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ABSTRACT

Light-emitting diodes (LEDs), featuring long lifetime, small size, and low energy consumption, are increasingly popular for displays and
general light sources. In the past decades, new light-emitting materials and novel device configurations are being continuously investigated
to obtain highly efficient LEDs. Nevertheless, the unsatisfying external quantum efficiency severely limits their commercial implementation.
Among all the approaches to boost the efficiency of LEDs, the incorporation of plasmonic structures exhibits great potential in increasing
the spontaneous emission rates of emitters and improving the light extraction efficiency. In this Perspective, the methods to deal with chal-
lenges in quantum-well-based LEDs and organic LEDs by employing plasmonic materials are described, the mechanisms of plasmonic-
based strategies to improve the light generation and extraction efficiency are discussed, and the plasmonic control over directional emission
of phosphors is introduced as well. Moreover, important issues pertaining to the design, fabrication, and manipulation of plasmonic struc-
tures in LEDs to optimize the device performance, as well as the selection roles in finding appropriate plasmonic materials and structures
for desired LED devices, are explained. This perspective lists the challenges and opportunities of plasmonic LEDs, with the aim of providing
some insights into the future trends of plasmonic LEDs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129365

I. INTRODUCTION

Light-emitting diodes (LEDs) are increasingly popular for dis-
plays and light sources because of the long lifetime, small size, and
low energy consumption.1–3 Nowadays, most liquid-crystal-display
televisions, computer monitors, and mobile phones are backlit with
LEDs. In fact, they have essentially replaced traditional incandes-
cent light bulbs commercially and are gaining ground on fluores-
cent tubes (bulbs) for general lighting applications as well. In the
past few decades, low-dimensional quantum-well-based LEDs
(QW-based LEDs) and organic LEDs (OLEDs) have been devel-
oped with extensive research activities on new light-emitting mate-
rials, novel device configurations, and extensions of the working
wavelengths beyond the visible regime.

The external quantum efficiency (EQE) of an LED device is
generally described by the production of internal quantum effi-
ciency (IQE) and light extraction efficiency (LEE). IQE is strongly

influenced by nonradiative recombination processes, and is given
by the ratio of radiative (krad) and nonradiative (knon) recombina-
tion rates of the electron–hole pairs: IQE ¼ krad

kradþknon
.4 Most LEDs

suffer from the inherently low light-emitting efficiency due to low
IQE, and several strategies have been proposed to improve the IQE
values, such as growth of high-quality emissive crystals,5 manage-
ment of singlet and triplet excitons of emitters,6,7 and incorpora-
tion of plasmonic structures.4,8,9 Among these methods, the
introduction of plasmonic structures holds great promises in pro-
moting IQE owing to its ability in manipulating spontaneous emis-
sion decay rates. Plasmonic structures provide strong charge density
oscillations confined in the vicinity of plasmonic nanostructures.10

The collective oscillations, namely, localized surface plasmon reso-
nance (LSPR) can be excited by an electrical field at the incident
wavelength where resonance occurs, giving rise to intense confined
electromagnetic fields.11 When light-emitting materials are located
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within the penetration depth of the localized surface plasmons
(LSPs) fringing field, the emitted photons couple with the LSP
modes instead of free space. The coupling leads to modified
photon densities of states (DOSs) spurring spontaneous emission
decay of emitters.4,12 As pointed out by Purcell, the effectiveness
of modification on the spontaneous emission decay rate for a
given wavelength depends on the photon DOS at that wavelength.
The strongest enhancement occurs when the emission spectrum
matches the LSPR energy, leading to a dramatically larger photon
DOS. Consequently, the emitted photons can be recovered from
the LSP modes and re-emitted into free space.13 The altered spon-
taneous emission decay rate of light-emitting materials results in
reduced lifetime. The IQE* of LEDs with plasmonic structures can

be revised as IQE*¼ k̂radþC0
extklsp

k̂radþk̂nonþklsp
, where k̂rad and k̂non are the modi-

fied radiative and nonradiative decay rates, klsp is the LSPs’ cou-
pling rate, and C0

ext is the probability of light extraction from the
LSP modes decided by light scattering and electron vibration.4

Generally, the incorporation of plasmonic structures is
extremely efficient in improving the IQE of emissive materials with
low quantum efficiency, but it cannot help IQE exceed 100%.
Hence, further optimization of LEDs is focused on the improvement
of LEE. Due to the high total internal reflection in LEDs, a large
portion of the generated light is confined in the device and finally
dissipated. Only a small portion of light whose direction is within
the escape cone can be extracted consequently.14 Nevertheless, when
the plasmonic nanostructures are in resonance with the confined
photons, efficient Mie scattering could change the propagation
angles of photons thereby leading to higher probability of scattering
photons out of the LEDs.15 On the other hand, metallic electrodes
used to supply power in LEDs cover partial or even the entire LEDs
surface. The surface plasmon polariton (SPP) modes form on the
metallic electrodes and strongly confine the generated photons,
resulting in strong energy dissipation. The confined modes that
propagate along the metallic surface feature a relatively long lifetime.
Appropriate design of plasmonic structures could help the photons
be re-emitted into the free space, thereby improve the LEE.13

Construction of plasmonic structures on the phosphor layer to
modify PL from the phosphor excited by the backlit LEDs is another
approach to optimize LEDs performance, especially white LEDs.16

Generally, LSPRs supported by plasmonic structures present broadband
optical responses and weak angular dependence and decay exponen-
tially away from the plasmonic structures.17 But their optical response
can be reinforced through coherent scattering when plasmonic materi-
als are arranged in periodic arrays, leading to a collective plasmonic–
photonic resonance termed as surface lattice resonance (SLR).18–22 The
coupling of phosphors with SLR modes enables shaping of PL spec-
trum and angular emission enhancement of the phosphor layers,
resulting in efficient luminescence in desired directions.23,24

In this perspective, the challenges and opportunities of
QW-based LEDs and OLEDs are presented, and the corresponding
plasmonic-based strategies to improve the photon generation and
extraction efficiency are discussed. The plasmonic control over
directional emission of phosphors is also described. Important
issues pertaining to design, fabrication, and manipulation of plas-
monic structures in LEDs as well as the future trends of plasmonic
LEDs are discussed.

