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Microcavity Design Upping Light Extraction Efficiency over
50% in High-Index Perovskite Light-Emitting Diodes

Guanding Mei, Xiangtian Xiao, Sajjad Ahmad, Hong Lin, Yangzhi Tan, Kai Wang,*

Xiao Wei Sun,* and Wallace C. H. Choy*

Perovskite light-emitting diodes (PeLEDs) are promising candidates for
lighting and display applications. However, perovskites usually have a
relatively high refractive index compared to organic semiconductors, causing
a lower optical efficiency due to a narrower escape cone. In this work, the
theoretical analysis shows that the microcavity effect enables PeLEDs to
achieve a light extraction efficiency of 51%, much higher than the ~20%
estimated by the classical theory. Besides the interference in the microcavity,
the efficiency improvement is also attributed to the low surface plasmon loss
and a high ratio of horizontal dipoles under the Purcell effect. In a microcavity
PeLED, a horizontal dipole shows three times the improvement in the Purcell
factor of a vertical dipole, making the horizontal dipole with high efficiency
contribute 86% of light output. Moreover, the experiment shows that

the microcavity can increase the external quantum efficiency by 70%. A
narrower spectrum and shorter photoluminescence lifetime are also
observed. These phenomena are attributed to the simultaneous enhancement
of light extraction efficiency and internal quantum efficiency. This work reveals
the importance of microcavity design and provides guidance to break through

1. Introduction

Metal halide perovskite materials exhibit
superior optoelectronic properties, such as
narrow spectral width, wide-range tunable
bandgap, and high luminescence quantum
yield. Compared to organic light-emitting
diodes (OLEDs), perovskite light-emitting
diodes (PeLEDs) show higher color pu-
rity and widely tunable bandgap,!™! mak-
ing them promising candidates in lighting
and display applications. Over the past few
years, PeLEDs have been rapidly develop-
ing and have achieved an external quan-
tum efficiency (EQE) beyond 20%.] In
contrast, the planar OLEDs have performed
with an EQE close to 30%/°'!l after more
than 30 years of development.l'?] For the
practical application of PeLEDs, an EQE
comparable to that of OLEDs is desirable.
The material engineering and fabrication

the classical efficiency limit and achieve high-efficiency PeLEDs.
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process of PeLEDs have been extensively
studied to achieve high efficiency, while op-
tical factors have only gained attention in re-
cent years.
To unlock the full potential of PeLEDs, this work will investi-
gate microcavity design and discuss the optical efficiency limit.
The EQE of PeLEDs is given by!13-1]

NeQe = MqQEe X MieE
(1)

= Minj X MprQE X MLEE

where 74 is the internal quantum efficiency (IQE), n;, is the
carrier injection efficiency, #7p; o is the photoluminescence quan-
tum efficiency (PLQE), and #, 5, is the light extraction efficiency
(LEE) defined by the ratio of the photons emitted to free space to
all photons generated at the active region. The high #,,, and #7; o
can be realized by balancing and increasing charge injection and
minimizing nonradiative recombination, respectively. Many ef-
forts have been devoted to charge balance;!**! the PLQE near
100% for perovskites was also reported.!?22 This indicates that
anearly 100% IQE can be potentially realized in PeLEDs through
material and carrier injection structure engineering.[**) However,
LEE is severely restricted by total internal reflection (TIR), which
is determined by device configuration. A general schematic
PeLED architecture is shown in Figure 1a, where most light is
trapped in the device by TIR because the refractive index of the
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Figure 1. a) A typical device architecture of bottom-emission PeLEDs and its optical power distribution. b) 1/(2n?) model and LEE approximation for
oriented dipoles. c¢) Wide-angle and d) multiple-beam interference in a microcavity.

light emission layer (EML) is higher than air. For an isotropic
emitter, an approximation!?] of LEE is given by the ray-optics
limit of 1/(2n?). The corresponding relation is plotted as the blue
solid curve in Figure 1b, which shows the LEE decreases as the
refractive index of EML (EML index) increases. Generally, for pla-
nar LEDs without light extraction structures, some studies men-
tioned that the efficiency limit of OLEDs is about 20%!2¢%7] be-
cause organic semiconductor materials usually have a refractive
index of 1.6-1.8!%%] in the visible spectrum. Accordingly, it is re-
ported that a low-index host layer can improve LEE.[23% Unfor-
tunately, perovskites show a higher index (2.0-3.2) than organic
semiconductors, especially when they exist in bulk form.[31-3¢]
The result is shown in Figure 1b, the LEE limit of PeLEDs should
be lower than 12.5% according to the 1/(2n?) limit.

