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ABSTRACT: Light management is of paramount importance to
improve the performance of optoelectronic devices including photo-
detectors, solar cells, and light-emitting diodes. Extensive studies have
shown that the efficiency of these optoelectronic devices largely
depends on the device structural design. In the case of solar cells, three-
dimensional (3-D) nanostructures can remarkably improve device
energy conversion efficiency via various light-trapping mechanisms, and
a number of nanostructures were fabricated and exhibited tremendous
potential for highly efficient photovoltaics. Meanwhile, these optical
absorption enhancement schemes can benefit photodetectors by
achieving higher quantum efficiency and photon extraction efficiency.
On the other hand, low extraction efficiency of a photon from the
emissive layer to outside often puts a constraint on the external
quantum efficiency (EQE) of LEDs. In this regard, different designs of device configuration based on nanostructured materials
such as nanoparticles and nanotextures were developed to improve the out-coupling efficiency of photons in LEDs under various
frameworks such as waveguides, plasmonic theory, and so forth. In this Perspective, we aim to provide a comprehensive review of
the recent progress of research on various light management nanostructures and their potency to improve performance of
optoelectronic devices including photodetectors, solar cells, and LEDs.

Optoelectronic devices, such as photodetectors, solar cells,
and light-emitting diodes (LEDs), are essentially light to

electricity or vice versa energy conversion devices. Utilization of
efficient optoelectronic devices cannot only produce clean
energy but can also help with energy conservation. Recent
extensive studies have shown that the efficiency of these
optoelectronic devices largely depends on the device structural
design. In the case of solar cells, which involve conversion from
solar radiation to electricity, it has been discovered that
nanostructures can remarkably improve the energy conversion
efficiency via various light-trapping mechanisms. Therefore, a
number of nanostructures including nanowires, nanopillars,
nanoholes, and so forth were fabricated, and their effectiveness
for photovoltaic (PV) performance improvement has been
examined based on different material systems. Meanwhile, these
optical absorption enhancement schemes can benefit photo-
detectors as well. It is worth pointing out that due to the
different application scale requirement, low-cost approaches are
desired for effective light management in PV applications.
However, performance is the primary concern for photo-
detectors in most circumstances. On the other hand, a LED is a
device that converts electrical energy to optical radiation. High
quantum efficiency and photon extraction efficiency not only
help energy conservation but also minimize the overheating of

the device, thus prolonging its lifetime. In recent decades,
numerous material systems and techniques were extensively
studied to improve the internal quantum efficiency (IQE) of
LEDs, and the typical IQE of blue LEDs has already reached up
to more than 70%. However, low extraction efficiency of the
photon from the emissive layer to the outside, due to the total
internal reflection and the presence of a waveguide mode, often
limits the external quantum efficiency (EQE) of LEDs. In this
regard, different designs of device structure based on
nanostructured materials such as nanoparticles and nano-
textures were developed to improve the out-coupling efficiency
of photons under various frameworks such as waveguides,
plasmonic theory, and so forth. In this Perspective, we aim to
provide a comprehensive review of the recent progress of
research on various light management nanostructures and their
potency to improve performance of optoelectronic devices. We
will begin with a general discussion on light management
nanostructures and mechanisms. Then, recent progress about
applications of nanostructures for photodetectors, PV devices,
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and LEDs are reviewed. In particular, fabrication, the light
management mechanism, and the design principle will be
discussed in detail in order to gain insight of nanostructure light
management. In the end, a summary will be provided with
perspectives on future development of light management.

Light Management with Nanostructures: A General
Discussion. Light management is of critical importance for
optoelectronic devices to improve their performance. For light-
absorbing devices such as solar cells and photodetectors, there
have been two general strategies of light management, which
are antireflection (AR) and absorption enhancement. In the
case of AR, a quarter wavelength antireflection coating (ARC)
is typically utilized. However, such an ARC works the best for a
single wavelength and normal incidence. In order to achieve
broad-band ARC, a multiple layer coating is needed, which
increases production costs. For the absorption enhancement
approach, a random textured surface and back metal reflector
are commonly used, which can increase the light propagation
length inside of light-absorber layers, owing to multiple internal
reflections. Theoretically, the absorption enhancement factor
can reach up to the Lambertian limit of 4n2, with n denoting the
refractive index.1,2 In order to approach or even exceed the
Lambertian limit, periodic three-dimensional (3-D) nanostruc-
tures have been widely studied.3−5 Extensive research has
discovered that in these cases, the effectiveness of the light
management structure depends not only on materials but also
on geometry. Meanwhile, the mechanisms of light absorption
enhancement in various nanostructures are also different. For
instance, when the geometry of a structure is larger than the
optical wavelength, light scattering/reflection among the
structures can lead to an enhanced optical travel path and
absorption, as mentioned above, while for nanostructures with
subwavelength geometry, other mechanisms can account for

light absorption enhancement. Specifically, if the nanostruc-
tures have tapered shape, such as nanocones,6−12 nano-
needles,13−15 and so forth, the entire array of the structure
has a gradient of effective refractive index and it can serve as a
broad-band, omnidirectional structural ARC layer. Meanwhile,
for uniform diameter nanostructures, such as nanowires,16−29

and nanopillars,30−38 fundamental photonic resonant modes
have been observed, which can lead to confinement and
absorption of light. There are also some intriguing hollow/
cavity nanostructures, such as nanowells,31,39,40 nano-
spheres,41,42 and so forth. In these cases, the existence of
photonic resonant modes can be also observed and will be
discussed. Apparently for these structures utilizing photonic
modes to capture light, the dimensions such as diameter/length
play a critical role in determining the performance. On the
other hand, plamsonics is another effective light management
scheme. Plasmonic resonance refers to the collective oscillation
of electron upon agitation with an incident photon, that is, an
electromagnetic (EM) wave. The localized plasmonic reso-
nance can lead to a highly intensified local electric field and
enhance the light absorption in the materials around the
plasmonic nanostructures. In some cases, a propagating
plasmonic wave can also be observed, and the coupling
between photonic modes and plammonic modes has been
demonstrated.42 These have been proven effective for thin-film
solar cells, and some of them will be discussed in the solar cells
section. It is worth pointing out that some light management
scheme utilized for solar cells and photodetectors can benefit
light extraction from LEDs as well, such as a nanostructure with
a gradient of the effective refractive index that can reduce the
total internal reflection. Meanwhile, other out-coupling
enhancement schemes, such as introducing photonic crystal
structures, have also been implemented and will be discussed in
detail in the LEDs section.
Light Management for Photodetectors. High-performance

broad-band and omnidirectional photodetectors are an
important technological development in the past decades as
they are essential to many practical implementations involving
imaging, remote sensing, environmental monitoring, astronom-
ical detection, analytical applications, and others.43−53 In
general, there are two major types of photodetectors, namely,
photodiodes and phototransistors. Photodiodes, including

Light management is the process
to engineer the interplay be-
tween photons and optoelec-
tronic materials and devices at
micro- and nanoscopic scales.