II. PROMOTING LEDs EFFICIENCY BY
PLASMONIC-BASED STRATEGIES

The characteristics of LSPR including resonance frequency
and intensity of the LSPR absorption bands depend on the type of
plasmonic materials, morphology, arrangement of nanostructures,
and dielectric environment.25 As shown in Fig. 1, noble metals
such as Au and Ag are common plasmonic materials in the visible
because of their large negative real part of permittivity and small
imaginary part of permittivity at this range.10 The LSPR frequencies
of Au can be tuned from the visible to the near-infrared (near-IR)
regions, but extension of LSPR into the UV range is challenging
owing to the dissipative channels induced by interband transitions
at wavelengths shorter than 550 nm. Ag nanostructures support
LSPR down to 360 nm, and it is generally employed as enhance-
ment materials at near-UV region. Recently, Al with permittivity
consisting of a large negative real and small positive imaginary
component in the UV region has been suggested to be promising
as a UV plasmonic material.26,27

To address the problems in LED devices, tunable plasmonic
materials with responsive spectra spanning a wide range from the
UV to the near-IR are required to obtain effective LSP-exciton cou-
pling and better LEE. Therefore, the plasmonic materials should be
carefully chosen and appropriately designed to cater to the LED
devices. In this section, the challenges and opportunities of plas-
monic LEDs are discussed. Meanwhile, the plasmonic-based strate-
gies for better LEDs performance are presented.

A. Plasmonic QW-based LEDs

1. Plasmonics in QW-based blue LEDs

In 2004, a pioneering work was reported by Okamoto et al.
that Ag LSPs-enhanced blue InGaN/GaN QWs showed 14-fold
enhancement in the photoluminescence (PL) peak and 6.8-fold
improvement in the IQE.4 Other metals (Au and Al) have been
incorporated into InGaN/GaN QWs, but IQE enhancement is not
satisfactory because of the mismatch between the emission peaks
and LSPR as shown in Figs. 2(a) and 2(b). Later on, they observed
the effective coupling of LSPs and QWs by time-resolved PL.12

They found that the decay profiles of Ag-coated InGaN/GaN QWs
strongly depend on the wavelength and become faster at shorter

FIG. 1. Plasmon tunability range of metals, metal nitrides, metal oxides, metal
chalcogenides, and doped conductive oxides.25–34
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wavelength, whereas those of the uncoated sample show little
spectral dependence, as shown in Fig. 2(c). A possible mechanism
was proposed [Fig. 2(d)] that when the bandgap of InGaN layer is
close to the electron vibration energy of LSPs, and when the emis-
sive layer is within the penetration depth of LSPs fringing field,
the emissive excitons in QWs transfer the energy to the LSPs,
causing the faster decay of PL. Then, the LSPs lose momentum
and couple to the radiated light, leading to enhanced PL.
Moreover, the generated light is also scattered out of the LEDs by
the coated Ag layer. Their results demonstrate the potential of
plasmonic structures in addressing the existed problems in LEDs.
It should be noted that the IQE enhancement of emitters by
incorporating plasmonic structures is only effective for those with
low IQE.

Currently, the EQE of commercial blue LEDs has exceeded
60%. The main challenge of high-performance blue LEDs is the
EQE droop at high driving current and further reduction of its
price. The significant EQE droop at high driving current was con-
firmed mainly due to the nonradiative Auger recombination and

the current overflow effect.35–37 In 2010, Lu et al.38 demonstrated
that effective coupling of LSPs with InGaN/GaN QWs could signif-
icantly reduce the droop phenomenon. The overlap of LSPs near
field and QWs results in effective energy transfer from QWs to
LSPs, generating an alternative emission channel even at high injec-
tion current density. The coupling leads to the significantly
decreased density of carriers, thus suppressing the nonrecombina-
tion rates and EQE droop. Inserting a dielectric interlayer between
the QWs and plasmonic structures could further strengthen the
coupling between LSPs and QWs, resulting in a further reduction
of EQE droop.39 Although the high-performance blue LEDs have
been achieved on sapphire or GaN substrate, further decrease in
their price is held back by the unsatisfied IQE on much cheaper
substrate, such as Si substrate.9 The low IQE is attributed to the
presence of deep traps serving as nonradiative recombination chan-
nels. Further improvement of Si-based blue LEDs can be expected
by the incorporation of plasmonic structures, where effective cou-
pling of LSPs with QWs opens an alternative radiative recombina-
tion route to improve the IQE of Si-based LEDs.

FIG. 2. (a) PL spectra of InGaN/GaN QWs coated with Ag, Al, and Au films. The inset of (a) shows the QW structure and excitation/emission configuration in the PL mea-
surements. (b) Dispersion diagrams of the LSP modes on Ag/GaN, Al/GaN, and Au/GaN. The dashed line is the PL spectrum of InGaN/GaN. Reproduced with permission
from K. Okamoto et al., Nat. Mater. 3, 601–605 (2004). Copyright Nature Publishing Group, 2004. (c) The temporal and spectroscopic profile of uncoated (left) and
Ag-coated (right) InGaN/GaN QW probed by the Streak camera. (d) Schematic diagram of the electron–hole recombination and LSP-QW coupling mechanism.
Reproduced with permission from K. Okamoto et al., Appl. Phys. Lett. 87, 071102 (2005). Copyright 2005 AIP Publishing LLC.
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2. Plasmonics in QW-based green LEDs

In the past decades, the QW-based blue and red LEDs have
been well developed for commercial usage. However, green LEDs
are seriously limited by the fundamental difficulty associated with
the growth of InGaN/GaN QWs with high In composition.40 The
increase in In composition may cause chemical inhomogeneity of
the InGaN well layers due to the poor miscibility between InN and
GaN and the misfit strain-induced defects due to the large lattice
mismatch between InGaN wells and GaN barriers. When the size
of In phase segregation is above the critical value, large amounts of
structural defects within the InGaN well layers seriously reduce the
intensity of main peak and act as nonradiative recombination sites,
causing the decrease of IQE.41 Another important issue concerning
the IQE decrease of In-rich InGaN/GaN is the built-in piezoelectric
polarization caused by strain in QWs, where the quantum-confined
Stark effect (QCSE) reduces the wavefunction overlap between elec-
trons and holes, leading to a strong decrease of radiative recombi-
nation rates and a redshift of emission wavelength.42