It is worth noting that the 1/(2n?) model is based on the clas-
sical ray optics, and assumes that the device has a Lambertian
emission pattern.?*] It is reliable in the absence of interference.
However, the nanoscale thickness of PeLED stacks tends to in-
troduce interference and near-field effects. There are two signif-
icant effects, the microcavity effect and the Purcell effect, that
also influence efficiency. The microcavity effect refers to the en-
hancement or inhibition of radiance due to constructive or de-
structive interference.’”] As shown in Figure 1c,d, the microcav-
ity introduces wide-angle and multiple-beam interference.38*]
The former is the interference between directly emitted and re-
flected waves with the same wave vector, while the latter describes
that the light is reflected back and forth and superposed with it-
self. The Purcell effect describes the enhancement or inhibition
of the spontaneous decay rate of an emitter in the device struc-
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ture compared to that in free space.[*'*?] Based on the Purcell
effect, we expect enhanced spontaneous emission in microcavity
structures.

These effects have been discussed in OLEDs,[**~*8] while only
few studies!!**] on microcavity PeLEDs are reported. One of the
studies reported that the 3D and quasi-2D PeLEDs can achieve
maximum theoretical EQEs of 25% and 20%, respectively, in
spite of the high EML index.’"] However, these effects in PeLEDs
have rarely been systematically analyzed. In this context, we pro-
pose that microcavity design in PeLEDs could improve LEE to
over 40% and even close to 50%. Three factors contribute to such
high efficiency in PeLEDs. The first is the angular-dependent in-
tensity of microcavity; we can concentrate emission within the
escape cone. The second is the high ratio of horizontal dipoles
when the Purcell factor of the horizontal dipole is larger than the
vertical dipole. The non-uniform Purcell factors indicate that the
microcavity PeLED exhibits a selective emission enhancement in
different dipole orientations. Our results show that the efficiency
of an isotropic emitter in the microcavity can be only 15% less
than that of an anisotropic emitter consisting of only horizon-
tal dipoles. It indicates that the microcavity is an alternative ap-
proach to produce anisotropic emission without orienting and
aligning anisotropic nanocrystals, such as rods and platelets. By
contrast, in OLEDs, controlling molecular orientation is a gen-
eral strategy for improving efficiency.*'>%! The third factor is the
less surface plasmon polaritons (SPPs) loss due to the high EML
index of PeLEDs, indicating that more light is under the manip-
ulation of microcavity. Interestingly, in this case, LEE could in-
crease as the EML index increases, which is the opposite of the

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWOD A0 3|edl(dde aup Aq peusenob ae ssppiie VO ‘8sn Jo seini 1oy AriqiT8uljuO A8]IM UO (SUOTpUoD-pUe-sLLIBIALI0D A8 | 1M el 1 But|UO//:SANY) SUORIPUOD pue Swie | 81 88S *[£202/0T/S2] Uo ARiqiauliuo A(1M ‘Buox BuoH Jo AiseAlun Aq ZT600€202 WOPe/Z00T 0T/10p/w0o A8 | Areiq1pul|uoy/sdny wo.j papeojumod ‘0 ‘T0TS6TZ



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

1/(2n%) model. This work reveals that microcavity design makes
it possible for PeLEDs to outperform OLEDs in efficiency.