Figure 1. Photoconductive gain and charge-separating mechanisms. (a) Diffusion and drift of photocarriers employed in photodiodes. (b) One type
of photocarrier is trapped, while the other carrier type moves under the effect of the electric field in phototransistors. (c) Trapping and
photoconduction mechanism in nanowires (e.g., ZnO). As illustrated in the energy band diagram, under illumination, oxygen adsorbed on the
nanowire surface would contribute surface states, trapping free electrons and inducing a depletion layer near the surface, and then, photogenerated
holes would be migrated and trapped there and yield unpaired electrons as the photocurrent. Reprinted from ref 49, Copyright 2010 Nature
Publishing Group, and 52.
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Schottky metal−semiconductor junctions, homo- and hetero-
junctions, and so forth, rely on the built-in potential field
induced in the depletion region to separate photogenerated
carriers (i.e., electrons and holes) in the opposite directions
(Figure 1a), where high photoconductive gain or quantum
efficiency (the ratio of the photocurrent to incident photon)
can be achieved when the carrier lifetime is longer than the
time required to reach the metal contact.49 For photo-
transistors, upon illumination, one type of photocarrier is
trapped such that the other carrier type can flow under the
effect of an electric field such that the high photoconductive
gain can also be obtained (Figure 1b).49 In any case, the
majority of the recent challenges have been focused on the
development of photodetectors with a minimum structural
thickness for the maximum photon absorption, targeting cost-
effective and superior detector performance, spanning across
the wavelength regions of infrared (IR), visible, and ultraviolet

(UV).43−53 Among many current developments, nanostructures
with an extremely large surface-area-to-volume characteristic
can be engineered to result in a significant amount of surface
states for the carrier charge trapping, extending the photo-
current lifetimes and photoresponse speed (Figure 1c).52 In
this regard, combined with unique light management properties
as discussed above, various 3-D nanostructures with different
light-trapping mechanisms have been extensively explored as
active materials for the efficient photodetectors.43−52

Light-Coupling Mechanisms. Recently, as shown in Figure 2a−
f, many different types of nanostructures such as nanowires,
nanopillars, nanopencils, nanocones, nanoshells, nanodomes,
and so forth3,8,13,27,38,42,54−60 have been developed and
exhibited impressive light-trapping properties with minimal
active material thickness. In detail, there are mainly three
dominant light-trapping mechanisms investigated in the
photodetector community, while all of those are clearly

Figure 2. Different nanostructures and light-coupling mechanisms. Scanning electron microscope images of (a) vertical silicon nanowire arrays, (b)
silicon nanopillar arrays, (c) inverted silicon nanopencil arrays, (d) silicon nanocones, (e) a monolayer of nc-Si nanoshells deposited, as well as (f) a-
Si nanodome arrays fabricated on quartz substrates. (g) Time-averaged and normalized TE electric field, |Ez|, distribution at 543 nm simulated by
FDTD analysis within ZnO nanorod structures. (h) Two-dimensional solar-spectrum-weighted electrical field intensity contour of nanocones, with
the pitch of 0.6 μm, diameter of 380 nm, and height of 2 μm. (i) Schematic of a hexagonal array of nanoshells (inner radius = 175 nm; outer radius =
225 nm) based on which full-wave simulations were performed and the corresponding simulated electric field (|E|) distribution at 594 nm. (j) Front
view of a spherical nanoshell array with variations in the geometry (inner radius = 175 ± 25 nm; shell thickness = 80 ± 5 nm) and side view of the
electric field (|E|) distribution in the model in the left panel at 860 nm. Reprinted from refs 50, 61, 45, Copyright 2012 Nature Publishing Group, and
59
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dictated by their unique geometry in the nanostructures. For
the case of nanopillars, similar to the phenomenon discussed in
the previous section, the enhanced light trapping can be
attributed to the strong bandgap absorption of the material as
well as the graded effective refractive index profile of the
nanoarrays.38,48 Figure 2g gives the steady-state distribution of
EM fields within the ZnO structures, which is simulated by
finite difference time domain (FDTD) analysis in order to
reveal the light propagation nature within these structures.48

Specifically, this simulation visualizes the time-averaged TE-
polarized electric field intensity (|Ez|) distribution within ZnO
nanorods. The inset enlarges the region of the Si surface,
demonstrating that the nanorods, separated by the air gap,
facilitate the light propagation across the interface by avoiding
the abrupt index transition from air to Si and also widen the
field distribution within the device for enhanced light scattering
on the surface; therefore, this improves the corresponding
responsivity dramatically. Similarly, other tapered nanostruc-
tures including silicon nanopencils and nanocones, with the
smaller tip and larger base, can couple incident photons into
optical modes in the base region efficiently in order to achieve

excellent broad-band (wavelength ranging from 400 to 1000
nm) and omnidirectional (incident angle ranging from 0 to 60°
to the normal) photodetection even with the substrate
thickness down to 10 μm.61 As depicted in Figure 2h, the
incident light has propagated effectively, and the EM wave
energy gets absorbed efficiently with the small pitch cone
structures before the photons reach the bottom surface, owing
to the reduced basal open area.61 Instead of these high aspect
ratio structures, silica microspheres can also be utilized as light
diffusion centers to enhance the light scattering for the
photodetection. From theoretical predictions, the diffuse light
scattering is explicitly connected to the size of the micro-
spheres.58 When the size is smaller than the wavelength of light,
the subwavelength microsphere monolayer cannot effectively
diffuse the light because the subwavelength structure suppresses
all but the zeroth-order diffraction; in contrast, when the light
passes through the large microsphere (1 μm in diameter)
monolayer, strong interference patterns are obviously formed at
both near and far distances from the surface, allowing the
efficient diffuse light scattering.58 Unlike using particles as
scattering centers to increase the optical path length,

Figure 3. Photodetectors utilizing different nanostructured materials and their corresponding performance assessment. (a) Schematic of the silicon
metal−semiconductor−metal photodetector with ZnO nanorod arrays. (b) Reflectance spectra of Si photodetectors with and without ZnO nanorod
arrays. (c) Comparison of the spectral responsivity under 15 V bias. (d) Schematic illustration of the Si nanowire array device in combination with
the RGO layer. (e,f) Corresponding photoresponses under illumination by 532 nm (visible) and 118.8 μm (THz) lasers, respectively. (h) Schematic
depiction of the WGM resonance in the ZnS/ZnO bilayer device and absence of WGM resonance in the ZnO/ZnS bilayer device. (i) Energy level
diagrams of ZnS/ZnO heterojunctions and the charge-transfer process under UV irradiation. (j) Response times of the devices measured in air at a
bias of 5.0 V based on ZnS/ZnO nanofilms. Reprinted from refs 48, 43, Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, and 46,
Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA.
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specifically, a novel light management scheme by forming
whispering-gallery resonant modes (WGMs) inside of the
nanocrystalline silicon (nc-Si) nanoshells has just been
demonstrated, in which the shell geometry enables a low-
quality factor facilitating the coupling of light into resonant
modes and circulating within the shell materials with a
significant longer path length as compared to that of the
planar counterparts.45 WGMs refer to a type of wave traveling
around a concave surface, while the low-quality factor indicates
a higher rate of energy absorbed relative to the stored energy in
the system.42 All of these are important to the realization of
efficient broad-band optical absorbers here. Figure 2i gives the
schematic of a spherical shell array in which the cross-sectional
electric field pattern is along one of the shell rows.45 It was
found that light is confined and guided along the structure,
rather than passing through the shell directly. This way, the
shell geometry would form a closed path for the photon and
induce resonant WGMs at certain frequencies, depending on
the shell dimensions; as a result, the resonant modes here not
only improve the light trapping but also allow good coupling
between propagating light and resonant modes as well as
broadening of the resonant absorption peak. For optimizing
these resonances and subsequent light trapping, the shell size
and thickness would have to be carefully considered for the
maximal optical absorption. Notably, variation in their
geometry is found capable to further broaden the absorption
peaks, where a spherical nanoshell array structure with varying
sphere size and shell thickness is simulated for the
corresponding electric field distribution (Figure 2j).45 It is
evident that the smallest nanoshell is near the resonance
condition, whereas the biggest nanoshell is off-resonance,
clearly demonstrating that the geometry variation would lead to
a broad distribution of resonant wavelengths. All of these
illustrate the technological potency of these different
nanostructures for the efficient light absorption with the
extreme thin structures and omnidirectional optical character-
istics.
Photodetector Performance. In order to assess the performance