When carriers are supplied to QWs with a built-in piezoelec-
tric field, the carrier screening effect could reduce the QCSE
leading to the blueshifted spectrum and increased radiation effi-
ciency. In 2007, Chen et al.42 demonstrated that the QCSE

screening effect at a high carrier injection condition not only con-
tributes to the emission enhancement, but also increases the
LSP-QW coupling. Later on, Cho et al.43 reported the reduction of
QCSE by the Au LSP-coupling effect in the InGaN-based green
LED [shown in Figs. 3(a) and 3(b)]. They analyzed the contribu-
tion of LSP-coupling to the QCSE in LEDs by excitation power-
dependent PL and current-dependent electroluminescence (EL)
measurements. As shown in Figs. 3(c) and 3(d), the blueshifts of
PL and EL of the green LED with Au nanoparticles (NPs) are
much smaller than those of the conventional green LED without
Au NPs due to the compensation of the built-in piezoelectric field
with the LSP-enhanced local fields of Au NPs. These results indi-
cate that the incorporation of plasmonic structures in In-rich
InGaN/GaN QWs could significantly enhance the output power of
green LEDs and compensate the influence brought by the QCSE
simultaneously. The so-called “green-gap” in EQE of QW-based
LEDs may be bridged by the plasmonic effect.

3. Plasmonics in QW-based UV LEDs

UV LEDs have potential applications in air and water purifica-
tion, medical phototherapy, and pumping source of white LEDs.
The device performance of UV LEDs strongly depends on their

FIG. 3. (a) Schematic diagram of the structure of plasmonic green LEDs with Au NPs embedded in the p-GaN layer. (b) PL spectra of InGaN/GaN QWs with and without
Au NPs. The inset shows the temperature-dependent integrated PL intensity of the QWs with and without Au NPs. (c) EL spectra of plasmonic green LEDs with and
without Au NPs measured with increasing injection current at room-temperature. (d) EL emission wavelength of plasmonic green LEDs with and without Au NPs as a func-
tion of injection current. Reproduced with permission from C. Y. Cho et al., Opt. Express 24, 7488–7494 (2016). Copyright 2016 Optical Society of America.
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emission wavelength. Since the InGaN-based near-UV emitters
(400–365 nm) utilize fundamentally the same materials and device
technologies as blue LEDs, they have profited from many years of
large-scale industrial development. Therefore, the near-UV LEDs
exhibit performance levels close to those of blue LEDs with EQE
ranging from 46% to 76%.44 However, there is a big drop in EQE
of UV LEDs with emission wavelength shorter than 365 nm owing
to the transition from InGaN- to AlGaN-based LED technologies.
AlGaN, alloyed by GaN and AlN, is one of the most popular
group-III nitrides used for fabricating UV LEDs due to its superior
properties, such as direct bandgap, high emissive efficiency of short
wavelength light covering almost entire UV region (210–400 nm),
high electron mobilities, and high thermal conductivities.45 So far,
the practical applications of AlGaN-based LEDs have been ham-
pered by its low EQE that is typically below 6%. One major reason
for the low efficiency of AlGaN-based LEDs is the high density of
nonradiative defects produced during material fabrication.

It has been reported that LSPs-coupling with InGaN-based
QW-based LEDs leads to enhanced PL and EL intensity by improv-
ing the IQE.48 To accomplish better LSPs-exciton coupling at the
UV region, plasmonic materials presenting LSPR in the UV region

are needed. Ag is still a reasonably good plasmonic material at
near-UV range, but it can only support LSPR down to ∼360 nm.
Recently, Al is regarded as the best candidate of UV plasmonic
materials, which brings abundant opportunities for UV LEDs.26,27

In 2013, Cho et al.46 demonstrated the improved optical output
power of LSPs-enhanced AlGaN-based UV LEDs grown on the Si
(111) substrate using an Al enhancement layer. The Al layer was
selectively deposited close to the multiple QWs such that the
induced near fields around the Al layer could strongly interact with
the QWs. As shown in Figs. 4(a) and 4(b), the LSPs-enhanced UV
LEDs with an Al layer showed 45% higher light output than a con-
ventional UV LEDs without an Al layer at 700 mA; a peak pulsed
power of 1.2 mW was achieved at a UV emission of 346 nm. The
large enhancement of optical output power is attributed to
improvement of IQE in multiple QWs resulting from the increased
spontaneous emission rates by the LSPs-QWs coupling. Later on,
He et al.47 reported 2.6-fold enhancement in deep-UV emission of
292 nm from AlGaN multiple QWs by introducing Al NPs into the
device [Fig. 4(c)]. Compared to the bare QWs, 2.3-fold enhance-
ment in the IQE (from 16% to 37%) and 13% enhancement in LEE
have been observed from multiple QWs decorated with Al NPs due

FIG. 4. (a) Room temperature EL spectra of UV LEDs with and without Al layer. The inset shows inclined plan-view SEM images of plasmonic UV LEDs. (b) The optical
output power of UV LEDs with and without Al layer as a function of injection current. Reproduced with permission from C. Y. Cho et al., Appl. Phys. Lett. 102, 211110
(2013). Copyright 2013 AIP Publishing LLC. (c) PL spectra of AlGaN QWs with and without the Al/SiO2 composite structure (solid lines) at room temperature, and the mul-
timodal Lorentz fitting of the AlGaN QWs with Al/SiO2 composite structure (dashed lines). (d) Schematic diagram of light emission in AlGaN QWs with Al/SiO2 composite
structure. Reproduced with permission of J. He et al., Nanotechnology 29, 195203 (2018). Copyright 2018 IOP Publishing.
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to the improved IQE as well as effective Mie scattering of Al NPs
[Fig. 4(d)]. The examples underline that the incorporation of
appropriate Al plasmonic structures into deep-UV LEDs is signifi-
cantly efficient to optimize the device performance by generating
effective LSPs-exciton coupling and increasing LEE. To push the
EQE of AlGaN-based deep-UV LEDs reaching the level of com-
mercial use, enormous endeavor should be paid to improve the per-
formance. We believe that the incorporation of Al plasmonic
structures could contribute as an alternative route for a better per-
formance of deep-UV LEDs.

