REVIEW

www.afm-journal.d| updates

Light Out-Coupling Management in Perovskite
LEDs—What Can We Learn from the Past?

Qianpeng Zhang, Daquan Zhang, Yu Fu, Swapnadeep Poddar, Lei Shu, Xiaoliang Mo,

and Zhiyong Fan*

The research on perovskite light-emitting diodes (PeLEDs) has experienced
an exponential growth in the past six years. The highest external quantum
efficiencies (EQEs) have surpassed 20%, 20%, and 10% for red, green, and
blue colored LEDs, respectively. Considering the internal quantum efficiency
is already approaching unity owing to the high material quality, the limiting
factor for further improving the EQE is mainly the poor light out-coupling
efficiencies. Here, by reviewing the progress on the light out-coupling studies
for PeLEDs, organic LEDs (OLEDs), conventional semiconductor LEDs,

and other special LEDs, the rational design guidelines are summarized for
enhancing PeLED out-coupling. Briefly, these design guidelines include: 1)
introducing nanostructures into the active layer or tuning the thickness of it
to couple out the waveguide modes, 2) adding nanostructures between the
active layer and transparent electrodes to couple the waveguide modes to
substrate modes, 3) adding nanostructures such as nanowires to the glass

perovskite materials have emerged as a
highly promising class of materials for
LEDs and have experienced rapid devel-
opment owing to their superior optoelec-
tronic properties.!l Particularly, for green,
red and near-infrared (NIR) perovskite
LEDs (PeLEDs), the external quantum
efficiencies (EQEs) have all surpassed the
20% milestones.l?l For blue PeLEDs, the
EQE has exceeded 10%.5]

Among those state-of-art reports,
Huang and co-workers used self-formed
sub-micrometer structure and achieved
20.7% EQE for NIR PeLED;?d Wei and
co-workers utilized quasi-core/shell struc-
ture for 20.3% EQE green PeLED;?d
Chiba et al. reported the anion-exchange

substrate to couple the substrate mode to air. Essentially, these guidelines
indicate that implementing nanophotonic engineering on PeLEDs is a highly
promising direction to explore, so as to substantially enhance the device

performance.

1. Introduction

Displays and lighting constitute two primary energy con-
suming sources in our daily life nowadays; therefore, it is of the
utmost importance to keep developing new materials and tech-
nologies for energy efficient light-emitting diodes (LEDs) which
are the fundamental building blocks for displays and lighting
since the beginning of this century. In the past six years,
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quantum dots (QDs) red PeLED with
21.3% EQE;1?" Jin and co-workers reported
the quantum-confined bromide blue (at
483 nm) PeLED with 9.5% EQE;P¥ Huang
and co-workers achieved 11% EQE for sky-
blue PeLED by incorporating yttrium into
the perovskite grains.3

Moreover, Sargent and co-workers have thoroughly reviewed
the development of PeLEDs from the material point-of-view,!
and discussed the material engineering, interface engineering,
and the stability issue. Besides, Friend and co-workers have
discussed the physics of light emission in PeLEDs and talked
about the photon generation and management particularly.['")
Basically, both high radiative efficiencies and efficient out-
coupling of photons are required to maximize the EQE which is
the key figure-of-merit for LEDs. Very intriguingly, the nonradi-
ative decay pathways are related to the ion-migration, therefore
solving one problem can simultaneously solve the other.! Actu-
ally, inhibiting or even eliminating the ion-migration is another
key to achieve stable PeLEDs,®! but it is beyond the scope of
our discussions here. Furthermore, Stranks gave the following
formula for the photoluminescent quantum yield (PLQY) of
perovskitestl

-1
n=[ﬁ+(1—nm)] (n
where the 7 is the internal PLQY, 7pe iS the measured PLQY
or the external PLQY, and 7. is the photon escaping prob-
ability that can be interpreted as the out-coupling efficiency
(OCE) in this review. (In this review, we will use OCE to
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represent both photon escaping probability and light extrac-
tion efficiency (LEE) for the consistency.) Surprisingly, the OCE
is only 12.7% for thin film MAPbI; on the glass.l®) Regarding
the photoluminescence (PL) of perovskite thin film, Herz and
co-workers discussed the homogeneous PL spectrum broad-
ening which can be attributed to the photon coupling.”!

Moreover, Stranks et al. proposed a few conditions to achieve
high-efficiency PeLED.I™ First, the charge injection should
be balanced. Second, the leakage current should be reduced.
Third, the PLQY needs to be high. Last, the out-coupling of
emitted light should be efficient. Moreover, the following for-
mula for EQE was provided!™!

EQE = f balance X _fe—h X nradiative X out—coupling (2)

where the fi,jance is the probability of balanced charge injection.
The f._, is the probability of forming correlated electron-hole
pair or exciton from each pair of injected carriers. The 7.giative
is the probability of radiative recombination for each electron—
hole pair. Very importantly, the fyu_coupling i the optical OCE.
This formula gives us the basic guideline for PeLEDs perfor-
mance improvement. The target of this review is to discuss
how to improve the fou_coupling for PeLEDs.

In order to increase the OCE, nanophotonic engineering
is one of the most effective strategies. Because the internal
quantum efficiency (IQE) of perovskites, which can be esti-
mated by PLQYs, is already approaching unity,® the light OCE
has become the most critical limiting factor for further device
performance enhancement.'»®% In general, the light-trapping
problem in PeLED is caused by the high refractive index nature
of perovskite materials,'% which makes the light escaping
cone limited to a narrow-angle. Additionally, the high index of
bulk perovskite also leads to low exciton binding energies.!!
Moreover, the refractive index of a material is related to its
bandgap.[?l With the simple Moss relation

4
n

= 77um™ 3)

e

where n is the refractive index and A, is the wavelength cor-
responding to the absorption edge.2213] Therefore, for semi-
conductor light-emitting materials (emission wavelength
=400-700 nm), the refractive index will fall in the n = 2.36-2.71
range. But note that this is just the simplified situation, the
refractive index relation with the bandgap can be more compli-
cated. Table 1 gives examples of refractive indexes of the three

Table 1. Bandgap and refractive index of some LED emission materials.
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Material Bandgap [eV] Refractive index Refs.
GaAs 1.43 n=33 [24]
GaN 34 n=2.5 [21,149]
TCTA:B3PYMPM: Ir(ppy)2(acac) 2.6 (for Ir(ppy),(acac))? ne =183, n, =168 (for undoped TCTAP:B3PYMPM?®), and the modification by [41a,68d,150]

Ir(ppy)2(acac) can be ignored when doping concentration is low)

lr(ppy)2(acac): bis[2-(2-pyridinyl-N)phenyl-C] (acetylacetonato)iridium (I11); Y TCTA: [4,4’,4”-tri(N-carbazolyl) triphenylamine]; 9B3PYMPM: [bis-4,6-(3,5-di-3-pyridylphenyl)-

2-methylpyrimidine].
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common light emitters, namely GaAs, GaN, and Ir(ppy),(acac).
The former two are infrared and blue semiconductor emitters,
and the latter one is the green organic emitter. According to
Smith and Barnes,™ the typical index of the organic emitter
is 1.7, which can be further reduced by using a low-index host
(e.g., the index of polystyrene is 1.58). As a result, the index dif-
ference between the emission material and the air cannot be
avoided. Therefore, the basic idea to improve the light OCE
is to increase the light escaping angle, either by reducing the
index difference between the emitter and air or by bringing in
disturbance to the light-trapping effect. The index difference is
more about the material choice and can be compromised by
bringing in an index gradient.” The disturbance to the light-
trapping can be realized with varieties of nanophotonic engi-
neering methods,!® which will be the focus of this review.

The light out-coupling in PeLEDs is more about the optics
and photonics rather than materials themselves. Therefore,
the experience gained on nanophotonics and nanoengineering
can be potentially applied for the performance enhancement of
PeLEDs.["l Although more and more researchers have started
to work on the light out-coupling problem in PeLEDs,?10b.18]
the number of reports on this topic is still limited. It is worth
noting that, Yablonovitch,”! Friend?® and Nakamura,?!! and
their co-workers used to give very insightful discussions on
the light out-coupling for GaAs LED, organic LED (OLED), and
GaN LED, respectively, and a lot experience can be learned from
them. Besides, there are also reports on the photon recycling
and light out-coupling for PeLEDs from the PLQY point-of-
view.[®8222] In this review, we would like to draw more attention
to the topic of light out-coupling and provide useful hints for
researchers to quickly set a course on this direction and further
boost the performance of PeLEDs.