2. Microcavity Optimization with Semitransparent
Electrode

A typical PeLED structure shown in Figure 1a is composed of a
reflective cathode, an electron transport layer (ETL), an EML, a
hole transport layer (HTL), an anode, and a substrate. Because of
the high refractive index difference among layers and the limited
thickness, PeLEDs naturally construct a microcavity. For simplic-
ity, we combine the dielectric stack into one layer in Figure 1c,d,
in which the microcavity resonance condition is given by

2

Tanbottom cosf — ¢b0ttom =mlrx (2)
2—7[2nd cosf — ¢, = m2n (3)
A top top —

2z

72n(dbmtom + dtop ) cos 0 — (d)botmm + ¢top ) =mlrx (4)

where A is the wavelength of emission in a vacuum, n is the aver-
aged refractive index of layers in device structure, d,,, and dy,o o,
are the distances between the emitter to the corresponding re-
flective interface, 6 is the angle of propagation, ¢, and dpoom
are the phase shifts at the top and bottom interface, respectively,
and m =0, 1, 2... is the resonance order. Equations (2) and (3) de-
scribe that the wide-angle interference has a strong dependence
on dyom and dy,,, that is, the position of the emitter. Equation (4)
shows that the multiple-beam interference is related to the to-
tal cavity length dyoyom + dop- In bottom-emission PeLEDs, the
semitransparent electrode is usually a conductive oxide with high
transparency, such as indium tin oxide (ITO). Therefore, the re-
flection from the semitransparent electrode is very weak in the
escape cone, and the effects of Equations (3) and (4) are limited.
In other words, the wide-angle interference described by Equa-
tion (2) is dominant in common bottom-emission PeLEDs,[383]
and we can call those PeLEDs the weak-microcavity PeLED.>*>]
On the contrary, a strong-microcavity PeLED can be formed if
the semitransparent electrode is a thin metal film, such as silver
(Ag) or aluminum (Al). As a result, the multiple-beam interfer-
ence associated with Equation (4) can be enhanced and manipu-
lated in the microcavity. A similar structure can also be used for
top-emission PeLEDs. Since the light extraction competes with
optical losses, we should optimize the microcavity to ensure con-
structive interference within the escape cone while destructive
interference occurs in other directions.

Considering the multilayer structure of PeLEDs, the oscillat-
ing dipole model based on the Chance, Prock, and Sibley (CPS)
theory!®®! is applied to analyze the optical properties of PeLEDs.
The studied PeLED is with the structure of glass / ITO / semi-
transparent electrode (optional) / MoO; (3 nm) / PEDOT:PSS
(30 nm) / MoO, (3 nm) / PolyTPD (20 nm) / perovskite (30 nm)
/ TPBi (35 nm) / LiF (1 nm) / reflective electrode (100 nm), and
the peak emission wavelength is 690 nm. To enhance the micro-
cavity effect, we insert a thin metal film as the semitransparent
electrode between ITO and MoO;. In this case, we can compare
the structure to a Fabry—Perot optical resonator without losses. At
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Table 1. LEE optimization of the microcavity PeLEDs with Al and Ag as the
electrodes, respectively, at wavelength of 690 nm. d represents thickness;
the legend of the power distribution is consistent with Figure 2b.

Layer Min.d [nm]  Max.d[nm]  Optimal d [nm]  Power distribution

Al as the semitransparent and reflective electrodes LEE, . = 30.7%
Thin Al film 1 30 2.8 [/
PEDOT:PSS 10 80 44.6 \
TPBi 10 80 48.5

Ag as the semitransparent and reflective electrodes LEE, ., =51.4%
Thin Ag film 1 30 22.0 .‘
PEDOT:PSS 10 80 21.4

TPBi 10 80 53.7

the resonance frequency, the emission enhancement factor G, in
the normal direction is given byl>’-]

(1+VE) (1-r,)

G, x (5)

 (-vER)

where R, and R, are the reflectances of semitransparent and
reflective metal electrodes, respectively. This equation indicates
that the reflectance of the reflective electrode should be as large
as possible for emission enhancement. Figure 2a shows the cal-
culated reflectance of 100 nm-thick Al, Ag, and Au films at nor-
mal incidence. We can find that Ag offers the highest reflectance
at 690 nm, so it is a good reflective electrode for our microcavity
PeLED. We also choose Ag as the semitransparent electrode and
optimize its thickness d to improve efficiency. According to Equa-
tions (2)—(4), the cavity length and the emitter’s position are vital
for a microcavity; here, we choose PEDOT:PSS and TPB;i thick-
ness as variables, and their range is limited from 10 to 80 nm
to support charge injection. We assume the refractive index of
perovskite film is 2.4 as an appropriate median.