B. Plasmonic OLEDs

OLEDs have received great attention as potential next-
generation displays due to their low power consumption, excellent
color gamut, fast response time, and especially their flexibility.49,50

Currently, most emitters of OLEDs are inefficient in light-emitting
properties. It is the same with QW-based LEDs that the IQE of
OLEDs can be enhanced by the plasmonic effect. Suitable plas-
monic materials and structures always need to be well designed for

maximizing the OLEDs efficiency. As shown in Fig. 5(a), Xiao
et al.51 dispersed the Au NPs into the hole transport layer with the
proper ratio. The LSPR band of the Au NPs overlaps the emission
of green emitters [Figs. 5(b) and 5(c)], and an increase of 25% in
the EL intensity is observed from the OLEDs with Au NPs,
whereas the spectral and electrical properties maintain the same as
those of the reference device. In another study, the synergistic
effects of different plasmonic NPs are confirmed and exploited to
boost the IQE and LEE simultaneously.52 As shown in Fig. 5(d),
the OLEDs are doped with either Au or Ag or both Au and Ag
NPs, and EL measurements show that the codoped OLEDs exhibit
the largest EL enhancement. Both the Au and Ag NPs contribute
to the enhancement of IQE, whereas the improved LEE is mainly
caused by scattering of Ag NPs. Since the higher Mie scattering
efficiency leads to the propagation angle change of the confined
light [Fig. 5(e)], thus leading to a higher probability of scattering
light out of the device.

In the past decade, great endeavors have been paid to develop
emitters with high quantum yields. Especially, perovskite quantum
dots (QDs) APbX3 [A = CH3NH3

+ (MA) and Cs; X = I, Br, Cl] as a

FIG. 5. (a) TEM and HR-TEM images of the chemically synthesized Au NPs. (b) Current density-voltage characteristics of the OLEDs with and without Au incorporation.
The inset shows the EL spectra at a current density of 40 mA cm−2. (c) Time-resolved PL spectra acquired at a wavelength of 530 nm using a 370 nm laser source. The
inset shows the absorption spectra of the carrier injection layer with and without Au NPs on the ITO-glass substrate together with the PL spectrum of the emissive layer.
Adapted with permission from Y. Xiao et al., Appl. Phys. Lett. 100, 013308 (2012). Copyright 2012 AIP Publishing LCC. (d) EL spectra of the OLEDs (as-prepared, doped
with either Au or Ag, and both Au and Ag NPs) at a constant current density of 5 mA cm−2. (e) The schematic diagram of the metal-NPs-doped OLEDs with enhanced
LEE by scattering light out of the device. Adapted with permission from C. Cho et al., ACS Appl. Mater. Interfaces 8, 27911–27919 (2016). Copyright 2016 American
Chemical Society.
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new class of optoelectronic semiconductors have been used in
LEDs because of the long free-carrier diffusion length, high carrier
mobility, tunable bandgap, high PL quantum yield, as well as solu-
tion processability.53–55 Nevertheless, their unstable properties in
the air need to be addressed prior to commercialization. Although
the perovskite QDs are of high quantum yields, it still leaves space
for the improvement of IQE by the plasmonic effect.56–59 The first
report demonstrating the improved performance of perovskite
QD-based LEDs by the plasmonic effect was by Zhang et al. who
synthesized Ag nanorods exhibiting LSPR in the visible range.58 To
maximize the enhancement ratio, Ag nanorods with an LSPR peak
of 525 nm were uniformly dispersed into the hole transport layer of
the LEDs to match the green emission peak of CsPbBr3 QDs
(527 nm). The results show that EL was enhanced by a factor of
42% from the device composed of Ag nanorods as a result of effi-
cient LSP-exciton coupling between the CsPbBr3 QDs and Ag
nanorods.

Although almost 100% IQE of OLEDs has been achieved, the
EQE is still limited due to poor light extraction. In OLEDs, the
metallic electrodes are needed to cover the entire surface to inject
sufficient carriers. In this case, the SPP modes excited on metallic
electrodes and the accompanied waveguide modes generally
confine a large portion of generated photons, resulting in strong
energy dissipation.14 The confined photons have a relatively long
lifetime and can be re-emitted into free space by designing appro-
priate structures. Owing to the nonradiative properties of SPPs, it is
difficult to extract light from flat metal-dielectric interfaces.
Introduction of plasmonic structures with LSPR properties leads to
efficient light out-coupling and can be implemented to extract light
from either the cathode or anode side for top-emitting and
bottom-emitting LEDs, respectively. Top-emitting LEDs are partic-
ularly suitable for displays because the driving circuits of the pixel/
matrix can be integrated into the substrate without reducing the
window size or throughput.13 The generated light can be extracted
from the opaque metallic cathode by the cross-coupling effect.60 As
shown in Fig. 6, the initially excited LSP modes at the dielectric-
metal interface (interior) can be cross-coupled with the LSP modes
at the opposite metal-dielectric interface (exterior) and so photons
can be re-emitted into free space by the exterior LSP modes. In
bottom-emitting LEDs especially OLEDs, introducing micro-/
nanopatterns with random or periodic morphologies to the metallic
electrode-organic interfaces has been demonstrated to recover the
photons from the trapped SPP modes.61–69 The photons trapped in
the waveguide modes can also be recovered simultaneously when
the Bragg-scattering condition is satisfied on the periodic cathode
(Fig. 7).64

C. Plasmonic control over the directional emission of
phosphors

Currently, the leading commercial methodology for white
lighting generation is still based on the blue LEDs-excited PL of
yttrium aluminum garnet doped with Ce3+ (YAG:Ce) phosphor.
The rare-earth-ions-based phosphors typically have low absorption
coefficients in the blue region, resulting in that the thickness of
phosphors is of several tens of micrometers. The randomly scat-
tered light in the phosphor layer typically presents the Lambertian

emission profile.70,71 In this case, nearly half of the extracted
light from the phosphor layer is backscattered and external
secondary optical elements are needed for the maximum light
output, leading to light loss. In other applications such as auto-
motive lighting and light guide in screens, the highly directional
lighting sources are typically required.16 Hence, directional
control over the emission of the phosphor layer is fascinating for
promoting light output efficiency and catering to the demands of
practical applications.