2. Photon Recycling

Friend, Snaith and co-workers reported the photon recycling
(the re-absorption of radiatively recombining photogenerated
charge pairs to regenerate an excitation) process in perov-
skites, and only 10-15% internally generated PL can escape to
the air above or to the glass below for a thin film perovskite
with the thickness about 100 nm.?)l The remained emissions
were guided in the film. By changing the substrate from flat

to textured one, the external PLQY was increased from 15%
to 57%.12%1 Specifically, the radiative fraction of the recombina-
tion rate can be quantified by combining transient absorption
(TA) measurement with transient PL measurement.l®! Richter
et al. found that PL was proportional to the radiative recombi-
nation rate, and TA was proportional to the carrier density.l’
Moreover, the nonradiative recombination is not affected by
the photon recycling because it does not provide photons. The
light-emitting process is bimolecular, and the monomolecular
nonradiative recombination is attributed to a trap-assisted
Shockley—Read-Hall (SRH) recombination by Friend and
co-workers.[?)l The photon recycling increases carrier concentra-
tions in solar cells; as solar cells and LEDs are reciprocal, EQE
of LEDs can be improved by texturing the substrate such as
using microlens to suppress total internal reflection (TIR) and
increase the refractive matching of the substrate.l®! Figure 1a,b
shows the photon recycling effect in the perovskite thin film.[%!
Figure 1c shows the external PLQY of perovskite thin film on
different substrates.”l Note that photon recycling can help with
the light out-coupling but is only efficient when the IQE of the
active material is high.?4

3. The High Refractive Index of Perovskite

Loper et al. reported the refractive index of CH3;NH;PbI; to be
n = 2.611 at 633 nm, which was determined by spectroscopic
ellipsometry and spectrophotometry.?>! The refractive index
is related to the band structure of the material and is used to
describe the response of the material to light. Note that Green
et al. have reviewed the optical properties of perovskite com-
prehensively.2®! The optical properties are rigorously limited
by nature,”’) and Kramers—Kronig (KK) relationships give the
fundamental connections. Moreover, the following formula is
given to estimate the refractive index

n’—1=E, E, [ (E —E?) )

This relationship was proposed by Wemple and Di
Domenico.”®l E is photon energy. Eq and E, are constants
determined by selected chemical bonding and related mate-
rial properties. With the above formula, Green and co-workers
calculated the refractive indexes of MAPbI;, MAPbBr;, FAPDI;
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Figure 1. Photon recycling in perovskite thin film. a) Experimentally measured light emission map for different separation distances between excitation
and collection. b) Predicted spatial photocurrent decay for the model with and without photon recycling. Reproduced with permission.[?3l Copyright 2016,
AAAS. c) External PLQYs for MAPbI;_Cl, on different substrates. Reproduced with permission.l Copyright 2016, Springer Nature.

Adv. Funct. Mater. 2020, 2002570

2002570 (3 of 22)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(FA means formamidinium), and FAPbBr; to be 2.5, 2.1, 2.5,
and 2.1, respectively. Formula (4) can be further simplified as
follows

2o q,832eV
E

®)

g

Intriguingly, according to Green and co-workers, one of the
key optical features of organic-inorganic hybrid perovskite is
the relatively low refractive index compared to traditional inor-
ganic tetrahedrally coordinated semiconductors. Xie et al. also
reported the characterization of the refractive index of MAPbI;
and performed finite-difference time domain (FDTD) simula-
tion with the acquired data for solar cells.[??) Alias et al. reported
the optical constant of MAPbBr;, and obtained the dielectric
function of 5.1 (n = 2.26) at the absorption edge.l Tauc-Lorentz
(TL) optical dispersion model was used for the perovskite
thin film. The information of the refractive indexes is impor-
tant because it is required when designing the waveguiding or
the light manipulation mechanism in perovskite-based opto-
electronic devices.?®! Huang and co-workers characterized the
optical constants of continuous FAPDI; thin film for light out-
coupling simulation.?? Intriguingly, Stranks et al. mentioned
that the dielectric function of perovskite could be affected by
the photogeneration of carriers and likely the current injection,
due to the soft and ionic nature of perovskite materials,!™>3!
which means that the light out-coupling properties of PeLEDs
are dynamic and can be very complicated.

4. The Progress on PeLED Performance

Figure 2 shows some of the representative works of the state-
of-art PeLED devices. For the infrared and green light PeLEDs,
Huang group and Wei group reported the =20% EQEs at
almost the same time in the year 2018, shown in Figure 2a—c
and Figure 2d-f respectively.?* Figure 2a is the diagram
showing the device structure from Huang and co-workers.
5-aminovaleric acid (SAVA) modified FA perovskite was used as
the emission material which formed the isolated sub-microm-
eter disks rather than a continuous film. Hence, the light out-
coupling can be enhanced (from around 20% to more than
30%) due to the light scattering caused by the sub-micrometer
structures. Figure 2b shows the EQE and energy conversion effi-
ciency curves. The 20.7% peak EQE was achieved at 18 mA cm™
current density (electroluminescence (EL) peak at 803 nm,
infrared color). Figure 2c shows the cross-sectional scanning
transmission electron microscope (STEM) image. Micro-disks
can be clearly resolved. The poly(9,9-dioctyl-fluorene-co-N-(4-
butylphenyl) diphenylamine) (TFB) layer also shows pretty
good coverage on top of the noncontinuous perovskite layer,
which is important to avoid the current leakage.

Figure 2d is the diagram of the device structure in the work
by Wei and co-workers. CH;NH;Br (MABr) was used to passi-
vate CsPbBrj; to form the quasi-core/shell structure. The MABr
shell passivated the surface nonradiative defects and there-
fore boosted up the PLQY of the perovskite. 20.31% EQE was
achieved for the green light at the luminance of 3400 cd m™
(emission peak at 525 nm), and the EQE curve is shown in
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Figure 2e. Figure 2f is the STEM image that clearly shows the
core/shell structure with the white arrows indicating the grain
boundaries and MABr shells.

Later in 2018, Chiba et al. reported the red light PeLED with
21.3% EQE.” The red emission QDs were fabricated from
pristine CsPbBr; using halide-anion containing alkyl ammo-
nium (OAM-I) and aryl ammonium (An-HI) salts. Figure 3a
is the energy diagram of the QDs LED (QLEDS). Figure 3b
is the EQE curves, and OAM-I and An-HI QDs LEDs show
the maximum EQEs of 21.3% and 14.1%, respectively, both at
around 0.01 mA cm™2. Figure 3c,d are the scanning electron
microscopic (SEM) images of the OAM-I QDs and An-HI QDs,
respectively.

In 2019, Jin and co-workers reported the highest EQE of
9.5% (at a luminance of 54 cd m~) for blue LED at that time.*?
Figure 3e is the device energy diagram. Figure 3f is the EQE
curve of the best device. Figure 3g is the STEM-high-angle
annular dark-field (STEM-HAADF) image of the cross-sectional
sample, showing the ultrathin perovskite layer with a quantum
confinement effect. Very recently, Huang and co-workers
reported sky-blue PeLEDs with 11% EQE by addressing the
low PLQY problem in the wide bandgap perovskite with
adding in the Yttrium (III) chloride, which broke the record
for blue.’d It is worth noting that blue PeLED is the key for
building up micropixel LEDs, as pointed out by Halpert and
co-workers in 2019.13%

Last but not the least, it is worth more attention to standard-
izing measurement methods as more and more high-efficiency
PeLEDs are being reported rapidly.3?l Recently, Stranks and
co-workers proposed a few standards for the characterization
and comparison of PeLED devices,** which can largely ben-
efit the community. More measurement standards can also
be found from the references by Snaith, Friend, and Forrest
respectively.?4

5. Light Out-Coupling Strategies for LEDs

From the above introduction and discussions, we know that
the IQE of PeLEDs is already high, and the EQE has almost
reached the upper limit unless the light out-coupling strategies
are deployed. Therefore, in this section, we will first review the
current progress on the light out-coupling studies for PeLEDs
and then look at the successful light out-coupling strategies
for OLEDs, conventional semiconductor LEDs, QDs and mul-
tiple quantum wells (MQWs) LEDs, etc., in order to acquire
more inspiration. Moreover, we will also discuss the special
LEDs such as nanowire LEDs. Last, we will review the simula-
tion methods for PeLEDs for the light out-coupling study. By
learning from the successful strategies for LEDs based on other
materials, hopefully, we can deliver useful hints for further
development in PeLEDs.