An optimization algorithm based on quadratic approximation
is employed to find the maximum LEE at the wavelength of 690
nm (red light), and the results with different electrodes are shown
in Table 1. First, we can observe that the maximum LEE reaches
51.4% in the microcavity PeLED with Ag as the semitransparent
and reflective electrodes; this value is 1.67 times the optimal effi-
ciency with Al electrodes. Second, the optimal thickness of thin
Al film is as low as 2.8 nm, implying that the benefit of the strong
microcavity with Al is limited, and the efficiency does not exceed
that of the weak microcavity. The reason for such a gap is the
reflectance difference of electrodes. Even though the reflectance
difference between Al and Ag films is only 7.9% (Figure 2a), the
losses are amplified during circulation, and the enhancement
would decrease dramatically. Thus, choosing appropriate elec-
trodes is essential when designing microcavity PeLEDs. Overall,
our results show that the 51.4% efficiency under the microcavity
is almost six times the 8.7% efficiency estimated by the 1/(2n?)
model when the EML index is 2.4.

To further illustrate the principle of the microcavity, the
thickness of semitransparent Ag is swept in the optimized
PeLED with 21.4 nm PEDOT:PSS and 53.7 nm TPBi. When the
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Figure 2. a) Calculated reflectance of 100 nm thick Al, Ag, and Au at normal incidence. b) Power distribution of different optical modes versus Ag
thickness. Air modes of ) the weak-microcavity PeLED and d) the strong-microcavity PeLED versus TPBi and PEDOT:PSS thickness variation.

Ag thickness increases, its transmittance decreases; more light
is supposed to be trapped in the device. However, Figure 2b
shows that when the Ag thickness increases from 0 to 22 nm,
the efficiency increases dramatically until it has been doubled
(for details of optical modes, see Figure la and Section S1,
Supporting Information). This phenomenon is attributed to
the constructive interference within the escape cone when the
microcavity resonance condition is carefully adjusted. Corre-
spondingly, the waveguide modes outside the escape cone are
limited due to destructive interference. When the thickness of
Ag exceeds 22 nm, the efficiency starts to decrease because the
Ag with decreased transmittance traps more and more light, and
the absorption modes continue to rise. When the thickness of
Ag reaches 46 nm, the enhancement of microcavity is offset by
the absorption, and the efficiency returns to the initial value.
The microcavity resonance can be modified by the thickness
of ETLs and HTLs. In the weak-microcavity PeLED with Ag as
the reflective electrode, the dependence of air modes on the
thickness of TPBi and PEDOT:PSS is plotted in Figure 2c. As
we discussed, the wide-angle interference described by Equa-
tion (2) is dominant in the weak-microcavity PeLED. Therefore,
Figure 2c shows the high variability of efficiency by changing
TPBi thickness, while the PEDOT:PSS thickness variation hardly
affects the efficiency. The maximum efficiency of 34.2% occurs
in the second resonance order, because the angular intensity
distribution is wide in the first resonance order, and the substrate
modes share the constructive interference. For the second order,
however, it is challenging to achieve 260 nm thick TPBi techni-
cally while maintaining good electrical conductance. By contrast,
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in the strong-microcavity PeLED shown in Figure 2d, maximum
efficiency of 51.3% can be obtained in the first order with good
feasibility, which is a good tradeoff of LEE and carrier transport.
In this process, efficiency fluctuates more dramatically, and the
PEDOT:PSS thickness also strongly influences the efficiency
owing to the enhanced multiple-beam interference. Therefore,
a higher requirement for precise thickness control is needed to
achieve the target efficiency.l®! Electrically, the 55 nm TPBi may
have some adverse effects on carrier transport. We can appro-
priately reduce the TPBi thickness and increase the PEDOT:PSS
thickness to achieve a similar cavity length. As for green and
blue emissions, the optimal ETL thickness would be smaller
because of the shorter cavity length required for resonance.