As discussed in the Introduction, when plasmonic NPs are
arranged in periodic arrays, such coherent scatterings lead to the
SLR. It is quite different from the LSPR that the in-plane scatter-
ing by the plasmonic NPs and phase accumulation of these scat-
tered fields govern the optical response of SLR, presenting sharp
resonance peaks and extremely low radiation loss.20 Moreover, the
field enhancement of this resonance extends over a much larger
distance in the space between the nanoantennae [as shown in
Figs. 8(a) and 8(b)], leading to its ability to enhance dye emission
from much larger volumes compared with the case of LSPR.17,18

SLR can couple very efficiently to radiation because of their
hybrid plasmonic–photonic characters. In 2013, Lozano et al.17

designed a periodic Al nanoantennae array that supports SLR
modes. After the integration of dye molecules onto the Al nanoan-
tennae array, a 70-fold directional enhancement for p-polarized
emission and 60-fold enhancement for unpolarized emission of
dye molecules are demonstrated [Fig. 8(c)]. The resonant excita-
tion of the emitters was confirmed to contribute to the overall
angle-dependent enhancement. Moreover, the SLR supported by
plasmonic structures enables the shaping of PL spectrum and

FIG. 6. Schematic diagram of light extraction from the top-emission OLEDs by
the cross-coupling effect. Reproduced with permission from D. K. Gifford et al.,
Appl. Phys. Lett. 81, 4315–4317 (2002). Copyright 2002 American Institute of
Physics.
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FIG. 7. Measured EL spectra with (a) TM and (b) TE polar-
ization at different observation angles from the corrugated
OLEDs with 350-nm grating. The wavelength vs incident
angle for the calculated dispersion relation of the corrugated
OLEDs for (c) TM and (d) TE polarization. The measured
dispersion relation extracted from the EL spectra (marked
as circles) is also shown in (c) and (d). Reproduced with
permission from Y. Bai et al., Org. Electron. 12, 1927–1935
(2011). Copyright 2011 Elsevier B.V.

FIG. 8. Side view of the simulated spatial field distribution in a single unit cell of the Al NPs array at a frequency corresponding to (a) LSPR and (b) SLR. (c) Extinction
and PL of an Al NPs array covered by a thin phosphor layer. Reprinted with permission from G. Lozano et al., Light Sci. Appl. 2, e66 (2013). Copyright 2013 Macmillan
Publishers Ltd. (d) Fourier image of the unpolarized red emission (610–620 nm) of unstructured phosphor-converted LEDs. (e)–(g) Fourier images of the unpolarized red
emission of similar phosphor-converted LEDs that feature a hexagonal array of Al NPs with lattice constants (e) 475 nm, (f ) 425 nm, and (g) 375 nm. Reproduced with per-
mission from G. Lozano et al., Nanoscale 6, 9223–9229 (2014). Copyright 2014 The Royal Society of Chemistry.
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angular pattern of the emission from the emitters. In this case, the
enhancement of spatial coherence of emission leads to that most
light is beamed into a very narrow angular range in a defined
direction, resulting in the angle-dependent enhancement.
Afterward, they combined these structures with high-power stan-
dard blue LED sources, showing that the plasmonic structure acts
as an integrated optical component to shape the emission pattern
of the phosphor layer. Later on, they demonstrated an enhanced
and tailor-made directional emission of light-emitting devices
using nanoimprinted hexagonal arrays of Al NPs.23 The separa-
tion of the Al NPs in the array yields an accurate angular distribu-
tion of the emission as shown in Figs. 8(d)–8(g). Such a novel
design of plasmonic arrays allows control over light emission
without requiring external secondary optical components.
However, the directional control over the emission by plasmonic
structures is generally accompanied by the altering of intensity
and shape of the phosphor PL spectrum. For production of direc-
tional white lighting source, the plasmonic structures as well as
the phosphor layers need to be carefully designed.

III. NANOFABRICATION OF PLASMONIC
NANOSTRUCTURES

As reported by Okamoto et al. in 2004, the incorporation of a
silver layer increases the spontaneous recombination rates of emit-
ters resulting in large IQE enhancement.4 However, the structure
may be impractical for real devices because the thin GaN spacer
leads to ineffective carrier injection and inferior ohmic contact.
The Ag layer on the p-GaN layer decreases the LEE of device on
account of SPPs loss in the flat Ag layer, and moreover, the light
generated from the LEDs is blocked by the opaque Ag layer. To
address these problems, plasmonic nanostructures with tunable
LSPR responses are adopted and different nanofabrication methods
have been proposed. In this section, the nanofabrication methods
of plasmonic nanostructures on LEDs are classified into two cate-
gories, NPs and nanoarrays.

Solution-based chemical synthesis and solid state dewetting
(SSD) are efficient in the fabrication of plasmonic NPs. While
plasmonic nanoarrays are often fabricated in combination with
vacuum deposition with lithography or template-assisted assem-
bly, such as electron beam lithography (EBL), interference lithog-
raphy, imprint lithography, nanosphere lithography, and
hard-template-assisted lithography. Because of different materials
and configurations of LED devices, a suitable incorporation
method of the plasmonic structure should be selected to cater to a
better device performance.

In this section, we not only focus on the topic of several prac-
ticable nanofabrication methods to incorporate plasmonic nano-
structures into LED devices, but also discuss their compatibility in
different types of LEDs. These nanofabrication methods offer good
solutions to energy match between LSPs and hot excitons by
tuning the LSPR properties of the plasmonic structures. The high-
performance LEDs also benefit from advanced nanotechnologies
owing to the improved LEE. Moreover, the precise construction
of periodic plasmonic nanoarrays supported SLR is also
discussed for acquiring directional emission enhancement from the
phosphor layer.