5.1. Light Out-Coupling for PeLEDs
Recently, there are a few reports on improving perovskite

LED performance with light out-coupling strategies. Tang and
co-workers performed the systematic theoretical simulations
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Figure 2. Progress of the state-of-art perovskite LED devices (l). a—c) NIR perovskite (SAVA:FAPbI;) LEDs with 20.7% EQE. (5AVA, 5-aminovaleric acid)
al) Device structure diagram. Perovskite layer has spontaneously formed sub-micrometer structures. b) EQE curve and energy conversion efficiency
curve. The maximum EQE of 20.2% was achieved at 18 mA cm™2. c) Cross-sectional STEM image showing the complete device with the sub-micro-
meter structures. The scale bar is 200 nm. Reproduced with permission.[?3l Copyright 2018, Springer Nature. d—f) Green perovskite (quasi-core/shell
MABr: CsPbBr3) LEDs with 20.3% EQE. d) The diagram showing the device structure. e) EQE spectrum. The maximum EQE is 20.3% at 3400 cd m~2.
f) Cross-sectional TEM image showing the quasi-core/shell perovskite on the PEDOT:PSS. The white arrows show the MABr shell. Reproduced with

permission.>l Copyright 2018, Springer Nature.

to discuss the correlation between OCE and several key factors
such as the refractive index differences, the layer thicknesses,
and the emitter dipole orientations.'®? Moreover, Gao and
co-workers simulated and demonstrated how the large reflec-
tive index influenced the optical loss in both 3D and quasi-2D
perovskite material systems.*> The results revealed that after
device engineering, the maximum EQEs for 3D and quasi-2D
PeLEDs can theoretically reach 25% and 20%, respectively. For
3D PeLEDs, the thickness of the emission layer affects both
light out-coupling and charge injection, therefore the balance
between these two factors needs to be considered when tuning
the thickness. However, for quasi-2D PeLEDs, the thickness of
the emission layer almost has no effect on the OCE. As a result,
charge injection becomes a major concern for thickness optimi-
zation of quasi-2D PeLEDs.
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More importantly, experimental works focusing on the design
of nanophotonic structures for high OCE PeLEDs were also
reported. Fan and co-workers fabricated the efficient MAPbBr;
PeLEDs onto the nanophotonic substrate that was comprised
of the nanodome light coupler and the nanowire arrays optical
antennas (Figure 4a).%l The EQE was enhanced from 8.19%
to 175% with the optimized nanophotonic substrate (Figure 4b).
Besides, anodic alumina membrane (AAM) substrates with
various pore diameter/pitch (D/P) ratios were studied. After the
nanopores were filled with high refractive index TiO,(nrio, = 2.6,
naLo, = 1.7), the TiO, nanowires together with AAM play a role
as a positive photonic crystal and it can work as the optical
antennas with proper geometry. The light OCE of P500, P1000,
and P1500 devices were 5.2%, 73.6%, and 26.9%, respectively.
Based on FDTD simulations, the photonic crystal optical

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Progress of the state-of-art perovskite LED devices (Il). a—d) Red perovskite (pristine CsPbBr; perovskite QDs using long alkyl ammonium
and aryl ammonium. OAM-|, alkyl ammonium; An-HI, aryl ammonium.) LED with 21.3% EQE. a) Energy diagram of the perovskite QDs LEDs.
b) EQE versus current density (EQE—J) curves. OAM-I and An-HI QDs LEDs show the maximum EQEs of 21.3% and 14.1% respectively, both at around
0.01 mA cm=2 SEM images of c) OAM-I QDs and d) An-HI QDs. Reproduced with permission.?®l Copyright 2018, Springer Nature. e-g) Blue perovskite
(quasi-2D Cs,FA;_,PbBr; nanoparticles) LEDs with 9.5% EQE. e) The energy band diagram of the device. f) The EQE curve versus voltage. The maximum
EQE of 9.5% was achieved at 54 cd m~2. g) The STEM-high-angle annular dark-field (STEM—HAADF) image of the cross-sectional sample. Reproduced

with permission. Copyright 2019,%3 Springer Nature.

antennas can convert guided modes (or waveguide modes) to
leaky modes and lead to the enhanced light out-coupling in the
nanostructured device (Figure 4c).

Meanwhile, Tang and co-workers demonstrated the moth-eye
nanostructured ZnO layer for PeLEDs.'*dl The patterned ZnO
layer was used as not only the hole-injection layer but also an
out-coupling layer to extract the waveguide modes (Figure 5a).
The corrugated nanostructures and compact contacts between
each layer can be clearly resolved from the cross-sectional SEM
image of the complete device (Figure 5b). With the out-coupling
structure at the front electrode/perovskite interface, most of the
trapped light was scattered out, leading to enhanced light emis-
sion. Moreover, the broadband total transmittance enhance-
ment was attributed to the gradient refractive index of the
moth-eye nanostructures (Figure 5c). Therefore, the green-light
PeLEDs with the light out-coupling structure showed the EQE
of 20.3% and the current efficiency (CE) of 61.9 cd A7, with
1.5 times-enhancement compared to the planar counterparts.
More intriguingly, the EQE and CE were further enhanced to
28.2% and 88.7 cd A" respectively, after applying the half-ball
lens. As far as we know, the 28.2% EQE is the highest reported
value for PeLEDs until now (Figure 5d).

Rand and co-workers showed that the perovskite layer
thickness is critical for both the efficiency and the stability of
PeLEDs.[¥" The device structure is shown in Figure Ga. More-
over, the optimized thickness of the perovskite layer was in
the range of 35-40 nm for different perovskite compositions.
The maximum EQEs were 17.6%, 14.3%, 11.3%, and 10.1% for
Cso,FA(gPblI, gBry,, MAPDI;, FAPbBr;, and FAPbI; PeLEDs
respectively (Figure 6b-e). The thin-emission layer reduces
the waveguide mode loss. Additionally, the thin emission layer
also contributed to the enhanced stability by reducing the
Joule heating.
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Jeon et al. demonstrated the PeLEDs with improved OCE
by using the nanohole array (NHA) embedded in the SiN layer
between indium tin oxide (ITO) and glass (Figure 7a).1%1 The
high refractive index contrast between voids (n = 1.0) and SiN
(n=2.02) help to couple out the waveguide modes and substrate
modes. Moreover, the PeLEDs with NHA showed 1.64-times
higher EQE (from 8.9% to 14.6%) than PeLEDs without NHA
structure (Figure 7b). The E-field intensity distributions with
NHA structure are shown in Figure 7c,d. Clearly, the E-field
intensity is significantly proliferated with NHA structure and
more light can enter the glass substrate. Especially, the far-field
intensity (Figure 7e) can be deduced from the E-field distribu-
tion in glass substrate by the plane wave expansion method.3®
The far-field intensities can show a clear comparison of the
OCEs from different substrates.

Different from the above-mentioned methods which apply
nanostructures/patterns outside the emission layer, Huang and
co-workers used molecular engineering and directly formed
micro-structures inside the perovskite layer, as previously
shown in Figure 2a—c.?3 Note that the concentration of the
SAVA-FAPDI; precursor solution needs to be optimized. Other-
wise, either OCE will be sacrificed in high coverage perovskite
film (for high concentration) or the leakage current will be
severe (for low concentration).

Special attention should be paid to a very enlightening work
reported by Di, Friend, and co-workers.l*”) The 20.1% EQE was
achieved from the perovskite—polymer bulk heterojunction
(PPBH) LEDs. They mentioned that the index of PPBH system
(n = 1.9) is much lower than that of the perovskite material
(n = 2.7), therefore the lower index can widen the photon escape
cone to 32° and meanwhile achieve an OCE of 21%. Another
very important strategy is to reduce the refractive index of
perovskite material by mixing with other additives such as large
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amount of organic cations (e.g., MAI, MABr) or other organic
components. 2215233

Table 2 summarizes the works that have discussed the light
out-coupling (or light extraction) for PeLEDs.