3. Selective Enhancement of Dipole Emission

We have discussed the interferences in a microcavity, which de-
pend on the position of the emitter and the cavity length. Inter-
estingly, the decay rate is also position-dependent in a microcav-
ity. Because the field generated by the dipole would be reflected
by interfaces, especially the metallic interface, then the reflected
field becomes a driving force to the dipole.[°!] The dynamics of
the dipole is given in Section S2, Supporting Information. If the
reflected field is in phase with the dipole, the dipole oscillates
harder with a higher radiative decay rate b. If the reflected field
is out of phase, b decreases, and the radiative decay is inhibited.
The phase is distance-dependent, which is similar to the interfer-
ence in the microcavity. Therefore, the radiative decay can also
be modified by the microcavity. The modification of the radiative

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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decay rate is the Purcell factor F, which is given by!*’]

_b
F=y (©)

where b, is the radiative decay rate in the absence of any reflec-
tion.

If the intrinsic quantum efficiency of the dipole g, is not unity,
there is competition between radiative and nonradiative recom-
bination. An enhanced radiative decay can improve the quantum
efficiency. Thus, the quantum efficiency is also modified by the
Purcell factor!*62]

b byF 4 F

+b =b0F+bm=qu+1—q0 7)

Ges = b
where g, is the effective quantum efficiency, b,), is the nonradia-
tive decay rate. If F is greater than 1, q.4 is larger than g,. This
implies that an optimized microcavity can even improve IQE in
addition to improving LEE.

In order to investigate the efficiency limit, IQE is assumed to
be 100% in our simulation. However, it is still valuable to investi-
gate the role of microcavity in modifying the radiative decay rate.
We will reveal that the microcavity has the ability to modify the
ratio between horizontal dipoles and vertical dipoles, which fa-
cilitates extremely high efficiency. In general, a horizontal dipole
has a higher LEE than a vertical dipole because its emission is
more concentrated in vertical direction. The emission intensity
of a dipole relates to sin?(@) (see Section S3, Supporting Informa-
tion), where 0 is the angle between the dipole axis and the direc-
tion of light emission. The intensity versus 6 is normalized and
shown in Figure 3a. We use the transverse magnetic (TM) plane
to give the 2D cross-section of dipole radiation patterns. It can be
observed that the horizontal dipole emits more photons within
the escape cone and has a higher LEE than the vertical dipole. For
the isotropic emitter, nearly 80% of light is in waveguide modes.
However, in the strong-microcavity PeLED, the angular depen-
dence of emission is strong, as plotted in Figure 3b, most of the
light can be concentrated within the escape angle. It should be
noted that the maximum intensity for optimal efficiency is not in
the normal direction because the solid angle (dQ = sin #d6de)
is small near the normal direction (0 ~ 0).*% It is worth noting
that although non-Lambertian emission may not be suitable for
planar display, it can be potentially applied to augmented reality
(AR) and virtual reality (VR) displays owing to the concentrated
emission and the high efficiency.

In addition to concentrating light inside the escape cone, mi-
crocavity also plays a role in regulating the decay rate of dipoles
with different orientations. Figure 1b shows that the low LEE
of the vertical dipole is an obstacle for the total LEE (see Sec-
tion S4, Supporting Information). If the vertical dipoles are inhib-
ited, while the horizontal dipoles are enhanced, the overall LEE
will approach the high LEE of the horizontal dipole. The LEE of
an isotropic emitter is related to the Purcell factor of the vertical
and horizontal dipoles, which is given by

_ F,LEE, + 2F,LEE, 2F,
Py, F,+2F, ~ F,+2F,

LEE, (8)

where Py and P, are the dissipated power and extracted power,
respectively; F is the Purcell factor representing the normalized
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dissipated power, the subscripts v and h denote the vertical and
horizontal dipole, respectively. Since LEE, is much smaller than
LEE,, in an optimized microcavity, F,LEE_ can be eliminated and
the equation would be straightforward, increasing F, and de-
creasing F, is a key for LEE to approach the high LEE, . If we can
demonstrate that F, is higher than F, in the microcavity PeLED,
horizontal dipole has a higher contribution to the total emission
in microcavity PeLEDs. It will interpret why the microcavity can
achieve 51.4% LEE, despite the escape cone only occupying 9.1%
of the hemisphere when the EML index is 2.4.