A. Chemical synthesis

The plasmonic NPs with well-defined shapes, such as spheres,
spheroids, cubes, plates, and rods, are generally prepared by chemi-
cal synthesis approach.72 The position and intensity of the LSPR
bands can be tuned by altering the size, shape, or dielectric envi-
ronment. The flexible tuning of LSPR frequency enables the precise
energy matching with the hot excitons of emissive materials and
sometimes generates an efficient light scattering to boost LEE.73,74

Spin-coating, drop-casting, or spray process are usually
adopted to disperse plasmonic NPs on functional layers of
QW-based LEDs;75 however, the aggregation of plasmonic NPs
needs to be addressed so as to avoid unsatisfied enhancement of
device performance. The chemically synthesized plasmonic NPs
could greatly benefit the OLEDs owing to the facile incorporation
method of mixing them up into the functional layers, e.g., carriers
injection layers. The effective LSP-exciton coupling alters the spon-
taneous decay rates of emitters and sometimes leads to a better
LEE by Mie scattering of plasmonic NPs.76

B. Solid state dewetting

In QW-based LEDs, the light-emitting structures are typically
fabricated by molecular beam epitaxy, chemical vapor deposition,
or other methods requiring a thermal treatment to reduce defects,
and therefore, it is convenient to combine vacuum deposition with
postannealing to fabricate plasmonic NPs for QW-based LEDs.
This process is always termed as solid state dewetting (SSD) in
which particles are formed when the solid matters are heated to a
sufficiently high temperature but below the melting point.77–80

Kwon et al.8 inserted a layer of Ag NPs between the InGaN/
GaN QWs and n-GaN layer by vacuum deposition and postanneal-
ing (as shown in Fig. 9). The optical output power of the LEDs
with Ag NPs is 32.2% higher than that of LEDs without Ag NPs
for an input current of 100 mA. Besides, large Ag NPs have also
been embedded in the ITO transparent anode by thermal treatment
of small spin-coated Ag NPs.81 Although the ITO layer with Ag
NPs is 150 nm above the InGaN/GaN multiple QWs, the output
power is 1.8 times that of conventional LEDs at 350 mA. The
enhanced device performance is ascribed to strong light scattering
of the plasmonic Ag NPs embedded in the ITO anode.

Although the SSD process is facile to incorporate plasmonic
NPs into the LEDs device, the precise control of the LSPR of plas-
monic structures on LEDs is challenging. Because the SSD process
is highly sensitive to the surface morphology of underlying sub-
strates, the SSD process always produces randomly dispersed plas-
monic NPs on the unpatterned surface.79 Figure 9(b) depicts the
dewetted Ag NPs arrays on the patterned Si substrate with highly
ordered surface morphology.82 Therefore, SSD on the well-
patterned surface, such as patterned ITO anode, would be one of
the good solutions to precisely manipulate LSPR of plasmonic NPs
in LEDs.

C. Electron beam lithography

Electron beam lithography (EBL) is efficient in controlling the
particle size, shape, and interparticle distance accurately. The
spatial resolution of plasmonic nanoarrays patterned by EBL
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reaches the sub-10 nm level, thus enabling the precise control of
the LSPR frequencies. Typically, the EBL process involves spin-
coating of electron-sensitive photoresist, electron beam pattern-
ing, photoresist development, materials deposition, and removal
of residual photoresist. As shown in Fig. 10, Lu et al.83 used the
EBL to pattern Ag nanoarrays on the p-GaN cladding layers of
InGaN/GaN multiple QWs to overcome the limitations of the
exponentially decaying LSPR field of Ag nanostructures without
sacrificing the thickness of the p-GaN layer. A 2.8-fold enhance-
ment in the PL intensity and improved LEE have been achieved
simultaneously.

Moreover, EBL allows high resolution construction of plas-
monic nanoarrays on the phosphor layer of some LEDs with
well-defined shape, size, and arrangement of NPs, enabling the

precise tuning over SLR properties of plasmonic nanoarrays to
generate desired angular enhancement of emission from phos-
phors. Although EBL provides a powerful tool to manipulate
plasmonic structures in LEDs device, the large-scale fabrication
may be hampered by its low throughput and high cost. There
are alternative methods for high-resolution nanoarrays pattern-
ing on LEDs device, such as interference lithography, imprint
lithography, and template-assisted assembly. These methods
could produce plasmonic nanoarrays with adequate spatial accu-
racy at a much lower cost and a high-throughput, boding well
for commercialization.

D. Interference lithography and imprint lithography

In OLEDs system, the metallic electrode can be patterned with
appropriate structures to diminish the energy dissipation caused by
plasmonic and waveguide modes. Generally, the micro-/nanopat-
terns on the metal cathode are replicated from the patterned anode
or organic functional layers. Interference lithography and imprint
lithography techniques are commonly used to construct the peri-
odic patterns.

Interference lithography begins with exposing the spin-coated
photoresist on the anode (substrate), and after development, reac-
tive ion etching is conducted to create patterns on the anode. After
the removal of residual photoresist, the organic functional layers
and metal cathode are then constructed layer-by-layer.
Alternatively, Jin et al.66 directly created the patterned photoresist
on the anode without reactive ion etching [Figs. 11(a)–11(c)] to
simplify the fabrication process. Since most polymers are sensitive
to UV laser ablation due to the low UV power threshold, the corru-
gated morphology can be directly recorded on the organic func-
tional layers of OLEDs by laser ablation. Bai et al.64 demonstrated
one-step laser ablation of the hole transport layer of OLEDs and
the corrugated morphology was duplicated on the metallic cathode.
Better EL efficiency was observed from the corrugated OLEDs
because of out-coupling of the confined SPPs and waveguide
modes simultaneously.