5.2. Light Out-Coupling For Organic LEDs

As PeLEDs and OLEDs have a lot of aspects (e.g., device
structure, injection materials, fabrication processes, etc.) in
common, studying the light out-coupling strategies that have
been proved to be successful in OLEDs can save a lot of efforts
for PeLEDs researchers. OLEDs have attracted a lot inter-
ests since the EL was first reported in anthracene crystals by
Helfrich and Schneider in 1965.%% More significantly, the first
OLED device was reported by Tang and VanSlyke in 19873
Compared with conventional LEDs, OLEDs are more promising

Adv. Funct. Mater. 2020, 2002570
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in flat panel display and illumination applications because of
the more efficient radiative recombination in organic active
materials.*)) Note that near 100% IQE has been achieved in
OLEDs.*I However, there is still a bottleneck for OLEDs due
to the limited OCE. Specifically, in conventional planar OLEDs,
there is more than 80% light loss through the waveguide mode,
substrate mode, electrode absorption and the surface plasmons,
as discussed by Smith et al.* Significant progress has been
made to improve the OCE in both bottom-emission and top-
emission OLEDs, from which we can also learn some light out-
coupling strategies for PeLEDs.

5.2.1. Approaches for Enhancing OCE in Bottom-Emission OLEDs
In a bottom-emission device, the light is coupled out through

a transparent bottom electrode which is usually the ITO/glass

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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as a function of luminance. Reproduced with permission.'®dl Copyright 2019, Wiley-VCH.

substrate. Considering the large differences between the refrac-
tiveindexof differentlayers (Hrganic =1.7-2.0, niro = 1.8, gl = 1.45,
M. = 1.0), most of the emitted light is trapped as the waveguide
mode and substrate mode.*’] Typically there are two techniques
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Figure 6. Out-coupling improvements in perovskite LEDs (II1). a—e) Perovskite layer thickness optimization to improve light out-coupling. a) The
device structure of PeLEDs with various thicknesses and different chemical compositions. b—e) EQE of perovskite emission layer based on: b) MAPbI;,
) Cso,FAgsPbl,3Brg,, d) FAPbls, and e) FAPbBr; with different optimal perovskite thicknesses. Reproduced with permission.['®®l Copyright 2018,

Wiley-VCH.
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for improving the light OCE in bottom-emission OLEDs. The
first one is employing an extra scattering layer to couple out
the waveguide modes. Gu et al. demonstrated the utilization
of a layer of Pt-Co alloy nanoparticles (NPs) as a buffer layer
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Figure 7. Out-coupling improvements in perovskite LEDs (1V). a—e) Randomly distributed nanohole array with high refractive index contrast to increase
out-coupling efficiency in PeLEDs. a) SEM image of nanohole array (NHAs) structure utilized in improved out-coupling PeLEDs. b) EQE versus current
density curves of PeLEDs with and without NHAs. The inset displays the relative radiant energy spectra. The E-field intensity distribution of PeLEDs
with NHAs in c) cross-sectional view (in x—z plane) and d) top view (in x—y plane). e) The far-field intensity of PeLEDs distribution with NHAs outside
the glass substrate at 1 m distance from the glass/air interface. Reproduced with permission.['®a Copyright 2019, Wiley-VCH.

Table 2. The OCEs and the light out-coupling methods of PeLEDs.

Ref. Materials (color) External quantum Current OCE Enhancement Light out-coupling
efficiency (EQE) efficiency (CE) methods
[2a] 5AVA/FAI/Pbl, (infrared) 20.7% (at 18 mA cm™) N.A. More than 25% (over OCE from less than 20% Spontaneously formed
310-900 nm range) to more than 25% sub-micrometer-scale
structures
[18d] CsPbBr; (green) 28.2% 88.7 cd A1 N.A. N.A. Bio-inspired moth-eye
nanostructures,
and half-ball lens
[10b] BABr:MAPbBr; (green) 17.5% (at 4.0 V) N.A. 73.6% EQE from 8.19% to 17.50%; Nanodome light
OCE (or light extraction coupler + nanowire
efficiency) from 10% to 73.6% optical antennas
[18b]  Csq2FAggPbl,gBrq, (infrared); 17.6% (for N.A. =15% (for MAPbI; with N.A. Thin emission layers
MAPbDI; (infrared); FAPbl;  Csg,FAqgPbl, gBrg5); 14.5% ~40 nm thickness)
(infrared); and FAPbBr; (for MAPbI3); 10.1%
(green) (for FAPbI3); and 11.3%
(for FAPbBr3)
9] MABr:CsPbBr; (green) 16% N.A. 40-50% EQE from 11% to 16%; Perovskite nanowires
OCE from 10-20% to 40-50%
[18a] MAPbI; (infrared) 14.6% (at =7 mA cm™) N.A. N.A. EQE enhanced 1.6 times Nanohole array

(from 8.9% to 14.6%)
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Figure 8. Strategies for light out-coupling enhancement in bottom-emission OLEDs (l). a—c) Localized surface plasmonic and light-scattering effect for
light out-coupling enhancement: a) Schematic of the device with Pt;Co nanoparticles on the ITO substrate. b) Normalized electromagnetic field distri-
bution around a single Pt;Co nanoparticle with a diameter of 8 nm. c) Device performance comparison. Reproduced with permission.t* Copyright 2013,
The Royal Society of Chemistry. d—g) Embedded low-index grid for light out-coupling enhancement: d) Schematic demonstration of the OLEDs with
embedded low-index grid. The SEM images of e) the grid and f) hexagonal arrays of hemispherical polymer microlenses. g) Simulated enhancement
ratio of the light out-coupling efficiency (OCE) with different refractive index grids. Reproduced with permission.*l Copyright 2008, Springer Nature.

to enhance both the IQE and OCE.* As shown in Figure 8a,
a layer of Pt-Co NPs was incorporated between the ITO and
organic hole transport layer (HTL) via spin-coating and post-
annealing. Figure 8b shows the calculated distribution of
normalized electromagnetic (EM) field around a single Pt;Co
NP with a diameter of 8 nm. The EM wavelength for calculation
was the same with the EL peak position (530 nm). The near-
field was enhanced in the x (polarization) direction but reduced
in the y (light incident) direction, which could be attributed to
the NPs-induced localized surface plasmon (LSP) and light-
scattering effects, respectively. Both two effects increase the
out-coupling of the waveguide modes. Meanwhile, the strong
resonance between the exciton and LSP increases the total
number of excitons generated in the organic emission layer
and hence improves the IQE of the device.*! Figure 8c shows
the luminance efficiency-current density curves for different
devices. Compared with the conventional device without Pt-Co
NPs, there was more than 100% enhancement in the luminance
efficiency of the device with Pt-Co NPs (without annealing).
Moreover, the post-annealing of Pt-Co NPs increased the sur-
face roughness and further enhanced the light scattering effect
and the OCE. Consequently, there was around 50% luminance
efficiency improvement with annealing, as shown in Figure 8c.

Moreover, the low-index-grid (LIG) was embedded in the
OLED active layer to improve the light OCE, as reported by
Sun and Forrest.*l The schematic device structure and the grid

Adv. Funct. Mater. 2020, 2002570
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SEM images are shown in Figure 8d—f, respectively. The period
of the grid was about ten times the wavelength. Moreover, the
high-angle modes (Ray A and B in Figure 8d) normally trapped
by the TIR can be refracted toward the substrate normal, when
passing through the low index region. As a result, the OCE was
enhanced by 2.3 £ 0.2 times, compared to the conventional
device without LIG. To further improve the OCE, the array of
microlens was applied for the out-coupling of the substrate
mode, as shown in Figure 8f. Moreover, the OCE enhance-
ment ratio as a function of the grid material index is plotted
and shown in Figure 8g. It is worth mentioning that, the low-
index material used was aerogel with the index n = 1.03.4
However, when the LIG layer was within the active layer, the
undesired modification to the emission material can introduce
rough internal interfaces and current shorts.*6*8l To address
this problem, the same group inserted the sub-anode planner
grid layer between ITO and glass for efficient substrate mode
out-coupling.””) The OLEDs device and grid structures are
schematically shown in Figure 9a. The grid consists of two
transparent materials with different refractive indexes. Because
the grid layer is outside the active region, the device fabrication
and operation are not affected by the grid, therefore the perfor-
mance can be separately optimized for the extra out-coupling
layer and the device. Using the photonic crystals is another
effective approach to improve the OCE.["®»5% For example, Do
et al. demonstrated 2D SiO,/SiN, photonic crystals between

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ITO and glass substrate to achieve a significant OCE improve-
ment, as shown in Figure 9b.°%! From the FDTD simulation
result, the maximum OCE was increased more than twice. The
optimized photonic crystals had a lattice constant of 600 nm, a
diameter of 480 nm, and a height of 300 nm.