The strong-microcavity PeLED is optimized as stated in
Table 1. Figure 3c—e shows the optical power distributions and
power dissipation spectra of the horizontal dipole, the vertical
dipole, and the isotropic emitter, respectively. The higher effec-
tive refractive index n.4 in power dissipation spectra relates to a
larger propagating angle (see Section S5, Supporting Informa-
tion). Comparing Figure 3c—e, we can observe three phenomena.
First, the vertical dipole’s intensity distribution is mainly at large
angles, as shown in Figure 3a, leading to power distribution in
high n g (Figure 3d). Since the light emitted by the vertical dipole
is TM-polarized, it is easily coupled to SPPs. As a result, the
optical channel of the vertical dipole is mainly waveguide modes
(WVG) and SPP modes. Such dissipation encumbers the overall
LEE. By contrast, the horizontal dipole emits light at a small an-
gle and small n.4, less light is coupled to the waveguide; and half
the light is transverse electric (TE) polarized,[®*) which cannot
support the SPP excitation. As shown in Figure 3c, the air modes
of the horizontal dipole can be up to 60%. Second, although the
air modes of the vertical dipole are almost zero, the air modes of
the isotropic emitter (51%) are still close to that of the horizontal
dipole (60%). As we discussed in Equation (8), the enhancement
of horizontal dipole decay by the microcavity results in a larger
contribution of horizontal dipole to LEE. As shown in Figure 3f,
at the wavelength of 690 nm, the Purcell factor of the horizontal
dipole (F,) is three times that of the vertical dipole (F,). We can
also find the larger Purcell factor variation for horizontal dipole
relative to vertical dipole. Since the electric field of the horizontal
dipole has more energy distribution in the vertical direction, the
reflected field at the dipole position is stronger relative to the
vertical dipole. As a result, the decay of a horizontal dipole is
more affected by the microcavity. Substituting the Purcell factor
into Equation (8), we can obtain that 86% of light is emitted
by the horizontal dipole. If only efficiency is concerned, the
microcavity can be an alternative to orienting the perovskite
nanorods and nanoplatelets, to obtain a high ratio of horizontal
dipole.[®*%5] Third, the wavelength tolerance is relatively high for
the strong-microcavity PeLED, and more than 40% of air modes
can be maintained in the wavelength range of 650-730 nm.
For blue and green emissions, the wavelength tolerance would
be smaller. Compared with OLEDs, PeLEDs’ spectra are much
narrower and can even achieve a full width at half maximum
(FWHM) below 20 nm.[°¢%7] This is another reason microcavities
are more suitable for PeLEDs than OLEDs.

4. Impact of SPP Modes on Efficiency

The limited distance between the emitter and metal electrodes
usually increases loss by SPPs and limits microcavities’ perfor-
mance. Although OLEDs’ efficiency is affected by SPP modes
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Figure 3. 2D cross-section views of the far-field dipole radiation patterns in a) free space and b) the microcavity PeLED. Optical power distributions and
power dissipation spectra of c) the horizontal dipole, d) the vertical dipole, and e) the isotropic emitter in the microcavity PeLED. f) The Purcell factors

versus wavelength for the strong-microcavity PeLED.

trapping up to 50% of the total power,**%] SPP modes are
limited in the PeLED (Figure 2b), leaving more room for ma-
nipulation in the microcavity. The detailed understanding can be
explained by that the higher EML index allows PeLEDs to atten-
uate near field coupling to SPP modes.”%’!l To explain this phe-
nomenon, we need to focus on the near-field of dipole. Because
the angular spectrum of a dipole is broad in the near field and it
can provide extended wave vectors and couple with SPPs.I”?] As
the distance between the dipole and metal decreases, energy is
transferred to SPPs, and the lifetime of the dipole drops quickly.
In other words, the near-field coupling can also modify the de-
cay rate because of the fluorescence quenching near a metallic
surface.l’173]
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Although we can attenuate the near-field coupling by increas-
ing the thicknesses of the HTLs and ETLs, the thickness is usu-
ally not arbitrarily adjustable for the concern of carrier transport.
In this section, we demonstrate that the refractive index of EML
can also affect the near-field coupling (discussion in Section S6,
Supporting Information). When the EML index increases in the
weak-microcavity PeLED, as shown in Figure 4a, the SPP modes
drop dramatically, but the air modes do not improve that much.
As an appearance, the decreased SPP modes are mainly caused
by the extension of the k;, range of the waveguide modes, SPPs
are just classified as waveguide modes. Therefore, for the EML
index variation, we think that both SPP and waveguide modes
are resonances in the cavity and can be considered as a whole.
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Figure 4. Optical power distributions versus the refractive index of the EML in a) the weak-microcavity PeLED and b) the strong-microcavity PeLED.
c) Power dissipation as a function of EML for the strong-microcavity PeLED. d) The Purcell factor versus the refractive index of the EML in the strong-
microcavity PeLED. e) Optical power distributions and f) the Purcell factor versus the TPBi thickness in the green NCs strong-microcavity PeLED.