Another approach to create a corrugated morphology on the
cathode is imprint lithography. High-spatial-resolution patterning
of organic functional layers can be performed by thermal, vacuum,
and UV imprinting. Liu et al.69 designed a nanostructured elec-
trode in the OLEDs by vacuum imprint lithography as shown in
Figs. 11(a), 11(b), and 11(d)–11(g). The gratinglike patterns on the

FIG. 10. (a)–(e) Schematic illustrations of using EBL to pattern Ag nanoarrays
on the InGaN/GaN multiple QWs. Reproduced with permission from C. H. Lu
et al., Adv. Funct. Mater. 21, 4719–4723 (2011). Copyright 2011 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

FIG. 9. (a) AFM image of Ag NPs deposited on the
n-GaN layer after thermal annealing. Reproduced with
permission from M. K. Kwon et al., Adv. Mater. 20, 1253–
1257 (2008). Copyright 2008 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. (b) A SEM image of a 26 nm
thick Ag layer deposited on a patterned substrate after
annealing. Reproduced with permission from A. Le Bris
et al., Appl. Phys. Lett. 105, 203102 (2014). Copyright
2014 AIP Publishing LLC.
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stamp can be duplicated on the hole transport layer of the
OLEDs, and the Ag cathode was finally coated to complete the
device. According to the emission wavelength, the period of the
gratinglike Ag nanostructure is designed to support SPPs reso-
nance at the same wavelength. The luminance and current effi-
ciency are enhanced due to the SPPs-exciton coupling and
scattering of the Ag nanostructures. According to the simulation

results, the power loss to the SPP modes can be recovered, thus
raising the device efficiency. Additionally, the imprint lithography
is also efficient in constructing plasmonic arrays on the phosphor
layer of some LEDs device.17,23 Generally, the plasmonic arrays
supported SLR needs to be precisely designed with respect to the
emission wavelength of phosphor to generate desired color and
angular enhancement.

FIG. 11. Route I (a)–(c): (a) spin-coating of the photoresist, (b) introducing periodic nanostructures by interference lithography, and (c) deposition of anode, functional
layers, and cathode. Route II (a), (b), and (d)–(g): (d) transfer of the nanostructures to PDMS stamp, (f ) imprinting the nanostructures on the hole transparent layer, ( f )
lifting off PDMS to prepare the nanostructure on the hole transport layer, and (g) depositing the organic and cathode layers. Reproduced with permission from Y. Jin et al.,
Adv. Mater. 24, 1187–1191 (2012). Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; and from Y. F. Liu et al., Appl. Phys. Lett. 109, 193301 (2016).
Copyright 2016 AIP Publishing LLC.

FIG. 12. Fabrication of Al NPs in different sizes by manipulating the gaps of nanosphere templates using one of the following different treatments: (a) reactive ion etching
for 30 s, (b) without any treatment, (c) alcohol heating for 20 s, and (d) alcohol heating for 40 s. (e)–(h) The Al NPs fabricated using the nanosphere templates shown in
(a)–(d), respectively. Reproduced with permission from J. Yin et al., Adv. Opt. Mater. 2, 451–458 (2014). Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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E. Template-assisted fabrication

1. Nanosphere lithography

Nanosphere lithography (NSL) technology is often called “col-
loidal lithography,” which typically uses self-assembled close-
packed polymer nanospheres as templates, in combination with
reactive ion etching, electrochemical deposition, or vacuum deposi-
tion to create textured surfaces or fabricate the desired nanostruc-
tures.84 NSL is an efficient, economical, and high-throughput
fabrication technique for nanostructures while boasting superior
structural control and reproducibility. The morphology of tem-
plates can be tailored by tuning the size of the nanospheres,
annealing-induced deformation, and plasma-etching-driven non-
closed packing.85–90

Owing to the flexibility of NSL, periodic plasmonic nanoar-
rays, including nanodot, nanomesh, and other complex nanostruc-
tures, can be directly prepared on the surface of QWs or other
layers of LEDs. Yin et al.91 prepared the Al NPs array on
AlGaN-based multiple QWs, and by manipulating the morphology

of the nanosphere array, the size of the Al NPs was controlled as
shown in Fig. 12. The LSPR peaks of Al NPs array and strong
emission enhancement accompanied with large shifts toward
shorter wavelengths are observed from the AlGaN QWs with Al
NPs. The shift in the emission arising from Al NPs originates
from suppression of the ground state exciton emission and
enhanced emission from the high-order QWs exciton states by
LSP-exciton coupling. When the LSPR frequency matches the
higher-order QW excitons, a maximum UV emission enhance-
ment of 3.2-folds is accomplished.

Additionally, NSL has also been employed to pattern the
cathode of LEDs to minimize the SPP loss at the dielectric/metal
interface. The nanostructured cathode is created by patterning the
transparent substrate rather than direct patterning of the cathode.
Lee et al.92 fabricated a plasmonic Ag nanomesh film as the flexi-
ble and transparent anode by NSL and vacuum deposition, and
the optical transparency of the Ag nanomesh film was optimized
by adjusting the diameter of the Ag nanomesh. The nanostruc-
tured cathode formed from the periodic nanomesh anode reduces

FIG. 13. SEM images of the plasmonic nanoarrays patterned with ultrathin close-packed hexagonal AAO membranes as masks: (a) ultrasmall nanodots, (b) nanoclusters,
(c) nanoislands, (d) core-satellites, and (e) nanodimers. (f ) SEM image of the binary square and round nanoarrays fabricated with the ultrathin binary pore AAO membrane
as the mask (scale bar: 100 nm). Normalized extinction spectra of (g) Ag and (h) Al nanoisland arrays with different nanoisland diameters. (i) Extinction spectra of the
binary Ag nanodot arrays on ITO. The inset shows the typical SEM image of the Ag binary nanodot array (scale bar: 200 nm). Reproduced with permission from Q. Hao
et al., Nanotechnology 28, 105301 (2017). Copyright 2017 IOP Publishing. Q. Hao et al., ACS Appl. Mater. Interfaces 9, 36199–36205 (2017). Copyright 2017 American
Chemistry Society. L. Wen et al., Nat. Nanotechnol. 12, 244–250 (2017). Copyright Nature Publishing Group, 2017.
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light loss at the cathode side, resulting in 30% enhancement of
the EQE.