of photodetectors, several figures of merits such as photo-
conductive gain, quantum efficiency, responsivity, and so forth
are commonly used to characterize the detector operation. For
example, responsivity describes the photocurrent flowing in a
detector per incident optical power, where high responsivity is
especially preferred for the low-light applications.49 Employing
the above-described nanostructures with different material
systems (i.e., different bandgap), enhanced photodetection in
the wavelength range from IR, to visible, to UV is actively
studied.43−52,62−65 Vertical Si nanowire arrays have been mostly
investigated in photodetectors due to their particularly large
intrinsic gain, long interaction length enabling light trapping, or
wave-guiding effects to realize high quantum efficiencies over
the material filling factor, and, more importantly, the capability
to extend a significant responsivity from the visible into the IR
region for increased spectral range was not easily observed in
the bulk or thin-film devices. Also, ZnO nanowire arrays are
also frequently developed as Schottky barrier devices for the
UV detection due to their wide bandgap (3.4 eV) and the ease
of surface-state engineering.47,52,66−68 Therefore, the typical
detectors can achieve impressive performance with the
responsivity and photocurrent gain up to 104 A/W and 108,
respectively, as well as the recovery time and time constant
down to 0.28 s and 46 ms, accordingly.47,52,66−68 In addition to
the nanowire arrays, the silicon nanoshell structures can be as

well simply utilized and transferred to various different
substrates such as flexible sheets (e.g., polydimethylsiloxane)
for the advanced bendable applications.45 Notably, these
nanoshells are also employed in light-field cameras, capturing
the intensity, position, and angular information on the incident
light and facilitating after-the-fact focusing plus 3-D rendering
from a single exposure.63 In optical simulations, the directional
resolution in these nanoshell-integrated light-field sensors is
demonstrated with acceptance angles up to 35° from the
incidence at normal.63 At the same time, these nanostructures
have also been integrated with other materials, forming hybrid
structures, in order to further enhance their detection
performance.43,44,46−48,58 For instance, as shown in Figure 3a,
ZnO nanorod arrays grown by a low-temperature hydrothermal
method with the large growth area have been used as an
antireflective nanostructure on conventional Si metal−semi-
conductor−metal Schottky photodetectors.48 Evidently, it is
clear that the ZnO structures significantly reduce the reflection
over a wide range of wavelengths, with less than 1% reflectance
in the UV range and 35% in the visible/near-IR regions (Figure
3b).48 This improvement can be attributed to the strong
bandgap absorption of ZnO nanostructures in the UV region
and the graded effective refractive index profile of the
nanoarrays in the long-wavelength range. Therefore, this ZnO
nanorod integration can help to absorb the photons efficiently
in the UV region and contribute to 3 and 2 orders of magnitude
enhancement in the responsivity for the UV and visible/near-IR
regions, respectively (Figure 3c).48 Apart from the antireflective
properties, Si nanowire arrays have as well been utilized in
conjugation with the reduced graphene oxide (RGO) to
improve the corresponding photoresponse from the visible
(532 nm) up to the terahertz region (2.52 THz, or a
wavelength of 118.8 μm), being the broadest range reported
for the photodetectors based on a single device structure.43

Figure 3d gives a device schematic of the fabricated RGO−Si
nanowire array heterojunction photodetector in a two-pole
structure.43

When the detector is irradiated in the dark and illuminated
by 532 nm (visible), 1064 nm (near-IR), 10.6 μm (mid-IR),
and 118.8 μm (2.52 THz) lasers, the typical current−voltage
characteristics and photoresponse are assessed. Specifically,
significant photoresponses are observed for all of the
irradiations, especially for the demonstration of visible and
THz regions (Figure 3e and f).43 Good photoresponse
repeatability is observed in the case of THz illumination but
not for the visible irradiation, where the repeatability is
weakened, as reflected in the increase of photocurrent with
light-on and -off cycles. This is mainly attributed to the thermal
effect of Si. In any case, the photoresponse time remained
constant in the light-on and -off cycles. Moreover, in the
structures of nanoshells, a well-ordered bilayer nanofilm
utilizing wurtzite ZnS (≈3.7 eV, 340 nm) and ZnO (≈3.4
eV, 370 nm) hollow microspheres is also developed as active
materials for the photodetectors.46 Their photoresponsive
properties are found to depend dominantly on the stacking
orders of the hollow microspheres in the multilayer films. As

Optical absorption enhancement
schemes can benefit photode-
tectors by achieving higher

quantum efficiency.
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shown in Figure 3h, when the ZnS shells are stacked on the top
of ZnO shells, the WGM resonances are strong, owing to the
lower refractive index of ZnO as compared to the one of ZnS.46

The appearance of these WGMs gives rise to the improvement
of photon trapping and the corresponding absorption in the
ZnS/ZnO bilayer device; as a result, the photocurrent in the
ZnO/ZnS bilayer detector is much lower than that in the ZnS/
ZnO bilayer counterpart. At the same time, as depicted in
Figure 3i, the valence band (VB) of ZnS is positioned about 0.6
eV higher than that of ZnO such that a type-II heterostructure
with a staggered alignment at the heterojunction is induced for
this bilayer structure.46 This way, the resulting internal electric
field due to the band bending at the heterostructure interface
can enable the efficient separation of electron−hole pairs under
UV illumination. Figure 3j illustrates the on/off switching of the
bilayer device under UV irradiation at a bias of 5 V. All of the
device time responses are highly stable and reproducible, and
especially no degradation is observed in tens of switching
cycles, indicating the excellent stability and fast response speed
of the devices.46

Light Management for PV Devices. Conventional Strategies
for PV Device Light Management. Since the first PV cell was
demonstrated over a century ago, enormous effort has been
invested to improve the power conversion efficiency (PCE) and
reduce the cost of solar energy conversion. Although Green et
al. had reported a monocrystalline PV device with 25% PCE in
1998 and numerous of other PV technologies were
developed,69 the PV has not been able to replace the
conventional energy source such as fossil fuels in large scale
due to not only its intermittency but also the significantly
higher cost. Therefore, continuous progress has to be made in
order to develop a more efficient PV device at lower
cost.5,17,28,29,31,70−89 In particular, performances of PV devices

largely rely on their optical absorption and carrier collection
dynamics in the devices. Different light-trapping strategies were
implemented in order to improve the optical absorption of the
solar cell. One of the conventional methods was applying ARC
on the solar cell, and typically a Si3N4 thin film was used.
However, as mentioned in the first section, such an ARC works
the best for individual wavelengths and normal incidence.
Therefore, conventional ARC might not be the best solution
for PV devices as solar light is broad-band in nature and its
incident angle varies throughout a day. On the other hand,
while increasing the absorber material thickness of the PV
device could lead to higher optical absorption, it will
unavoidably increase the manufacturing cost. More importantly,
a thicker absorber implied a longer minority charge carrier
diffusion path length, which put a constraint of device
performance. In this regard, employing a nanostructure for
light trapping is an appealing strategy to accommodate both
optical absorption and carrier collection by utilizing a thinner
absorber material to harvest more light and simultaneously
facilitate carrier collection.7,32,37,90−93