Now we can observe that by increasing the EML index to 2.3 in
Figure 4a, the air modes are slightly improved; we may attribute
this to the weakened near-field coupling. If the EML index is
larger than 2.3, the waveguide modes start to increase, and the
air modes start to decrease because of the narrowed escape cone,
which has been described by the 1/(2n?) model. To clarify, we do
not exclude the influence of the EML index on the resonance con-
ditions; because the EML is very thin, the influence in the weak
microcavity is limited.

As for the strong-microcavity PeLED, the effect of EML in-
dex is amplified as shown in Figure 4b. When the EML index
increases from 1.6 to 2.4, both the SPP and waveguide modes
decrease dramatically, while the air modes increase from 7.9%
to 51.4%. This phenomenon completely contradicts the 1/(2n?)
model. However, if the EML index increases further, the 1/(2n?)
model starts to dominate, and the air modes will decrease. Unlike
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the weak microcavity, the EML index has a significant influence
on the resonance conditions in the strong-microcavity PeLED.
Figure 4c presents the power dissipation versus EML index for
the strong-microcavity PeLED. As the EML index increases, the
emergence of the air modes is obvious. Meanwhile, the SPP is
declining as the near-field coupling is attenuated. In Figure 4c,
when the waveguide modes range covers SPPs as the EML index
increases, the Otto and Otto-Kretschmann hybrid configuration
for SPPs may be constructed in the far field. In this case, the sur-
face plasmon resonance is damped because the waves satisfied
SPPs are radiative in EML. Nevertheless, we think that the SPPs
are mainly excited by the near field because the distance between
the emitter and the metal is much smaller than the wavelength,
and the near field is dominant. For the two reasons mentioned
above, the increase in the air modes is not only related to the sat-
isfied resonance conditions but also to the attenuated near-field
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coupling. The Purcell factors are plotted in Figure 4d; the decay
rate of the vertical dipole is high when the EML index is low; en-
ergy is dissipated to SPPs through the near-field coupling. The F,
and the F, are equal until the EML index rises to 2.1. When the
EML index increases to 2.4, the F, achieves 2.09. Simultaneously,
the F, decreases to 0.68 due to the attenuated near-field coupling.
In a word, the appropriate use of high-index EML in the micro-
cavity not only reduces SPP losses but also increases the ratio of
horizontal dipoles with high LEE.

The developed material engineering of perovskite provides us
with index tunability. Except for bulk crystals or films, perovskites
varied in morphology, such as nanoplatelets (NPLs), nanosheets
(NSs), nanowires (NWs), and quantum dots (QDs).7*! These per-
ovskite NCs are usually capped with organic ligands for size con-
trol and surface defect passivation. The existence of ligands and
spaces between NCs would reduce the refractive index of EML. In
our experience, the index of NC film is usually 1.8-2.1, depend-
ing on the number and size of the ligands. We need to clarify
that the optimal index of 2.4 is only appropriate for the above
case. Individual optimizations are required for different device
configurations and wavelengths, and sometimes the NCs with a
lower index also perform well on LEE. For example, in blue or
green NCs PeLEDs, there is a stronger SPP loss due to a shorter
cavity length in the first-order microcavity. Figure 4e shows the
green NCs PeLED with the same structure at the wavelength of
520 nm; the maximum efficiency occurs at a TPBi thickness of
185 nm, which is generally not feasible because the ETL and HTL
thicknesses are limited for charge injection. In this case, we sug-
gest adding a conductive spacer between the EML and the metal
to relieve the near-field coupling. Accordingly, the spacer thick-
ness also needs to be optimized to meet the microcavity reso-
nance. Figure 4f shows the Purcell factor as a function of TPBi
thickness; the F, increases dramatically when TPBi thickness de-
creases due to near-field coupling. At the first local maximum ef-
ficiency, when TPBi thickness of 32 nm, the F, is only 1.22 times
the F,. At the second local maximum efficiency, when TPBi thick-
ness of 185 nm, the F, is only 1.75 times the F,. However, it is
inevitable that the second-order microcavity will introduce more
waveguide modes, so the efficiency cannot reach 50%.