Although the above-mentioned out-coupling layer can
bring in significant OCE enhancement, it is sensitive to the
wavelength and the structure geometry, which severely limits
the applications in white light OLEDs. To address this issue,
Koo et al. demonstrated a spontaneously formed buckling pat-
tern for out-coupling waveguide modes over a broad wavelength
range.¥®l The device structure is shown in Figure 9c. The buck-
ling patterns were produced by the thermal evaporation of
ultrathin aluminum films (10 nm) on poly(dimethylsiloxane)
(PDMS) substrate. Figure 9d shows the EL intensity enhance-
ment ratio versus emission wavelengths. The EL intensity was
enhanced by a factor of 1.8, 2.2, and more than 4 at 475 nm
(blue), 525 nm (green), and 655 nm (red) respectively. As a
result, the whole spectra in OLED can be well out-coupled with
just one grating structure.

As most of the current PeLEDs are also bottom-emission
type, adding a layer of NPs, a grid, a grating, or a buckling
pattern into the ITO/glass interface can be possible effective
methods to convert waveguide modes to the substrate modes.
Moreover, hemispheres/nanowires can be added to the glass
surface for further out-coupling of the substrate modes.

Adv. Funct. Mater. 2020, 2002570

2002570 (11 of 22)

5.2.2. Approaches for Enhancing OCE in Top-Emission OLEDs

Even though research interests are focused on the bottom-
emission OLEDs, top-emission OLEDs are more promising
for active-matrix flat panel display as they emit light away from
the substrate and the backplane circuit and increase the aperture
ratio of the display.’!! In the top-emission configuration, the
light is coupled out via the top electrode, therefore using the high
transparency electrode becomes one of the most effective ways
for improving OCE.

For example, Meyer et al. applied the transparent Al-doped
ZnO (AZO) electrodes for light out-coupling (Figure 10a).1°2
The AZO electrode was deposited by atomic layer deposition
(ALD) and pulsed laser deposition (PLD) with a WO; buffer
layer. The transmittance of the electrode is above 73% in the
visible range. Finally, power efficiency and current efficiency
of 27 Im W' and 43 cd A™! were achieved in this top-emission
OLED respectively.

Semitransparent Ca/Ag double-layer cathode was also
reported by Lee et al. to achieve high OCE for top-emission
OLEDs.P3! Figure 10b shows the wavelength-dependent trans-
mittance of the Ca/Ag double-layer cathode with different
thicknesses. The optimum uniform transmittance (=80%) can
be achieved in Ca (10 nm)/Ag (10 nm) structure. Han et al.
demonstrated similar multilayer transparent top electrodes as
both light out-coupling layer and buffer layer against radiation

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Strategies for light out-coupling enhancement in top-emission OLEDs (I). a) Schematic of a top-emission OLED using the AZO electrode.
Reproduced with permission.l2 Copyright 2008, American Institute of Physics. b) Transmittance spectra of the Ca/Ag double-metal layer with different
thicknesses. Reproduced with permission.*3l Copyright 2004, Elsevier. c) Schematic of a top-emission OLED using LiF/Al/Al-doped SiO as a transparent
electrode. Reproduced with permission.’ Copyright 2003, American Institute of Physics. d) Schematic of the top-emission OLEDs with transparent
MoO,/Ag/MoO, electrodes for light out-coupling enhancement. Reproduced with permission.ll Copyright 2014, Wiley-VCH.

damages from the following radio frequency (RF) sputtering
processes.’ The device had a structure of LiF/Al/AL:SiO, as
shown in Figure 10c.

Similarly, Yambem et al. reported the utilization of three-layer
transparent MoO,, (5 nm)/Ag (10 nm)/MoO, (40 nm) (MAMs)
stack to improve the OCE.P! The device structure is shown in
Figure 10d. The transmittance of such MAMs is around =75%
at the peak, while the sheet resistance is below 10 Q 17}, even
lower than that of some commercial ITO glasses. Moreover, the
OCE of MAMs-based top-emission OLEDs is higher than the
ITO-based bottom-emission OLEDs, which can be attributed
to the refractive index differences in the three layers and the
microcavity effect.’®! At higher brightness, there was an average
of 1.8- and a maximum of 2.1-times improvements in the cur-
rent efficiency when the top-emission was used. Meanwhile,
another advantage of the MAMs-based top-emission OLEDs is
that the color remains unchanged at different viewing angles,
while the color change is a common problem for many other
OCE improvement strategies.l’!

Moreover, WO;/Ag/WO; multilayer transparent electrode has
also been reported by Hong et al. for the top-emission OLEDs./>®l
As shown in Figure 11a, the optimized WO;(30 nm)/Ag (12 nm)/
WO;(30 nm) stack can have a high transmittance of 93.8% and
a low sheet resistance of 722 Q [ A thin layer high index
WO;3; (n > 2) can fulfill the optimum zero-reflection condition
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with a Ag metal layer. Figure 11b shows the EL performance of
the devices with the WO;/Ag/WO; electrode and with a single
layer of 10 nm Al, respectively. When changing the pure Al elec-
trode to the multilayer stack, the maximum luminance value
(at J = 220 mA cm™) was increased from 8400 to 11700 cd m™2,
and the power efficiency was increased by about 26%.

Hobson et al. reported that up to 40% of light loss could be attrib-
uted to the surface plasmon (SP) modes in a typical bottom-emis-
sion OLEDs.?Y Nevertheless, the situation is even worse for the
top-emission OLEDs. Therefore, the recovery of the loss to the
SP modes is of significant importance. Wang et al. demonstrated
the nanoaggregated bathocuproine (BCP) film on top of a conven-
tional top-emission OLEDs for OCE improvement.®l Figure 11c
demonstrates the atomic force microscope (AFM) image of the
nanoaggregated BCP film on Ag where a rough surface with a max-
imum vertical distance of 31.2 nm can be resolved. Furthermore,
the device structure and EL intensity enhancement are shown in
Figure 11d. There was an obvious EL intensity improvement by a
factor of 2.1 to 2.7, compared with the planar counterparts.

Meanwhile, microstructures with the pitch at the wave-
length scale are also effective in reducing the SP mode loss.[®!
Wedge et al. demonstrated a photoresist (PR) microstructure
with a period of 338 nm on the planar metal electrode to
out-couple the waveguide modes and SP modes to air.[?] The
device structure is schematically shown in Figure 1le. The PR

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a = 400 b »

= |
450 E
=1 50.0 19
c 55.0 i
@ 12 60.0 § #
4 ) = |
€ 5.0 =
x @ 8-
° g 70.0 g
8 o }
- 75.0 c
o = a4l
< 4 80.0 E
. 85.0 30 [
90.0 ot -

% 1 2 N 4 0 50
WO, thickness (nm)

344
3.24
3.04
2.84
264
244
224
2.0
1.84
164

The photo of top emission

—a— with amorphous BCP film
—a— with nanoaggregated BCP film
14

s -\‘\_,,/o—-"\.,a

Top EL enhancement

Current density (mA/cm?)

W 100 A-thick-Al
A WAW anode
O AVWAW anode

0
——O _ g 60

250 EL”/\\"‘/\/\«/\/ \/\

100 150 200

)

Photoresist layer
Metal film

%Spun emissive layer

Silica substrate

1.0 T T T T T T
4 5 6 7 8 9

Voltage (V)
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microstructure has two functions. First, it enables the effective
refractive index matching to the emission layer, which allows
the energy to transfer across the thin (=50 nm) metal layer.
Second, the microstructure at the PR/air interface allows the
SP modes to be out-coupled to light by Bragg scattering. As a
result, the OCE was significantly enhanced.

Simply speaking, designing transparent or semitransparent
top electrodes and recovering the SP mode loss with nano/
micro-structures are the two most important methods for top-
emission OLEDs. When it comes to the using of the active
matrix for top-emission PeLEDs in the future, similar methods
can be also utilized.