Light Trapping for PV Based on Crystalline Material. Over the
past decade, different types of nanostructure such as nanowire/
nanopillars,17,26,32,33,35,36,56,76,77,80,94−103 nanoholes,40,104 nano-
cones,6,7,11,59,70,105−108 and so forth have been employed to
achieve rational light management design of PV devices.
Particularly, an ultrathin monocrystalline silicon solar cell with
only a 10 μm absorber was reported by Jeong et al. Such a PV
device with a nanocone light-trapping structure and all-back
contact design could deliver over 80% EQEs at wavelengths
from 400 to 800 nm, resulting in 13.7% PCE.7 Displayed in
Figure 4a are the optical images (top) and SEM images
(bottom) of a 10 μm thick silicon nanocone solar cell. As
illustrated in Figure 4b, the back side of the ultrathin silicon

Figure 4. (a) Optical image of the back (top, left) and front (top, right) side of the 10 mm thick Si solar cell. The inset shows the optical microscope
image of the interdigitated metal electrodes. SEM images of the cross-sectional view of the device (bottom, left) and cross-sectional view of the
nanocones (bottom, right). The thin layer at the top of the nanocones is an 80 nm thick SiO2 layer. Scale bars are 2 (top), 5 (bottom, left), and 400
nm (bottom, right). (b) EQE data of the nanocone device and a planar control. (c) J−V characteristics of a nanocone device and a planar control.
(d) Optical generation profiles calculated by FDTD for wavelengths at 405, 505, 600, 700, 808, and 892 nm. Through the dome-shaped ITO, the
light is coupled into the nanopillar array, penetrating deeper into the semiconductor material at longer wavelengths. (e) Integrated AM1.5G optical
power flux within the periodic structure. Each ITO dome acts as a subwavelength nanolens, concentrating the optical power in the active nanopillar
region. (f) Measured J−V characteristics of the GaAs p−i−n nanopillar array solar cells under AM1.5G; the inset shows the schematic of the
nanopillar device. Reprinted from refs 7, Copyright 2013 Nature Publishing Group, and 32.
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solar cell had an interdigitated structure of highly doped p+ and
n+ regions, and the front side consisted of nanocones, which
makes the device appear completely black even though only a
10 μm thick absorber was used. Notably, the EQE at a 400 nm
wavelength was 80%, which was 15% higher than that of other
Si nanostructured solar cells and 200% higher than that of III−
V nanowire solar cells.21,91 With a front-side nanocone with a
height of only about 400 nm and a total absorber thickness of
only 10 μm, the solar cell could effectively perform light
trapping and led to a short-circuit current density (Jsc) of 29.0
mA cm−2, which is 30.7% higher than the Jsc of a planar silicon
solar cell coated with a 80 nm Si3N4 AR layer (Figure 4c). This
work demonstrated the design principles for highly efficient,
ultrathin Si solar cells that can significantly reduce the absorber
material consumption. Besides reducing material consumption,
broad-band and omnidirectional light harvesting were of crucial
importance from a practical standpoint as solar light is broad-
band in nature and its incident angle varies throughout the day.
In this regard, Lin et al. had reported a nanopencil array
fabricated by a unique anisotropic wet etching technique. Such
an etching technique could fabricate various geometrically well-

controlled nanostructures including nanopillars, nanorods,
nanopencils, and nanocone arrays. With optimal geometrical
design, the inverted nanopencil array can suppress the optical
reflection below 5% over a broad wavelength range of 400−
1000 nm and a wide range of incidence between 0 and 60°.61

The above-mentioned nanostructures are tapered structures, as
discussed in the first section; this type of structure introduces a
gradient of effective refractive index, thus leading to better
optical impedance match with free space, which benefits both
PV devices and photodetectors, as discussed in the previous
section.
Other than using tapered structures, nanopillars with a rather

uniform diameter have also been demonstrated for PV
applications. Mariani et al. had reported direct-band-gap
core−multishell GaAs nanopillar array solar cells fabricated by
selective-area MOCVD and achieved a PCE of 7.43%.32 A
dome-shaped indium tin oxide (ITO) layer was formed at the
tip of the nanopillar after sputtering, which resulted in the
formation of a subwavelength nanolens that intensified and
concentrated the optical field within the nanopillar (Figure 4d).
Moreover, a 3-D power flux density map of a 4 × 4 array of the

Figure 5. (a) Schematic of an OPV device with the active layer incorporated with plasmonic a Au/SiO2 nanorod. (b) TEM images of corresponding
colloidal solutions of (A) Au nanospheres, (B) Au nanorods of AR ≈ 2.5, (C) Au nanorods of AR ≈ 4, (D) Au/SiO2 nanospheres, (E) Au/SiO2
nanorods of AR ≈ 2.5, and (F) Au/SiO2 nanorods of AR ≈ 4. (c) Surface morphologies of the thin-film nanodent devices with a 330 nm thick
amorphous silicon (a-Si:H) layer and nanodent substrate. Scale bars are 500 nm. (d) FDTD-simulated optical absorption enhancement (log scale)
depending on the thickness and photon energy. (e) Schematic of a nanospike (NSP)-based a-Si:H solar cell. (f) Simulated AM1.5G spectrum
integrated optical absorption and simulated Jsc in an a-Si layer for an a-Si:H PV device fabricated at different NSP heights. Reprinted from refs 112,
110, Copyright 2013 Royal Society of Chemistry, and 113, Copyright 2013 Nature Publishing Group.
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nanopillar under AM1.5G illumination was simulated and is
shown in Figure 4e, which confirmed the coupling of incident
light into the whole nanopillar array by the nanolens array. As
shown in Figure 4f, such nanopillar array solar cells achieved
open-circuit voltages (Voc) of 0.57 V, JSC of 18.9 mA/cm−2, and
fill factors (FFs) of 69%, which represented a remarkable
improvement as compared with previous reports for GaAs
nanopillar array PVs. Overall, this work demonstrated that the
effective coupling of light within nanopillar solar cells by dome-
shaped ITO functioned as a nanolens with detailed
investigation by experiments and FDTD simulations. In
parallel, Wallentin et al. had reported InP nanowire solar cells
and achieved a PCE as high as 13.8%.21 Importantly, it was
found that the nanowire diameter and length of the top n-
doped segment were crucial for optical absorption and device
performance. Interestingly, a nanowire device with an
optimized nanowire diameter and the length of the top n-
doped segment had covered only 12% of the active area surface
as compared with planar InP solar cells. This result
demonstrated the potential of substantial reduction in active
material for high-performance nanowire PV devices.21

Thin-Film PVs. So far, the works reviewed above are about
PV devices fabricated with single-crystalline material. In fact,
amorphous or organic thin-film-type PVs have gained
considerable attention in recent years, owning to their low-
temperature and low-cost fabrication and the possibility of
using lower-quality active materials and significantly reduced
material consumption, which are favorable for scalable
production.10,75,83,109−112 For these thin-film materials with
short carrier/exciton diffusion length, utilization of thin
materials is highly preferable. Therefore, applying light
management schemes to achieve high optical absorption in
thin materials is particularly important. For thin film PVs,
patterned back reflector and plasmonic light trapping are two of
the commonly used light management approaches to maximize
absorption within a thin absorber. In the case of a patterned
back reflector, an incident photon experiences multiple
scattering before being reflected out of the device, which
implied a higher chance of being absorbed by the active
material. On the other hand, as mentioned in the first section,
the localized plasmonic resonance can lead to a highly
intensified local electric field. Thus, if there is PV material in
the proximity of the nanoparticles, significant energy absorption
can be observed. This is in fact a distinctive way of light
management at the nanometer scale, as compared to the light
management with photonic structures, which were typically on
the wavelength or subwavelength scale. Jankovic et al. reported
light management in an organic photovoltaic (OPV) by
incorporating a plasmonic nanoparticle into the active layer
in order to capitalize on the light scattering effect as well as the
near-field enhanced local surface plasmon resonance
(LSPR).112 Figure 5a presents the schematic of the OPV
device with a P3HT/PC60BM active layer incorporated with a
Au/SiO2 nanorod. To investigate the effect of nanorod/
nanosphere geometries on the device performance, a Au
nanosphere/nanorod with a different aspect ratio was used and
is shown in Figure 5bA−bF. In this work, it was revealed that
the spectrally matched extinction spectra of Au/SiO2 nano-
particles with device EQE are of paramount importance to the
performance improvement.
As aforementioned, a patterned back reflector substrate is

