/1.66 37.6/1.47 38.5/1 39.2/1.02 40.8/1.06 40.5/1.05 39.6/ 1.03

PL decay time (ns)/decay rate ratio 3.16/1 2.42/1.31 1.23/2.57 1.91/1.65 2.22/1.42 3.63/1 3.04/1.19 2.67/1.36 2.64/1.38 2.97/1.22

Relative intensity at 5 mA 1 1.32 1.68 1.61 1.39 1 1.12 1.18 1.21 1.14

Relative intensity at 100 mA 1/1 1.33/1.33 1.69/1.69 1.61/1.61 1.41/1.41 1/1.20 1.12/1.35 1.19/1.43 1.22/1.47 1.14/.37

Device resistance (Ω) 25.2 26.3 29.2 30.2 27.7 24.2 24.7 28.4 28.7 26.2

EQE droop range (%) 54.5 42.8 29.0 33.9 37.2 43.2 41.0 37.8 35.7 39.8

−3 dB frequency (MHz)/ratio 8.4/1 12.1/1.44 13.4/1.60 12.9/1.54 12.5/1.49 8.2/1 8.7/1.06 10.0/1.22 10.5/1.28 9.1/1.11
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(D1 or D1′) has a higher resistance level, when compared
to that with a thinner SiO2 DI (C1 or C1′). The device
resistance levels of samples A5-E5 and A5′-E5′ are listed
in row 6 of Table 4. Their values are about the same as
those of the corresponding samples of A1-E1 and A1′-E1′.
Also, the variation trends are identical.

Figure 9 shows the relative external quantum efficien-
cies (EQEs), normalized to the maximum level of sample
B1, as functions of injection current of samples A1-E1
and A1′-E1′. When injection current is larger than
20 mA, all the samples show the efficiency droop behav-
iors. However, those samples with surface Ag NPs show
the higher maximum EQEs and weaker droop effects,
when compared with the individual reference samples
(samples A1 and A1′). In each sample group, the variation
trends of the maximum EQE and droop effect are the
same as that of LED output intensity. The droop range,
which is defined as the percentage difference between the

relative EQE at 100 mA in injection current and the indi-
vidual maximum level of relative EQE, of each sample is
shown in row 7 of Table 3. Here, we can see that the
variation trend of the droop range among the samples in
the same group is consistent with that of LED output
intensity. It is interesting to note that although the LED
output intensities of samples B1′, C1′, and E1′ are higher
than that of sample B1, their droop ranges are also larger
than that of sample B1, indicating that the significant SP
coupling effect in sample B1 can indeed effectively re-
duce the droop effect. The droop ranges of samples A5-
E5 and A5′-E5′ are shown in row 7 of Table 4. Their
variation trends are the same as those of samples A1-E1
and A1′-E1′.

Figure 10 shows the modulation responses as functions
of modulation frequency for samples A1-E1 and A1′-E1′.

Fig. 6 Normalized TRPL profiles of samples A1-E1 and A1′-E1′

Fig. 7 Variations of the normalized output intensities of samples A1-E1
and A1′-E1′ with injection current

Fig. 8 Relations between injection current and applied voltage of
samples A1-E1 and A1′-E1′. The insert shows the magnified portion
between 5.6 and 6.5 V to clearly differentiate those curves

Fig. 9 Relative EQEs, normalized to the maximum level of sample B1,
as functions of injection current of samples A1-E1 and A1′-E1′
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The signal amplitude is normalized to the level at zero
modulation frequency. Therefore, all the curves in
Fig. 10 converge to 0 dB under the condition of direct-
current (DC) drive. Normally, in such a modulation re-
sponse profile, the modulation frequency for the ampli-
tude to drop 3 dB from the DC level is defined as the
−3-dB frequency, as indicated by the horizontal dashed
line in Fig. 10. Here, one can see that the −3-dB frequen-
cies of all the samples with Ag NPs or DIs are higher than
those of the reference samples (A1 and A1′). In particular,
those four samples with effective SP coupling (samples
B1-E1) are significantly increased. The modulation −3-
dB frequencies of all the ten samples are listed in the
bottom row of Table 3. It is increased from 8.6 MHz in
sample A1 to 13.5 MHz in sample C1 among samples
A1-E1. Among samples A1′-E1′, the −3-dB frequency is
increased from 8.3 MHz in sample A1′ to 10.9 MHz in
sample D1′. The variation trend of the −3-dB frequency
among all those samples is consistent with those of the