5.2.3. Light Out-Coupling for Polymer LEDs (PLEDs)

Specifically, PLEDs also have similar strategies to improve the
OCE. McGehee and co-workers used Bragg gratings to couple
out the waveguide modes.[%3] Li et al. used silver nanowires to
improve the OCE of the white PLEDs.*¥ Kinner et al. used the
ink jet-printed Ag/PEDOT:PSS electrode to improve the OCE of
blue PLEDs.[%! Based on material point-of-view, Lee et al. reported
the OCE enhancement in liquid-crystalline fluorescent polymer
(LCFP) films compared to the normal thermally annealed fluo-
rescent films. The transverse electric (TE) waveguide mode can
be suppressed due to the light scattering by liquid-crystalline
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domains in the film.[® Moreover, Friend and co-workers fabri-
cated self-organized, two-dimensional micrometer-scale photonic
structures within the emission layer to improve the broadband
waveguide mode out-coupling in polymer blend LEDs.[%]

However, as organic LEDs include both small molecules
(devices referred to as OLEDs)*%¥ and conjugated-polymers
(devices referred to as PLEDs),l® here we do not separate
PLEDs from OLEDs in our further discussions.

5.3. Light Out-Coupling for Conventional Inorganic LEDs

The light out-coupling problems in inorganic conventional
semiconductor LEDs have been studied for many years,”” and
a lot of strategies can be adopted for PeLEDs. For instance,
Zhong et al. used ZnO nanotips for GaN LED.'Y Li et al.
reported the top-down fabrication of InGaN/GaN nanorod LED
arrays.’ Dae-Seob et al. textured the bottom side of the sap-
phire substrate to improve the OCE of the GaN flip-chip LEDs
(FCLEDs).3! Intriguingly, Dolores-Calzadilla et al. talked about
the nanoscale light sources using metal cavities for optical inter-
connects,” and used grating coupler to collect the output power,
with the OCE higher than 40%. And their nanopillar LED on
silicon has the structure of n-InGaAs(100nm)/n-InP(350 nm)/
InGaAs(350 nm)/p-InP (600 nm)/p-InGaAsP (200 nm)/
InP(250nm)/SiO,/benzo-cyclobutene (BCB)/SiO,/Si. More
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Figure 12. Light extraction for inorganic LEDs. a) 30% EQE surface textured AlGaAs-based LEDs. Reproduced with permission.® Copyright 1993,
American Institute of Physics. (b-e) Photonic crystal GaN LEDs with 73% light extraction. b) Diagram for the device. c) Diagram showing the conver-
sion from guided modes (wavevector Ig|) to leaky modes (leaky harmonic k; + C). d) Optical photo of the device. e) The AFM image of the photonic

crystal. Reproduced with permission.P®

dl Copyright 2009, Springer Nature. f,g) GaN LEDs with ZnO NR arrays. f) Diagram of the device structure.

g) The output power of the devices with and without ZnO NR arrays. Reproduced with permission.®3 Copyright 2009, American Institute of Physics.

significantly, Yablonovitch and co-workers discussed the light
out-coupling in thin-slab InGaAs/InP LED.%! Six-fold enhance-
ment was achieved in PL, by using a 2D photonic crystal for
highly efficient coherent external scattering of trapped light.
Moreovet, Delbeke et al. reviewed the resonant-cavity LEDs,”!
together with some techniques based on gratings and photonic
crystals. Leung et al. reviewed the light management in nano-
structured LEDs.'®® Amano, Heremans, and co-workers sum-
marized the issues on high-efficiency LEDs,”® and covered the
out-coupling problem.

Figure 12 shows some of the classical light out-coupling
strategies for inorganic LEDs. In 1993, Yablonovitch and
co-workers discussed the significant gap between the IQE and
the EQE and attributed the reason for the presence of the gap
to the narrow light escape cone in high refractive index mate-
rials.) By texturing the LEDs, they could improve the EQE
from 9% to 30% for textured LED, compared to the planar coun-
terpart. Figure 12a shows the photon trajectories in planar and
textured structures respectively. The dots in the planar structure
represent the self-absorption and re-emission processes which
can be also called photon recycling.?3””] However, photon recy-
cling only helps to increase the EQE when the material quality
is high enough. In the textured structure,’® the surface scat-
tering is very strong. Additionally, surface nanotexture can be
formed by natural lithography.””) Moreover, the nanotexture is
preferred to be at the half internal wavelength scale, which can
give complete internal angular randomization of light rays in
the emission layer.

Figure 12b—e are showing another typical method for light
out-coupling improvement, which uses the photonic crystal
structure to bring disturbance to the light trapping inside
the LED device. Figure 12b is the GaN LED structure design
reported by David and co-workers.’%d Figure 12c shows the key
idea that photonic crystals can convert the laterally propagating
guided modes®” to the leaky modes!® and therefore out-couple
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the light more efficiently. As for the photonic crystal LEDs,
Wiesmann et al. gave a comprehensive discussion in 2009
and more theoretical details can be found from their report.#
Figure 12d shows the optical photo of the GaN photonic crystal
LED device and Figure 12e is the AFM image of the photonic
crystal.

Figure 12f,g are showing another interesting idea to improve
light out-coupling with ZnO NRs. Kim et al. reported enhanced
light output efficiency by 57% when ZnO NRs were grown
on the ITO electrode.®3 Figure 12f is the device structure
and Figure 12g shows the output power comparison between
devices with and without ZnO NRs.

As for the PeLEDs, texturing the surface, using the photonic-
crystals, and using nanowires can all be explored for OCE
enhancement.

5.4. Light Out-Coupling for QLEDs and MQWs LEDs

Quantum confinement can change the bandgap of the mate-
rials for luminance tunability and meanwhile increases the
carriers/excitons confinement for more efficient radiative
recombination in the active region.®¥ Colloidal QDs have tun-
able luminescence properties and can be deposited into a large
area with the solution method.®! Sun et al. reported the bright
infrared PbS QLEDs through inter-dot spacing control,®> and
mentioned that the choice of linker molecular can affect the
OCE. Wang et al. used the nanoimprinting method to embed
the grating patterns into the active layer of green CdSe@ZnS/
ZnS QDs,B% and the gratings couple out the waveguide modes
into the substrate. Moreover, they improved the EQE and lumi-
nance from 11.13% to 13.45%, and from 29010 to 44150 cd m~2,
respectively. In 2014, Sun and co-workers added a layer of ZnO
nanopillars on the surface glass substrate to work as optical
out-coupling medium,’®! and they achieved the record high
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CE (26.6 cd A™Y) and EQE (9.34%) for QLEDs at that time. The
same group also reported the flexible top-emission QLEDs
with a thin layer of Alq3 (40 nm) as an optical out-coupling
layer.®® Intriguingly, Wu and co-workers applied the dipole
model to simulate the out-coupling and angular performance
of QLEDs.®% In the dipole model, quantum dots are isotropic
emitters in the multilayer system. Moreover, the multilayer
structure can be simplified to a three-layer structure by the
transfer matrix method.®” By combing the high refractive
index glass substrate with macro-extractors, their simulations
showed that the OCE can be doubled from =40% to ~80%. The
same group also used FDTD simulations to analyze the light
out-coupling in QLEDs and indicated that the random internal
nanoscattering pattern can greatly enhance the OCE while
maintaining the wide viewing angle for red light QLEDs.[Y

MQWs have been successfully used for compound semicon-
ductors for a long time.? Moreover, MQWs LEDs can have
strong carrier confinement and high carrier capture rate in the
active region,®! and therefore have enhanced output power.
Moreover, MQWs can also include light guiding layers, can
have a resonance effect for lasing, and can have better material
quality (e.g., remaining elastic strain in thin InGaN layer and
increasing the crystal quality).*¥

Bakin et al. used the metal-organic chemical vapor deposi-
tion (MOCVD) method to grow ZnO NRs for MQW InGaN/
GaN LEDs.[”! ZnO worked as both the n-type layer and the
light out-coupling enhancement layer. Moreover, Dadgar et al.
mentioned that the InGaN/GaN MQWs on Si substrate has
three- to four-fold lesser light out-coupling than on the sapphire
substrate.® This is easy to understand because the index of
sapphire is only 1.77 while the index of Si is =3.4. Light from
GaN (n = 2.4) can go to the lower index material more easily
without concern of TIR at the interface. Furthermore, Kim
et al. used the nanopatterned aluminum nitride to increase the
OCE of the InGaN/GaN MQWs blue LED.’]