another common strategy to provide geometrical light trapping,
and tremendous potential was demonstrated for high-perform-

ance thin-film PVs.3,4,9,38,59,114−118 Nonetheless, such an
approach had not yet been the mainstream in thin-film PVs
due to the lack of cost-effectiveness and flexibility, which
limited the practicability. In this regard, Huang et al. reported a-
Si:H thin film solar cells fabricated on flexible aluminum foil
with random ordered nanodents, which were fabricated by
large-scale aluminum anodization.110 Such nanodent substrates
could largely improve broad-band optical absorption of the
solar cells especially near the band edge by both geometrical
light scattering and plasmonic light trapping, resulting in over
31 and 27% improvement on Jsc and PCE, respectively, as
compared with the planar counterpart. Displayed in Figure 5c is
the SEM image of a nanodent solar cell with a 330 nm thick a-
Si:H layer, indicating that the nanodent pattern on the
substrate can be replicated on the solar cell after multiple
thin-film depositions. Specifically, absorption inside of the a-
Si:H layer on the nanodent and planar substrate was calculated
as well as the enhancement factor, defined by the ratio between
the absorption of a-Si:H on patterned and planar devices on a
logarithmic scale, which is shown in Figure 5d. Interestingly, it
can be clearly seen that the nanodent structure can significantly
improve the absorption of the a-Si:H layer with different
thicknesses near the band edge (1.7 eV), as compared to the
planar structure, owing to the effective scattering and prolonged
optical path length for long wavelengths. While 4n2 is the
theoretical limit of absorption enhancement by random texture,
Battaglia et al. demonstrated the potency of exceeding this limit
by utilizing a periodic array of nanocavities on glass for light
management.4,114 Besides that, Leung et al. reported an a-Si:H
PV device fabricated on a periodic nanospike (NSP) array with
a well-controlled geometrical factor including the NSP pitch
and height (Figure 5e).113 In this work, a-Si:H PV devices were
fabricated on an array of NSPs with pitch ranging from 1 to 2
μm and heights ranging from 200 to 1200 nm, and their optical
absorptions (Figure 5f) were studied with FDTD simulation
and absorption measurements. From the simulation and
experiment, it was concluded that optical absorption increases
monotonically with NSP height, while the device with best
performance was based on the intermediate NSP height. It is
worth noting that both works from Battaglia et al. and Leung et
al. had pointed out that the trade-off between optical and
electrical performance is needed to be considered when
designing a light-trapping nanostructure for high-performance
PV devices.9,113,114

Light Management for Light-Emitting Devices. Light
Emitting and Losses. Unlike photodetectors and solar cells that
collect photons and convert them to electricity, LEDs and
organic LEDs (OLEDs) convert input electrical energy into
output optical radiation. Therefore, one of the primary
concerns for LEDs is the efficiency of light out-coupling. A
common problem of both LEDs and OLEDs is that only a
small fraction of the light generated in the device can be out-
coupled due to the total internal reflection and the excitation of
waveguide modes that propagate inside of the devices. Much of
the trapped light will be eventually lost within the devices.
Considering the refractive indices of GaN (n ≈ 2.5), air (n =
1.0), glass (n ≈ 1.5), and an organic stack (n = 1.7−2.0),119,120
the critical angles for the light escape cone are about 23 and 30°
with respect to the surface normal for planar LEDs and OLEDs,
respectively. As a result, only about 4 and 20% of the internal
light can be directly radiated into air.121,122

It is of great significance to manage the light to achieve more
light out-coupling. A variety of surface or interface modification
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methods, such as substrate modification, use of a scattering
medium, microlens arrays, microcavity, or photonic crystals,
and surface plasmon enhanced techniques, have turned out to
be efficient ways to improve the out-coupling efficiency. These
different methods can be generally distinguished into
techniques changing the surface of the substrate and others
altering the stack layout, that is, external and internal out-
coupling technologies. The optoelectric coupling process, as
well as the design of materials, nanostructures, and device
configurations, indeed has many common tactics with photo-
detector and PV devices. However, special considerations, such
as beam shaping and emission wavelength shift, should be
always kept in mind in light-emitting devices.
External Out-Coupling Technologies. One of the most

commonly used methods to extract the substrate wave-guided
mode is the use of a rough surface.123,124 The roughened top
surface reduces internal light reflection, and more light is
coupled out into air. For example, Fujii et al.125 used the laser
lift-off technique followed by an anisotropic etching process to
roughen the surface and fabricated an n-side-up GaN-based
LED with a hexagonal “cone-like” surface. The output power of
an optimally roughened surface LED showed a 2−3 fold
increase compared to that of a LED without surface
roughening. Similarly, the textured mesh at the interface of
the substrate and air also shows improved light extraction
capability for both LEDs and OLEDs by reducing the total
internal reflection.126,127

The advantage of surface roughening is that there are many
available techniques to create the random roughened surfaces
on various materials. However, the random characteristic of
photon dynamics is less controllable for beam shaping. The use
of a microlens array, with regular periodic structures, not only

enhances the light out-coupling but also provides the capability
to tune the angular intensity distribution. Microlens arrays with
different diameters, aspect ratios, and areal coverages have
shown improved out-coupling efficiency by 1.5−2 fold for both
LEDs and OLEDs.130 The microlenses on LEDs are generally
formed by an etching process,131,132 while the transparent
polymer microlens arrays are typically employed for OLEDs
(see Figure 6a). The refractive indices of polymers, such as
polydimethylsiloxane (PDMS), poly(methyl methacrylate)
(PMMA), and polyurethane (PU),128,133,134 are relatively
close to those of the substrates. In the presence of ordered
microlenses on the surface, the beam angle is extended, which
leads to improved light out-coupling, as schematically shown in
Figure 6b.122 Figure 6c shows the photoluminescence (PL)
spectra of the In0.12Ga0.88N QW samples with and without
SiO2/PS microlens arrays. The PL luminescence peak intensity
of the samples covered with microlens arrays exhibited 233.6%
improvement over that without microlens arrays. Meanwhile,
the continuous-wave power−current measurements represent
219% improvement in the output power of the LED device
with the microlens arrays at a current level of 100 mA, as
compared to the control device (see Figure 7d). The
substantially increased output power can be attributed
presumably to the increase in its effective photon escape
cone.128,129 In addition, the use of SiO2 (n = 1.46)/ PS (n =
1.58) as the intermediate refractive index materials for the
microlens arrays also leads to reduced Fresnel reflection in the
GaN/PS/SiO2/air interface, as compared to that for the GaN/
air interface. Another similar strategy is the introduction of a
scattering medium on the substrate. Index-matched silica
microspheres can act as strong scattering centers. The wave-
guided modes within a glass substrate can be easily coupled out,