output intensity and IQE. The modulation −3-dB frequen-
cies of samples A5-E5 and A5′-E5′ are listed in the bot-
tom row of Table 4. They are close to the corresponding
values of samples A1-E1 and A1′-E1′ and follow the same
variation trend.

Performances of the LEDs with Randomly Distributed Ag
Nanoparticles

Although the LSP resonance peak wavelengths of RAN and
REG Ag NPs are different, the variation behaviors after
adding the DIs of the two LED sample groups are similar, as
shown in Fig. 5, except that the lowest transmission level at
the QW emission peak (470 nm) is observed in the samples
with the GaZnO DI (samples E1R and E5R), instead of those
with the thin SiO2 DI (samples C1, C5, C1′, and C5′). The
characterization results of the LED samples with RAN Ag
NPs (samples B1R-E1R and B5R-E5R) are shown in Table 5.
For comparison, the results of the reference samples A1 and
A5 are also shown in this table. With the lowest transmission
levels at 470 nm in samples E1R and E5R, their PL decay
times are the shortest, their IQEs and output intensities are the
highest, their EQE droop ranges are the smallest, and their
modulation −3-dB frequencies are the highest among the in-
dividual sample groups of the same QW number. The en-
hancement ratios of IQE and output intensity in sample
E1R, with respect to its reference sample A1, can reach 97
and 87 %, respectively, which are higher than the correspond-
ing values in sample C1 (92 and 77%, respectively). Also, the
enhancement ratios of IQE and output intensity in sample
E5R, with respect to its reference sample A5, can reach 83
and 78 %, respectively, which are higher than the correspond-
ing values in sample C5 (75 and 69 %, respectively). The PL
decay times of samples E1R and E5R are 0.83 and 0.94 ns,
which are shorter than the corresponding values of 1.19 and
1.23 ns of samples C1 and C5, respectively. Meanwhile, the
EQE droop ranges of samples E1R and E5R are 21.4 and
23.5 %, which are smaller than the corresponding values of

Fig. 10 Modulation responses as functions of modulation frequency for
samples A1-E1 and A1′-E1′. The signal amplitude is normalized to the
level at zero modulation frequency

Table 5 Characterization results of samples B1R-E1R and B5R-E5R. For comparison, the results of samples A1 and A5 are repeated here

Sample A1 B1R C1R D1R E1R A5 B5R C5R D5R E5R

IQE (%) 21.9/1 32.2/1.47 40.0/1.83 37.2/1.70 43.2/1.97 25.6/1 36.2/1.41 43.8/1.71 41.5/1.62 46.8/1.83

PL decay time (ns)/decay rate
ratio

3.15/1 2.25/1.40 1.59/1.98 1.93/1.63 0.83/3.80 3.16/1 2.31/1.37 1.65/1.92 2.16/1.46 0.94/3.36