Coupling out more light in the lateral direction is another
smart idea. In 2006, Shen et al. used sidewall texture and pillar
waveguides (STPW) for InGaN/GaN MQWs LED to couple out
the lateral guided modes.®! Moreover, Lee et al. reported the
enhanced OCE of deep ultraviolet (DUV) Al Ga; N MQWs
LEDs, and the strong TM-polarized light was coupled out from
the sidewalls.’” They used the ray-tracing simulations to study
the strong sidewall emission for efficient light out-coupling in
the AlGaN based DUV LED.

As for perovskite, according to Sargent and co-workers, the
maneuver from bulk 3D perovskite (for solar cells) to reduced-
dimensional structures is the central theme in perovskite light
emission.'! Note that the low dimensional perovskite together
with compositional engineering has realized near-unity
PLQY.™™1%] Moreover, MQWs structures of layered perovskite
can have strong light-matter interactions, as discussed by Quan
et al.ll) In 2016, Huang and co-workers reported the high EQE
of 11.7% from self-organized MQWs perovskite LEDs thanks
to the advantage of MQWs for efficient radiative decay.l'!
Particularly, colloidal nanometer-sized perovskite (especially
Pb-free ones) nanocrystals (NCs) mixed with other polymers
and small molecules with high PLQY can be used in displays as
coatings.l'2l Although the perovskite QDs/NCs have been well
studied,% as far as we know, there is not much discussion
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on the light out-coupling for perovskite QDs/MQWs LEDs,
therefore the above-mentioned light out-coupling methods can
be transferred to the perovskite QDs/MQWs LEDs for better
performance.

5.5. Nanowires/Quantum Wires LEDs

Nanowire LEDs are a unique type of LED that can have
intriguing capability to manipulate photons and electrons.!%4
Many interesting properties and applications can be studied
and realized based on nanowire LEDs.['%®! In 2009, Yang and co-
workers reviewed the nanowire photonics,!% and mentioned
that nanowire LEDs can be categorized as crossed-nanowire
junctions or forming longitudinal or co-axial heterojunc-
tions."" In 2006, Minot et al. reported the InP-InAsP nanowire
LEDs by self-aligning the QDs,'”7d and they mentioned that
at the quantum optics region, nanowires can control the elec-
tron transport at the single electron level and light emission at
the single-photon level.1%] In 2009, Hersee et al. reported the
vertically aligned GaN nanowire arrays with =300 nanowire
p—n heterojunctions,'%! and they indicated that the surface
states did not dominate the device behavior of their nanowire
LEDs. Intriguingly, Wang and co-workers also used the n-ZnO
nanowire/GaN LED arrays for high-resolution imaging of the
pressure distribution."! Moreover, it is quite amazing that Mi
and co-workers demonstrated the full-color (red, green, blue,
and orange) single nanowire (InGaN/GaN) pixels on a single
chip, which can be used for projection displays.!"!l Another
interesting study from the same group was that they found the
Auger recombination plays a negligible role in the GaN nano-
wire LEDs which however suffer severely from the SRH recom-
bination.? In 2015, van Dam et al. reported the directional
and polarized emission from nanowire LEDs.!"®! The farfield
patterns and polarizations can be controlled by the nanowire
diameters which determine the number and type of guided
modes and leaky modes in the nanowires. Moreover, crossed
nanowires were the first used to demonstrate the true nanoscale
LEDs (nano LEDs).173 Besides, nanowires can also be used as
single-photon sources.™ Moreover, Kim et al. discussed that
the light in nanowire LEDs can be efficiently coupled out from
the large sidewall surfaces.""

Intriguingly, perovskite nanowires can have near unity
PLQY, 8 which can be even used for lasing."”] Addition-
ally, perovskite micro-wires have also been reported for lasing,
and a microdisk was used to couple out single-mode from
the microwires."® In 2019, we reported that the perovskite
quantum wires showed much higher PLQY than perovskite
nanowires due to both quantum confinement and the enhanced
OCE.!8 Recently, we reported the vertical perovskite nanopho-
tonic wire arrays LEDs with enhanced light out-coupling prop-
erty. The OCE of perovskite nanowire LEDs was increased from
~10-20% to =40-50%, compared to the planar counterparts.!'"’]

5.6. Light Out-Coupling Methods in Commercial LEDs

For commercial LEDs such as GaN LEDs, the index differ-
ence between GaN (n = 2.4) and air (n = 1.0) can be alleviated
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by packaging, as a thin silicone (n = 1.5) layer can be added
between the LED chip and air.’?”l Other common procedures
can be adding an anti-reflection layer!'?!l on the output side and
reflection layer on the rear side.?l Particularly, the reflective
layer can be diffraction Bragg reflector (DBR)!23 or metallic
layer with omnidirectional reflecting (ODR) coating.'? By
dicing the chip into the inverted pyramid, which can be realized
with the oblique focused laser beam, light out-coupling can
also be improved.'?”! These kinds of LEDs are called truncated
pyramidal LEDs (TP-LEDs). The light out-coupling enhance-
ment for TP-LEDs can be simulated with the ray-tracing
method.[120]

FCLEDs were also proposed to utilize the large fraction of
photons which emitted downward into substrates.”” FCLEDs
usually use thick emission window layer, and the index dif-
ference between the sapphire substrate (n = 1.7) and the air
is much smaller than GaN.['?8! There are also methods such
as using photonic crystals,[?’l plasmonic nanostructures,!3%
micro-pillar arrays,®!l and rough surfaces.3?l The light out-
coupling methods for commercial LEDs are quite generic and
can be used for PeLEDs also.

5.7. Challenges for Adopting the Developed Strategies for PeLEDs

When it comes to the utilization of the developed strategies
for PeLEDs, the compatibility needs to be considered case by
case. We have introduced the refractive index properties in
the previous discussions. The index is usually around 1.7 for
organic emitter but larger than 2 for perovskites. And the index
is even higher for inorganic semiconductors. Therefore, the
optical design should be modified accordingly when applied to
PeLEDs, as the out-coupling behavior is highly sensitive to the
refractive index.

Meanwhile, adding nanostructures can also affect other
perovskite properties such as the charge carrier/exciton recom-
binations.*?l Although this review is focused on the optical
design of PeLEDs, we also want to draw the attention to
whether adding nanostructures can affect material deposition
qualities (uniformity, crystallinities, defects, etc.),'®! balanced
charge carrier injections,* etc. Applying nanostructures out-
side perovskite emissive layer can have less effect (either posi-
tive or negative) on altering material properties, but directly
applying nanostructures to perovskite itself is sometimes nec-
essary, e.g., to introduce the quantum confinement effect,®! or
the internal light scatterings.?

Although there are some reports on the vapor fabrication of
PeLEDs, 34 most of the PeLEDs are still fabricated with solu-
tion methods. As for OLEDs, both dry methods (e.g., vacuum
evaporation with fine metal masks) and wet methods (e.g., ink-
jet printing, nozzle printing, relief printing, etc.) have been well
developed.l® Therefore, the fabrication compatibility (wet or
dry processes; with or without post-annealing, etc.) need to be
carefully considered when applying the strategies for evapo-
rated OLEDs to the solution-fabricated PeLEDs. Moreover,
whether solution method can produce uniformly deposited
films is another concern when fabricating devices on nano-
structures. This is one of the reasons why developing vapor fab-
rication process for PeLEDs is important in terms of scalability
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and uniformity. Besides, solvents for perovskites and other
materials can also be different. For example, the common sol-
vents for perovskite materials are dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO). For perovskite NCs/QDs,
the solvents/dispersion solutions can be ybutyrolactone,!3¢
toluene,™ n-octylamine (OLAm)/DMF/oleic acids (OA),[3®!
hexane, 3% etc., while the solvents for polymer emitters can be
common organic solvents (toluene, xylene, tetrahydrofuran,
chloroform, chlorobenzene, cyclohexanone, etc.)% The solvent
difference should also be considered during the fabrication pro-
cesses for nanostructures or devices.