Figure 6. (a) A 45° tilted view of SEM images of microlens arrays with hemispherical microlenses.128 (b) Schematic illustration of substrate mode
extraction by a microlens array (light paths indicated in red correspond to radiation that normally cannot leave the device).122 (c) Comparison of the
PL intensity of In0.12Ga0.88N QW samples with and without a SiO2 /PS microlens array, with He−Cd excitation lasers (λ ≈ 325 nm) at room
temperature.129 (d) Comparison of the relative light output power and EQE versus the injected current for In0.12Ga0.88N QW samples with and
without a SiO2 /PS microlens, emitting at λ = 480 nm.129 Reprinted from refs 128, Copyright 2010 AIP Publishing LLC, 122, Copyright 2013
WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim, and 129, Copyright 2007 AIP Publishing LLC.
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and 1.9−2.2 times enhancement in the light out-coupling
efficiency was observed.135 Li et al. pressed a close-packed
hexagonal silica microsphere array into a poly(vinyl alcohol)
layer that was spin-coated on the opposite side of the ITO-
coated glass substrate, obtaining a structure that has similar
characteristics as microlens arrays.136 Additionally, Lin et al.
introduced diffuser or brightness enhancement films with a
prism structure onto the OLED, which could also significantly
increase the out-coupling efficiency.137 Recently, 1-D nano-
structures, such as nanowires and nanorods, based on III-nitride
devices, have been demonstrated as potential nanoscale
building blocks for the reduction of total internal reflection
by acting as photon waveguides and scattering centers.138−140

Hsiao et al. fabricated syringe-like ZnO nanorods on GaN-
based LEDs and enhanced the light extraction efficiency by
10.5%. The waveguide modes in nanorods provided a beam-
shaping effect and delivered a more collimated radiation pattern
as compare with that of the planar device. Ho et al. reported an
efficient light extraction scheme by employing a hierarchical
structure on GaN LEDs, that is, SiO2 nanorods on top of p-
GaN microdomes.141 The LEDs with hierarchical surfaces
exhibited a light-output improvement of 36.8%. They attributed
the enhancement in light out-coupling efficiency to the multiple
tilted surfaces of microdomes and the graded refractive indexes
provided by the SiO2 nanorods. Moreover, 1-D nanostructures
also showed advantages in reducing the threshold intensity
(with optical pumping) or current (electrical pumping) when
excitonic lasing action was inspired.142−144 Gradecǎk et al.
reported optically pumped room-temperature lasing in GaN
nanowires grown by MOCVD,145 and these nanowires form

natural free-standing Fabry−Peŕot cavities with triangular cross
sections, which demonstrate thresholds for stimulated emission
of 22 kW/cm2 that are substantially lower than other previous
reports.

Internal Out-Coupling Technologies. Although a part of the
trapped light can be coupled out from the emitting window via
external out-coupling methods, a considerable part of the
trapped light still propagates inside of the LEDs and OLEDs.
Thus, one must change the inner stack layout or structure of
devices to extract more light. One straightforward method to
diffuse light is placing an ideally reflective mirror at the back,
which was reported to double the intensity of the light
extracted through the top surface of the LED. Besides metal
mirrors, there are two kinds of highly reflecting mirrors known
as distributed Bragg reflectors (DBRs) and omnidirectional
reflectors (ODRs).121 The ALD-grown TiO2/Al2O3 DBR
backside reflector was reported to greatly improve the optical
and electrical characteristics of the GaN-based LEDs by Guo et
al.146 Meanwhile, these reflectors are essential to form

Figure 7. (a) Schematic of an OLED with buckles.150 (b) Current efficiency (cd A−1) and power efficiency (lm W−1) as a function of luminance (cd
m−2) for OLEDs without buckling (black) and with double (red) and triple (blue) buckling. Error bars indicate standard deviations of the measured
values from several devices.150 (c) Schematic structures of the two-unit tandem microcavity devices. Dotted lines schematically represent the
distribution of the electric field intensity in the device.151 (d) Schematic diagram of the OLED with the embedded low-index grid in the organic
layers.152 Reprinted from refs 154, Copyright 2010 Nature Publishing Group, 150, Copyright 2006 AIP Publishing LLC, and 151, Copyright 2008
Nature Publishing Group.

In the case of solar cells, three-
dimensional (3-D) nanostructures
can remarkably improve device
energy conversion efficiency via
various light-trapping mecha-

nisms.
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microcavity effects that could greatly improve the out-coupling
efficiency of both LEDs and OLEDs.147−149

In order to extract more confined light inside of the light-
emitting devices, the internal scattering structured designs are
worthy of considering to recover the light losses that originated
from surface plasmon and waveguide modes. Nanoparticles,
such as TiO2 and WO3,

153,154 have been introduced in between
the substrate and the OLED structure to extract these two
optical modes in OLEDs. Metallic nanoparticles are also very
effective in the reduction of surface plasmon losses. Au or Ag
nanoparticles are always incorporated into the internal structure
of LEDs and OLEDs to achieve an out-coupling effect,
converting the nonradiative surface plasmon to exciton
radiative energy.155−158 Other than nanoparticles, patterned
scattering structures can also achieve improved out-coupling
efficiency. Pan et al. utilized the surface-textured ITO layer on
p-GaN to increase the optical output and gained a high-
brightness GaN-based LED.159

Similarly, a novel anode structure based on patterned ITO
electrodes coated with a high-conductivity PEDOT-patterned
sapphire substrate was demonstrated by Koh et al., which
provided a simple means of enhancing the out-coupling
efficiency in OLEDs.160 Other interesting approaches are
therefore the use of spontaneously produced quasi-periodic
buckling structures underneath of the ITO and organic stack
(Figure 7a), which can effectively enhance the light extraction
efficiency without introducing spectral changes and direction-
ality by out-coupling the waveguide modes. Their out-coupling
characteristics of the waveguide modes varied with the
periodicities of the buckles, and the power efficiency could be
improved by 80−400%.150,161 For instance, curves in Figure 7b
demonstrate the current efficiency and power efficiency as a
function of luminance for OLEDs without buckling (black) and
with double (red) and triple (blue) buckling. The current
efficiency and power efficiency at 2000 cd m−2 are improved by
a factor of ∼1.8 and 2.2 with double buckling and 2.2 and 2.9
with triple buckling, respectively. Comparing with the randomly
formed nanoparticles or surface textures, periodic gratings or
photonic crystals provide alternative ways to achieve high-
efficiency light sources with the novel capabilities for the
control and manipulation of the flow of light.162,163 Photonic
crystals are periodic dielectric micro(nano-)structures that have
an energy bandgap that forbids the propagation of a certain
frequency range of light. Photonic crystals have a number of
ways to improve the out-coupling efficiency of LEDs and
OLEDs, such as inhibition of guided mode emission,
enhancement of spontaneous emission (Purcell effect), and
light extraction on the whole surface by leaky mode
coupling.121,164−166 As a 1-D photonic crystal, periodic grating
structures have been proved to be of excellent performance on
LEDs.120 Fabricated via nanoimprint lithography, the periodic
gratings are employed to extract surface plasmons as well as
waveguide modes and therefore enhance the out-coupling
efficiency. Dang et al.167 presented a simulation model with a
plasmonic Ag nanostructure placed at the GaN/Ag interface
and the sapphire substrate layer perforated with gratings at the
air/sapphire interface. These structures couple the recombina-
tion to surface plasmon modes and reduce the total internal
reflection as well. The enhancement factor reached up to ∼18
times of the original value at a wavelength of 680 nm. Similarly,
a two-dimensional photonic crystal structure has been
integrated into GaN-based LEDs.168 This design increases
both the IQE and the amount of light extracted. Ishihara et al.