Relative intensity at 5 mA 1 1.39 1.72 1.64 1.86 1 1.38 1.66 1.58 1.76

Relative intensity at 100 mA 1 1.41 1.73 1.64 1.87 1 1.39 1.66 1.59 1.78

Device resistance (Ω) 25.7 27.4 30.4 33.2 28.5 25.2 26.8 31.7 32.2 28.1

EQE droop range (%) 58.3 37.8 23.2 28.2 21.4 54.5 39.9 26.8 31.4 23.5

−3 dB frequency (MHz)/ratio 8.6/1 12.3/1.43 13.3/1.55 12.8/1.49 13.7/1.59 8.4/1 12.3/1.46 13.2/1.57 12.7/1.51 13.7/1.63
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26.3 and 29.0 % of samples C1 and C5, respectively. In addi-
tion, the modulation −3-dB frequencies of samples E1R and
E5R are the same at 13.7 MHz, which is larger than the cor-
responding values of 13.5 and 13.4 MHz of samples C1 and
C5, respectively. Those comparisons indicate that the SP cou-
pling effects in samples E1R and E5R are stronger than those
of the corresponding samples of C1 and C5, respectively.
However, if we compare the device resistance between sam-
ples C1R/C5R and C1/C5, the samples with REG Ag NPs
(samples C1/C5) have superior performances. The variation
trend of device resistance among samples B1R-E1R (B5R-
E5R) is the same as that among samples B1-E1 (B5-E5).
The addition of Ag NPs or DI results in higher device resis-
tance. Among the samples with DIs, the use of GaZnO as the
DI always leads to lower resistance.

Discussions

As mentioned in BPerformances of the LEDs with Regularly
Patterned Ag Nanoparticles^ section, the performances of the
LED samples with thin p-GaN are strongly influenced by the
LSP coupling effect, which depends on the conditions of Ag
NP and DI. On the other hand, the behaviors of the LED
samples with thick p-GaN are related to the Ag NP-induced
light extraction enhancement and a weak LSP coupling effect.
It is usually believed that SP coupling can also enhance the
light extraction efficiency of an LED. The light extraction
efficiency can indeed be enhanced through the angle redistri-
bution of emitted photon in the SP coupling process [21].
However, in the current situation of thick p-GaN, the SP cou-
pling effect is weak, as can be seen in the increase of IQE by
only a few percent (see Tables 3 and 4). Therefore, the en-
hancement of light extraction is expected to be mainly caused
by the non-resonant scattering of surface Ag NPs, the SP-
induced absorption-reemission process, and the graded refrac-
tive index structure after a DI is added. The SP-induced ab-
sorption-reemission process means that the emitted photons
from the QWs are absorbed by Ag NPs and part of them is
reemitted through SP resonance. The SP-induced absorption-
reemission process is different from the SP coupling mecha-
nism. In the SP coupling mechanism, energy is directly trans-
ferred into an SPmode for emission without going through the
form of photon. The other issue deserving mentioning in the
LEDs of thick p-GaN is that because it has a higher intrinsic
IQE, when compared with that of thin p-GaN, the IQE en-
hancement through SP coupling is less effective. A QWwith a
higher IQE leads to a less effective SP coupling process in
terms of emission efficiency enhancement [6, 31].

By comparing the results between the single-QW and
multiple-QW samples with significant SP coupling (thin p-
GaN), i.e., between samples A1-E1 and A5-E5 and between
samples A1R-E1R and A5R-E5R, first we can see that the

intrinsic IQE of the five-QW epitaxial structure (25.6 %) is
higher than that of the single-QWepitaxial structure (21.9 %).
As mentioned earlier, an LED with a QW structure of a higher
IQE usually leads to a weaker SP coupling effect, i.e., a small-
er output intensity enhancement ratio [6, 31]. From Tables 3,
4, and 5, either with REG or with RAN Ag NPs, one can see
that by adding Ag NPs or DIs, the samples of single-QW
indeed have higher IQE and output intensity enhancement
ratios, shorter PL decay times, smaller EQE droop ranges,
and slightly larger modulation −3 dB frequencies, when com-
pared with the corresponding samples of five-QW. Such a
behavior can also be related to the depth distribution of QW
in a multiple-QW sample. With 3 and 10 nm for the well and
barrier thicknesses, respectively, the distances between the
first through fifth QW (counted from the top) and the bottom
of Ag NPs are 80, 93, 106, 119, and 132 nm, respectively,
before a DI is added. The SP coupling effect of a QW dimin-
ishes with distance. In this situation, the overall emission en-
hancement of a multiple-QW sample is expected to be smaller,
when compared with the corresponding single-QW sample
because not all the QWs have the same SP coupling strength
as the top one. However, theoretically an SP mode can couple
with all the nearby radiating dipoles. It is possible that an SP
mode can simultaneously couple with the dipoles in two
neighboring QWs for coherent emission. Nevertheless, this
issue requires further investigation.