2. Anodic aluminum oxide hard-template-assisted
lithography

Another commonly used template to produce plasmonic
nanoarrays is the anodic aluminum oxide (AAO) membrane,
which presents the porous morphology of AAO membranes with
the close-packed hexagonal and binary pore structures. The advan-
tages of the AAO membrane are the large patterning area (∼cm2),
high throughput, and cost-effectiveness. Similar to the NSL, the
AAO membranes can be used as deposition masks to produce plas-
monic nanoarrays with high spatial resolution, good uniformity,
and reproducibility. By changing the mask morphology and deposi-
tion conditions, patterned nanoarrays such as nanodot, nanoclus-
ter, nanoisland, core-satellites, nanodimers, and binary nanodots
array can be created as shown in Figs. 13(a)–13(f ).93–97 The LSPR
from these nanoarrays can be tuned precisely. Figures 13(g)
and 13(h) display the extinction spectra of the Ag and Al nanois-
land arrays with different sizes produced with ultrathin hexagonal

AAO membranes.93 Figure 13(i) presents the extinction spectra of
the Ag binary nanodot arrays prepared with ultrathin binary AAO
membranes.97 Nevertheless, the full potential of AAO membranes
to increase the efficiency of LEDs has not been realized yet. It is
possible to pattern plasmonic nanoarrays directly on the carrier
injection layers or electrodes of LEDs device by using AAO mem-
brane as the deposition mask.

IV. SUMMARY AND OUTLOOK

LEDs have experienced tremendous development in the past
decades due to advantages such as long lifetime, small size, and
low energy consumption. They have essentially replaced commer-
cial incandescent light sources and are also gaining ground on fluo-
rescent lightings. New light-emitting materials and novel device
configurations are being continuously investigated to obtain highly
efficient LEDs for wider commercial implementation. In this
Perspective, the challenges and opportunities in QW-based LEDs
and OLEDs are described, the plasmonic-based strategies to
increase the photon generation and extraction efficiency are dis-
cussed, and the plasmonic control over directional emission from

FIG. 14. (a) LSPR in different semiconductor nanocrystals and normalized LSPR extinction spectra of semiconductors spanning the visible and mid-IR regimes. Shown
are (top panel) metal oxides such as CdO, ZnO, In2O3, and WO3 − x and (bottom panel) metal chalcogenides such as Cu2 − xE (E = S, Se, Te) as well as Si, metal
nitride, and metal phosphide materials, highlighting the variety of semiconducting materials demonstrating LSPR. Reproduced with permission from A. Agrawal et al.,
Chem. Rev. 118, 3121–3207 (2018). Copyright 2018 American Chemical Society. (b) The real and imaginary parts of dielectric functions of metal nitride plasmonic materi-
als extracted from spectroscopic ellipsometry measurements. Reprinted with permission from G. V. Naik et al., Opt. Mater. Express 1, 1090–1099 (2011). Copyright 2011,
Optical Society of America.
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phosphors for directional illumination is introduced. Moreover,
important issues pertaining to the design, fabrication, and manipu-
lation of plasmonic structures in LEDs to optimize the light-
emitting properties as well as the selection roles in finding appro-
priate plasmonic materials for desired LEDs devices are explained.

The future trend concerning optimization of plasmonic LEDs
is the design of plasmonic structures and the selection of appropri-
ate plasmonic materials. Except plasmonic UV and visible LEDs,
the investigation of LEDs device with working wavelength in the
near-IR region is receiving growing interest owing to their wide
applications in night vision, biomedical imaging, optical communi-
cation, and computing. At present, the challenge for near-IR
QDs-based LEDs is the PL efficiency and charge transport effi-
ciency of the QDs matrix. Good charge transport is typically
accompanied by the generation of highly mobile carriers and
exciton dissociation consequently causing self-quenching due to
the competition with radiative recombination.98 Alternative plas-
monic structures beyond noble metal materials may supply a solu-
tion to provide good LSPR response in the near-IR region to
manage the trade-off between self-quenching and charge transport.
The alternative plasmonic materials include degenerately doped
metal oxide like Sn:In2O3 and In:CdO, metal chalcogenides such as
copper-deficient Cu2S, III–V/Group IV semiconductors such as
heavily doped n-type Si, as well as metal nitrides like TiN [as
shown in Figs. 1 and 14(a)].28–30,99,100–102 In fact, some attempts
have been carried out to show their potential in addressing the
existed problems in LEDs.103,104 Nevertheless, due to the fact that
the LSPR response of most conductive semiconducting materials
originates from defect-induced carriers, the large carriers scattering
by defects generally results in a broadened LSPR and high optical
loss into heat, which may seriously limit their applications in the
promotion of LEDs performance. For example, TiN and similar
plasmonic materials are typically regarded as “metal,” but their
high optical loss still holds back the applications in LED devices.
Hence, searching for better plasmonic materials with low optical
loss is still on the way.

Other than searching for alternative plasmonic materials,
another promising approach to optimize and manipulate plasmonic
effect is to incorporate dielectric NPs.105 In fact, the design of
dielectric nanostructures on LEDs has been demonstrated effective
in promoting LEDs performance owing to their unique low-loss
resonant behavior and their ability to scatter in a highly directional
manner.106–109 These dielectric nanostructures can be potentially
employed in fabricating opto-plasmonic optical resonators, where
the signal could be further amplified and controlled to improve the
LEDs performance.
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NOMENCLATURE

AAO = Anodic aluminum oxide

DOS = Density of states
EBL = Electron beam lithography
EL = Electroluminescence
EQE = External quantum efficiency
IQE = Internal quantum efficiency
IR = Infrared
LEDs = Light-emitting diodes
LEE = Light extraction efficiency
LSP = Localized surface plasmon
LSPR = Localized surface plasmon resonance
NP = Nanoparticle
NSL = Nanosphere lithography
OLEDs = Organic light-emitting diodes
PL = Photoluminescence
QCSE = Quantum-confined Stark effect
QD = Quantum dot
QW = Quantum well
SLR = Surface lattice resonance
SPP = Surface plasmon polariton
SSD = Solid state dewetting
UV = Ultraviolet
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