5.8. The Simulation Methods for Light Out-Coupling
Study in PeLEDs

For OLED, researchers treated the exciton as radiating dipole
emitters in the forward calculation out-coupling model.l"! Fur-
thermore, Lee et al. used the Monte Carlo modeling to analyze
the OCE for PLEDs.? In order to experimentally define the
OCE, van Mensfoort et al. proposed solving the inverse out-
coupling problem by measuring the light emission profile in
OLEDs.'*14l And knowing the light emission profile with high
accuracy can be potentially used to calculate the OCE and there-
after deduce the IQE from EQE.

To study the light out-coupling in PeLED devices, a few
groups have reported the simulation methods to calculate the
light OCEs.[2291018143] For instance, Qin et al. used SETFOS
4.5 software to calculate light out-coupling, and modeled the
excitons with isotropic radiative dipoles.'*3] They also weighed
the power radiated from dipole by the PL spectrum from the
emission layer. Moreover, they can also calculate the dissipated
power with different wavelengths.

Huang and co-workers used the FDTD method and studied
the light out-coupling in the self-formed micro-structured
infrared PelLEDs (simulation wavelength 800 nm).?¥ The
refractive indexes were measured with an ellipsometer (KLA-
Tencor, P7), and the imaginary part of the perovskite index was
ignored. Nine uniformly distributed sources were used, and the
average result was taken. Because the micro-structures have
the light scattering effect, the overall light OCE was improved
to about 30% (this OCE was verified by the 30% EQE when
cooling down the temperature to 6 K, in which case the IQE
can be assumed as 100%). As a comparison, the planar struc-
ture only has a light OCE of about 21.8%.

Moreover, Tang and co-workers also used the FDTD method
together with custom-made MATLAB codes to study the cross-
sectional electrical field patterns. The light energy distribu-
tion can be resolved to help understand the light out-coupling
process in PeLED devices (simulation wavelength 514 nm).[18d
Emission dipoles with horizontal directions (parallel to the
substrate) at three locations were used. The photon number at
514 nm was fixed for the Gaussian oscillating dipole pulse to
monitor the light intensity and to compare the relative OCE.

In 2018, Gao and co-workers reported a theoretical study of
the light energy distributions in the PeLED devices and revealed
that the maximum EQEs for 3D perovskite and quasi-2D
perovskite LEDs are about 25% and 20%, respectively.’> The
simulation methods that Gao and co-workers used were the
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Figure 13. Power fraction of different modes in MAPbl; PeLEDs. Repro-
duced with permission.Bl Copyright 2018, Wiley-VCH.

Transfer Matrix approach and the FDTD method. The former
was developed for modeling the multilayer OLEDs. The EM
simulation model treats the radiative decay of excitonic species
as an assembly of classical electrical dipole antennas. Moreover,
they made the following assumptions in the simulation. First,
the dipole orientation is isotropic. Moreover, they mentioned
that horizontal dipole had a fraction of 2/3 in the isotropic
case. Second, they assumed the properties of all materials were
isotropic. Third, the emission layer did not absorb light in the
emission region. Fourth, they used a discrete emitter position.
Particularly, the emitters were located at the emission layer/
injection layer interface. Last, they assumed the device worked
at low excitation levels and ignored the Auger recombination.
It is worth noting that the boundary condition perpendicular
to the interfaces was Bloch, which is important when the light
is not normal incidence/emission in the periodical structures.
Moreover, the refractive indexes of MAPbI; and NFPI; are about
2.6 and 2.0, respectively. They also studied the perovskite index
range from 1.75 to 3.00 to get a comprehensive result. Figure 13
shows the power distribution of different modes in the PeLEDs.
The maximum OCE of 25.7% can be achieved. A more detailed
optical mode analysis was done and perfectly explained in their
work.®) Furthermore, to simply ascertain the light OCE in
OLEDs and PeLEDs, the following formula can be used™*

1
OCE = el (6)

where the n is the refractive index of the emission layer. Noting
that the 0.5 n™2 relation is for the estimation of surface OCE
with the isotropic dipoles (not subject to the optical interfer-
ence with the metal reflector). When it comes to the surface
OCE with the inplane dipoles (not subject to the optical inter-
ference with the metal reflector), 0.75 n~2 should be used. More
details should be referred to the discussion given by Friend and
co-workers.[1#

Rand and co-workers also had a few reports discussing the
light out-coupling for PeLEDs.'®2P The simulation methods
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used by them were a classical oscillating dipole modell!143]

and the FDTD method.®3 For the simulation based on the
oscillating dipole model, the Rand group made the following
assumptions. First, the emission zone was confined to an infi-
nitely thin zone. (This can simplify the light source to a planar
one.) Second, the IQE was unity. Third, the emission pattern
was isotropic. Four, there was not electrical loss. For the FDTD
simulation, the boundary conditions on the £ x and + y direc-
tions were perfectly matching layer (PML). The dipole sources
oriented along x-, y-, and z-directions were located in the
middle of the emission layer. The far field was calculated over a
1 m radius hemisphere surface.

Last but not least, our group has also reported the study on
the light out-coupling in PeLED devices on nanophotonic sub-
strates previously.'® We performed a systematic study on the
geometry effect with FDTD method and found that the nano-
structure geometry must be optimized otherwise light OCE can
be even decreased. Only when the nanostructure is properly
designed, a huge enhancement in light OCE can be achieved
(e.g., from 10% to 73% with a sevenfold enhancement). In our
study, we used the dipole sources with different locations and
polarization directions and took the average light OCE as the
final result. Moreover, the light OCE can be calculated from the
light power collected by the monitor in the air over the light
power collected by the transmission box surrounding the dipole
light source. The periodic boundary conditions can be used in
the lateral direction when the nanostructures are in periodic
arrays. Cross-sectional E? intensities were also recorded both
in the frequency domain and time domain. The frequency-
domain result shows the electrical field and power distribution;
while the time domain result records the whole light propaga-
tion processes. Moreover, when the multiple wavelengths result
is required, the simulation has to be conducted wavelength by
wavelength to avoid the discrepancy in the material index fitting
data with the input material n and k values. With the above-
discussed method, we also studied the light out-coupling in
the MAPbI; perovskite quantum wires.®®) When the diameter
of the wires decreases to a few nanometers, the quantum con-
finement will come into play. And it increases the PLQY from
0.81% to 45.1%. More significantly, the light OCE of the 5.7 nm
diameter quantum wire can achieve a high value of 90.6%.
Lately, we had another work discussing the light out-coupling
behaviors inside perovskite nanowires.!'l With the FDTD sim-
ulations, we found that the nanophotonic effects can be very
complex in the nanowire arrays. Optical resonances such as
Mie resonances,!! surface lattice resonances,™! and Fabry-
Perot resonances!™® can exist in the nanowires and together
they determine the light behaviors in the nanowires. In order
to get a clearer picture of the detailed mechanisms, more work
needs to be done in the future.

6. Conclusion

In this review, we first introduced an account of the rapid devel-
opment of PeLEDs. Then we demonstrated that the perovskite
materials have a high refractive index and therefore the OCE
is the key to further improve the EQE of PeLEDs. Moreover,
as PeLEDs always have high material quality and high IQE,
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photon recycling can make the out-coupling a multiple re-
absorption and re-emission process. After that, we reviewed
the out-coupling methods that have been used for the PeLEDs,
although less explored. Then we thoroughly went through
the light out-coupling studies for OLEDs, conventional semi-
conductor LEDs, QLEDs, MQWSs LEDs, nanowire LEDs, and
commercial LEDs. By reviewing those reports, we can sum-
marize a set of general guidelines for the out-coupling design.
First, introducing structures comparable to wavelength scale
(e.g., photonic crystals, isolated NCs, buckled structures) into
active material or tuning the thickness of the active layer can
couple out the waveguide modes. Second, adding structures
(e.g., hemisphere injection material, NHAs, metal NPs, low-
index grids, gratings, photonic crystals) between the active layer
and transparent electrodes can couple the waveguide modes to
substrate modes. Third, adding structures (e.g., nanowires or
nanorods, photonic crystals) to the glass can couple the sub-
strate mode to light emission. As for top-emission LEDs, the
out-coupling strategies also include designing the translucent
top electrodes for better transparency and adding structures at
the electrode interface to out-couple SP modes to air. Moreover,
we also summarized the simulation methods for studying the
out-coupling for PeLEDs and discussed a few examples of sim-
ulation condition settings. Overall, in this review, we provide
clear and systematic guidelines for light out-coupling enhance-
ment with nanophotonic engineering, which pave the way for
high-performance PeLEDs fabrication in the future.
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