have constructed two-dimensional photonic crystal structures
on/in OLEDs with the assistance of nanoimprint lithography,
which showed an improved luminance by a factor of 1.5
compared to the controls.165 Byeon et al. also fabricated SiNx-
based photonic crystal patterns on the ITO electrode layer of a
GaN-based LED device on a patterned sapphire substrate by a
UV nanoimprint lithography process.169 Thus, the total internal
reflection was suppressed inside of the GaN-based LED device
by inserting the photonic crystal patterns, achieving enhanced
electroluminescence intensity by 19%.
Another approach to improve the light out-coupling

efficiency of LEDs and OLEDs is the use of microcavity
structures. Placing of the light-emitting region inside of the
optical cavity having the thickness of one-half or one times the
wavelength of light will result in the increase of spontaneous
emission due to the change of the optical mode density at or
near the emission wavelength.170−172 Three types of mirrors
could be used to form the cavity, metallic (including
semitransparent SnO2, NiO, Ag), oxide-based (e.g., SiO2−
TiO2), and DBR. The spontaneous emission intensity is
enhanced in the forward direction due to multiple beam
interference between the light reflected from the two reflectors.
With the help of a microcavity, 1.5−2.5 times intensity
enhancement was observed as compared to the device without
a cavity. By means of a two-unit tandem microcavity OLED, as
shown in Figure 7c, Cho et al. achieved a 5-fold enhancement
in luminance. Furthermore, due to the effect of the microcavity
on the control of the spontaneous emission intensity, the
spectrum, the directionality, and the lifetime, it has been
employed to make laser diodes.151,173,174

It is seen that various techniques and nanostructures with the
aim of enhancing the out-coupling efficiency of LEDs have
been demonstrated. By integrating state-of-the-art nano-
technology and advanced optical design, higher IQE and
extraction efficiency could be achieved. A combination of
modifications in the device structure can be done in view of
practical devices. For example, by simultaneously employing a
photonic crystal structure, nanoscattering structure, or insertion
of low refractive index materials inside of the device and
microlenses, texturing meshed structures or nanowires outside
of the device could be a promising choice to enhance the out-
coupling efficiency.175 A 39.5% light out-coupling efficiency was
observed for AlGaInP LEDs with GaAs contact dots and a
roughened p-GaP window as compared with those of LEDs
with traditional n-side up and p-side up structures without
roughened surfaces.176 Lee et al. presented a LED structure
adopting double-diffused surfaces, that is, one top transmitted
diffuse surface (roughened external emitting window by
etching) and another diffuse ODR surface on the bottom of
a LED chip. In this design, waveguided light scattered by
bottom diffuse ODRs can be scattered again to angles inside of
the escape cone by top diffuse transmitted surfaces to achieve a
higher out-coupling efficiency.177 A periodic two-dimensional
silver array was fabricated by engraving nanohole arrays into the
p-GaN cladding layer, followed by partial filling with silver.178

Due to the coupling of surface plasmons and the scattering
effect of nanohole arrays, the IQE and light extraction efficiency
were simultaneously improved, and a 2.8-fold enhancement in
the peak PL intensity was demonstrated. In a similar way, Sun
et al. reported an OLED with the embedded low-index grid in
the organic layers (Figure 7d) and the microlens array on the
surface of the glass substrate.152 About 2.3 times improvement
in the out-coupling efficiency was achieved. Thus, for boosting
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the light out-coupling efficiency of LEDs and OLEDs, the
internal and external out-coupling strategies should be
combined.

Summary and Future Perspective. In this Perspective, light
management is the process to engineer the interplay between
photons and optoelectronic materials and devices at micro- and
nanoscopic scales. It largely determines the performance of the
devices; thus, light management schemes have broad spectrum
applications for photonics and optoelectronics. The purpose of
this Perspective is to demonstrate the potency of various nano/
microstructures for efficient and effective light management,
thus yielding high photon to charge carrier, or vice versa,
conversion efficiency. Such conversion efficiency determines
the performance of light signal detection devices, solar energy
harvesting devices, and light emission devices, which are
reviewed, respectively, in this Perspective. Certainly, we have
shown that the understanding of light−structure interplay is the
ground of rational design of such light management structures.
Their effectiveness is sensitive to their geometry, material
composition, as well as input wavelength. Extensive experi-
ments and finite element simulations have been performed by a
number of research groups to gain in-depth understanding.
Meanwhile, it is worth point out that the 3-D modeling that can
solve EM waves and carrier dynamics at the same time still
remains challenging and needs more exploration. Meanwhile,
for large-scale applications with rationally designed 3-D light
management nanostructures, such as PVs, developing practical
and cost-effective fabrication approaches is of paramount
importance and worth investing more effort in the future.
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(145) Gradecǎk, S.; Qian, F.; Li, Y.; Park, H.; Lieber, C. M. GaN
Nanowire Lasers with Low Lasing Thresholds. Appl. Phys. Lett. 2005,
87, 173111.
(146) Guo, H.; Zhang, X.; Chen, H. J.; Zhang, P. Y.; Liu, H. G.;
Chang, H. D.; Zhao, W.; Liao, Q. H.; Cui, Y. P. High Performance
GaN-Based LEDs on Patterned Sapphire Substrate with Patterned
Composite SiO2/Al2O3 Passivation Layers and TiO2/Al2O3 DBR
Backside Reflector. Opt. Express 2013, 21, 21456−21465.
(147) Dorsaz, J.; Carlin, J. F.; Gradecak, S.; Ilegems, M. Progress in
AlInN−GaN Bragg Reflectors: Application to a Microcavity Light
Emitting Diode. J. Appl. Phys. 2005, 97, 6.
(148) Xiang, C. Y.; Koo, W.; So, F.; Sasabe, H.; Kido, J. A Systematic
Study on Efficiency Enhancements in Phosphorescent Green, Red and
Blue Microcavity Organic Light Emitting Devices. Light: Sci. Appl.
2013, 2, 74.
(149) Choy, W. C. H.; Ho, C. Y. Improving the Viewing Angle
Properties of Microcavity OLEDs by Using Dispersive Gratings. Opt.
Express 2007, 15, 13288−13294.
(150) Koo, W. H.; Jeong, S. M.; Araoka, F.; Ishikawa, K.; Nishimura,
S.; Toyooka, T.; Takezoe, H. Light Extraction from Organic Light-
Emitting Diodes Enhanced by Spontaneously Formed Buckles. Nat.
Photonics 2010, 4, 222−226.
(151) Cho, T.; Lin, C.; Wu, C. Microcavity Two-Unit Tandem
Organic Light-Emitting Devices having a High Efficiency. Appl. Phys.
Lett. 2006, 88, 111106.
(152) Sun, Y.; Forrest, S. R. Enhanced Light Out-Coupling of
Organic Light-Emitting Devices Using Embedded Low-Index Grids.
Nat. Photonics 2008, 2, 483−487.
(153) Chang, H. W.; Tien, K. C.; Hsu, M. H.; Huang, Y. H.; Lin, M.
S.; Tsai, C. H.; Tsai, Y. T.; Wu, C. C. Organic Light-Emitting Devices
Integrated with Internal Scattering Layers for Enhancing Optical Out-
Coupling. J. Soc. Inf. Disp. 2011, 19, 196−204.
(154) Kim, J. Y.; Choi, C. S.; Kim, W. H.; Kim, D. Y.; Kim, D. H.;
Choi, K. C. Extracting Optical Modes of Organic Light- Emitting
Diodes using Quasi-Periodic WO3 Nanoislands. Opt. Express 2013, 21,
5424−5431.
(155) Gu, X. F.; Qiu, T.; Zhang, W. J.; Chu, P. K. Light-Emitting
Diodes Enhanced by Localized Surface Plasmon Resonance. Nanoscale
Res. Lett. 2011, 6, 199.
(156) An, K. H.; Shtein, M.; Pipe, K. P. Surface Plasmon Mediated
Energy Transfer of Electrically-Pumped Excitons. Opt. Express 2010,
18, 4041−4048.
(157) Choulis, S. A.; Mathai, M. K.; Choong, V. Influence of Metallic
Nanoparticles on the Performance of Organic Electrophosphorescence
Devices. Appl. Phys. Lett. 2006, 88, 213503.
(158) Xiao, Y.; Yang, J. P.; Cheng, P. P.; Zhu, J. J.; Xu, Z. Q.; Deng,
Y. H.; Lee, S. T.; Li, Y. Q.; Tang, J. X. Surface Plasmon-Enhanced
Electroluminescence in Organic Light-Emitting Diodes Incorporating
Au Nanoparticles. Appl. Phys. Lett. 2012, 100, 013308.
(159) Pan, S. M.; Tu, R. C.; Fan, Y. M.; Yeh, R. C.; Hsu, J. T.
Improvement of InGaN−GaN Light-Emitting Diodes with Surface-
Textured Indium-Tin-Oxide Transparent Ohmic Contacts. IEEE
Photonic Technol. Lett. 2003, 15, 649−651.