Between the samples with REG and RAN Ag NPs, al-
though the variation trends of the SP coupling effect are es-
sentially the same, a few differences deserve discussions. (1)
Because of the more uniform geometry distribution among
REGAgNPs, their depression features in transmission spectra
are deeper and narrower, when compared with those of RAN
Ag NPs, as shown in Figs. 4 and 5. Such a difference in
extinction feature can affect the LSP resonance strength and
hence the coupling strength at the QW emission wavelength.
(2) The LSP resonance behavior is also affected by the NP
size. As shown in Tables 1 and 2, either with the REG or RAN
AgNPs, the NP size varies with the DI condition. The NP size
variation is related to the adhesion of Ag onto the substrate
with a DI. From the results of Ag NP size, we speculate that
the adhesion of Ag onto SiO2 is the weakest among the three
surface materials (GaN, SiO2, and GaZnO). With weak adhe-
sion, surface tension can lead to a more sphere-like NP and
hence a smaller planar NP size during the thermal annealing
process. Between the REG and RAN Ag NPs, because the
fabricated hole diameter for forming REG Ag NPs is as large
as 100 nm through nano-imprint, the REG Ag NP sizes are
generally larger than those of RAN Ag NPs. (3) In practical
application, the fabrication of RAN Ag NPs is much simpler
and hence is significantly cheaper, when compared with the
fabrication of REG Ag NPs.

From rows 3 and 8 of Tables 3, 4, and 5, we can see that the
ratios of PL decay rate (with respect to individual reference
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samples) can be quite different from those of modulation
−3 dB frequency, particularly for those samples of strong SP
coupling, including samples C1, C5, E1R, and E5R. In these
samples, the PL decay times are significantly reduced and
hence their decay rate ratios are larger than two. However,
the increase ratios of the corresponding modulation −3 dB-
frequencies are significantly smaller. For instance, in sample
C1, the PL decay rate is increased by 165 %; however, the
modulation −3-dB frequency is increased only by 57 %. Such
results indicate that the modulation response of an LED is
mainly controlled by the RC time constant of the device, in-
stead of the carrier decay rate in the QWs. Although the en-
hancement of carrier decay rate through SP coupling can in-
crease the modulation −3-dB frequency, the increase is limited
to several tens percent. The device RC time constant can be
significantly reduced by decreasing the mesa size of the de-
vice [26, 27]. The dependence of the increase range of the
modulation −3-dB frequency due to SP coupling on device
mesa size is an issue deserving further investigation. If an
increase range of several tens percent in modulation −3 dB
frequency can always be achieved through SP coupling when
the LEDmesa size is reduced, the SP coupling contribution to
modulation response of an LED will be important.

Conclusions

In summary, we have first demonstrated the enhanced SP
coupling effects in a blue LED with REG surface Ag NPs
on a DI of a lower refractive index overgrown on p-GaN.
Without a DI, the surface Ag NPs-induced SP coupling with
the QWs in the LED could lead to the increases of IQE and
LED output intensity, the reduction of the EQE droop effect,
and the enhancement of modulation response. By adding a DI,
the SP coupling effect was enhanced, resulting in the further
improvements of all the aforementioned factors. The SP cou-
pling effects in the LEDs with REG Ag NPs on DIs were
compared to those of RAN Ag NPs previously reported. Al-
though the variation trends of LSP resonance peaks and hence
SP coupling behaviors of REG and RAN Ag NPs were sim-
ilar, their LSP resonance strengths at the QWemission wave-
length were quite different due to their different spectral pat-
terns of LSP resonance. In other words, although the REG Ag
NPs could produce stronger collective LSP resonance with a
narrower spectral width, the SP coupling effect depended
mainly on the LSP resonance strength at the QW emission
wavelength. The SP coupling effects in the LED samples with
single-QW were also compared with those of multiple-QW.
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