The Journal of Physical Chemistry Letters Perspective

dx.doi.org/10.1021/jz500306f | J. Phys. Chem. Lett. 2014, 5, 1479−14951494



(160) Koh, T. W.; Choi, J. M.; Lee, S.; Yoo, S. Optical Outcoupling
Enhancement in Organic Light-Emitting Diodes: Highly Conductive
Polymer As a Low-Index Layer on Microstructured ITO Electrodes.
Adv. Mater. 2010, 22, 1849−1853.
(161) Koo, W. H.; Boo, S.; Jeong, S. M.; Nishimura, S.; Araoka, F.;
Ishikawa, K.; Toyooka, T.; Takezoe, H. Controlling Bucking Structure
by UV/Ozone Treatment for Light Extraction from Organic Light
Emitting Diodes. Org. Electron. 2011, 12, 1177−1183.
(162) Fan, S. H.; Villeneuve, P. R.; Joannopoulos, J. D.; Schubert, E.
F. High Extraction Efficiency of Spontaneous Emission from Slabs of
Photonic Crystals. Phys. Rev. Lett. 1997, 78, 3294−3297.
(163) Boroditsky, M.; Krauss, T. F.; Coccioli, R.; Vrijen, R.; Bhat, R.;
Yablonovitch, E. Light Extraction from Optically Pumped Light-
Emitting Diode by Thin-Slab Photonic Crystals. Appl. Phys. Lett. 1999,
75, 1036−1038.
(164) Weisbuch, C.; Benisty, H. Progress in the Control of the
Light−Matter Interaction in Semiconductors. Solid State Commun.
2005, 135, 627−637.
(165) Ishihara, K.; Fujita, M.; Matsubara, I.; Asano, T.; Noda, S.;
Ohata, H.; Hirasawa, A.; Nakada, H.; Shimoji, N. Organic Light-
Emitting Diodes with Photonic Crystals on Glass Substrate Fabricated
by Nanoimprint Lithography. Appl. Phys. Lett. 2007, 90, 111114.
(166) Matioli, E.; Weisbuch, C. Impact of Photonic Crystals on LED
Light Extraction Efficiency: Approaches and Limits to Vertical
Structure Designs. J. Phys. D. Appl. Phys. 2010, 43, 354005.
(167) Dang, S.; Li, C.; Jia, W.; Liu, H.; Zhang, Z.; Li, T.; Liu, X.; Han,
P.; Xu, B. Performance Enhancement of GaN-Based Light-Emitting
Diodes by Surface Plasmon Coupling and Scattering Grating. J. Mater.
Sci. 2013, 48, 5673−5679.
(168) Barton, D. L.; Fischer, A. J. Photonic Crystals Improve LED
Efficiency. SPIE Newsroom 2006, DOI: 10.1117/2.1200603.0160.
(169) Byeon, K. J.; Cho, J. Y.; Kim, J.; Park, H.; Lee, H. Fabrication
of SiNx-Based Photonic Crystals on GaN-Based LED Devices with
Patterned Sapphire Substrate by Nanoimprint Lithography. Opt.
Express 2012, 20, 11423−11432.
(170) Begon, C.; Rigneault, H.; Jonsson, P.; Rarity, J. G. Spontaneous
Emission Control with Planar Dielectric Structures: An Asset for
Ultrasensitive Fluorescence Analysis. Single Mol. 2000, 1, 207−214.
(171) Reitzenstein, S.; Sek, G.; Loffler, A.; Hofmann, C.; Kuhn, S.;
Reithmaier, J. P.; Keldysh, L. V.; Kulakovskii, V. D.; Reinecke, T. L.;
Forchel, A. Strong Coupling in a Single Quantum Dot Semiconductor
Microcavity System. Proc. Soc. Photo-Opt. Instrum. Eng. 2006, 6115,
M1151−M1151.
(172) Reithmaier, J. P.; Sek, G.; Loffler, A.; Hofmann, C.; Kuhn, S.;
Reitzenstein, S.; Keldysh, L. V.; Kulakovskii, V. D.; Reinecke, T. L.;
Forchel, A. Strong Coupling in a Single Quantum Dot−Semi-
conductor Microcavity System. Nature 2004, 432, 197−200.
(173) Nakayama, T.; Itoh, Y.; Kakuta, A. Organic Photo-and
Electroluminescent Devices with Double Mirrors. Appl. Phys. Lett.
1993, 63, 594−595.
(174) Shaw, A. J.; Bradley, A. L.; Donegan, J. F.; Lunney, J. G. GaN
Resonant, Cavity Light-Emitting Diodes for Plastic Optical Fiber
Applications. IEEE Photonic Technol. Lett. 2004, 16, 2006−2008.
(175) Saxena, K.; Jain, V. K.; Mehta, D. S. A Review on the Light
Extraction Techniques in Organic Electroluminescent Devices. Opt.
Mater. 2009, 32, 221−233.
(176) Horng, R. H.; Wu, B. R.; Weng, C. F.; Ravadgar, P.; Wu, T. M.;
Wang, S. P.; He, J. H.; Yang, T. H.; Chen, Y. M.; Hsu, T. C.; Liu, A. S.;
Wuu, D. S. P-Side Up AlGaInP-Based Light Emitting Diodes with
Dot-Patterned GaAs Contact Layers. Opt. Express 2013, 21, 19668−
74.
(177) Lee, Y. J.; Kuo, H. C.; Lu, T. C.; Wang, S. C. High Light-
Extraction GaN-Based Vertical LEDs with Double Diffuse Surfaces.
IEEE J. Quantum Electron. 2006, 42, 1196−1201.
(178) Lu, C. H.; Lan, C. C.; Lai, Y. L.; Li, Y. L.; Liu, C. P.
Enhancement of Green Emission from InGaN/GaN Multiple
Quantum Wells via Coupling to Surface Plasmons in a Two-
Dimensional Silver Array. Adv. Funct. Mater. 2011, 21, 4719−4723.

The Journal of Physical Chemistry Letters Perspective

dx.doi.org/10.1021/jz500306f | J. Phys. Chem. Lett. 2014, 5, 1479−14951495