Summarily, the EML index can influence efficiency through
near-field coupling to SPPs and modification of the Purcell fac-
tor. These effects are deeply bound to the microcavity effect. A
relatively high EML index can reduce the near-field coupling
and enable the microcavity to achieve higher efficiency, which is
contrary to the 1/(2n%) model. From a traditional point of view,
the high-index EML should be a fatal efficiency limitation for
PeLEDs. Taking advantage of the microcavity, the weakness can
be turned into an opportunity to exceed OLEDs in terms of effi-
ciency. Consequently, a strong-microcavity PeLED can achieve a
higher efficiency than OLED, in spite of the high EML index.

5. Experimental Verification of Microcavity Device

In order to verify the effectiveness of the microcavity, correspond-
ing experiments are conducted. Since the standard of efficiency
characterization is not consistent in some cases, we should spec-
ify the characterization method before presenting the results.
First, our main measurement method is shown in Figure 5a.
The emission surface is tightly attached to the port of the inte-
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grating sphere. Consequently, only the photons that escape into
the forward-viewing hemisphere are counted, while the photons
from other sides are not.[>7>7¢ This measurement method is con-
sistent with the definition of EQE, regardless of the 1/(2n?) model
or the dipole model. The second method is shown in Figure 5b;
some studies may insert the whole device into the integrating
sphere to characterize the EQE. This approach would collect pho-
tons from all surfaces; therefore, part of the substrate modes is
also counted. The EQE obtained in this way may be useful for
lighting but not for display applications. Obviously, it cannot cor-
respond to either the theoretical model. The third method shown
in Figure 5c utilizes a large-area detector and then puts the device
very close to the detector with a small air gap.””! This approach
complies with the EQE definition, but there will be an error from
reflection at small angles or edge effects.”®] Figure 5d shows the
fourth method; it is usually used to measure the luminance at a
certain angle. Suppose we use Lambertian approximation to ob-
tain EQE according to the luminance at a single angle.37] In that
case, itis obviously not applicable for microcavity devices because
the emission of microcavity devices is strongly angle-dependent.
Thus, we use the first two methods (Figure 5a,b) here to discuss
the efficiency of microcavity devices. Refs. [77, 78, 80, 81] also
provide some detailed discussions.

In the experiment, the EML is CsPbl; nanocrystals (NCs) film
with a refractive index of 1.95 at wavelength of 690 nm (electro-
luminescence spectrum in Figure S1, Supporting Information).
Two structures were fabricated to verify the effectiveness of the
microcavity design. The weak-microcavity structure is glass / ITO
/ MoO; (3 nm) / PEDOT:PSS (40 nm) / MoO; (3 nm) / PolyTPD
(20 nm) / CsPbl; NCs (30 nm) / TPBi (50 nm) / LiF (1 nm) / Ag
(100 nm); the strong-microcavity structure is glass / ITO / Ag (10
nm) / MoO; (3 nm) / PEDOT:PSS (40 nm) / MoO, (3 nm) / Poly-
TPD (20 nm) / CsPbl; NCs (30 nm) / TPBi (50 nm) / LiF (1 nm)
/ Ag (100 nm). These two structures are optically and electrically
optimized based on the practical photoluminescence spectrum.
It ensures that both strong- and weak-microcavity structures are
in a relatively good microcavity condition. The only difference be-
tween the two structures is the presence of a 10 nm Ag between
ITO and MoO,. We used two methods shown in Figure 5a,b to
measure the EQE,, from emission surface and EQE,; from all
sides of the device.

As a result, the statistics of maximum EQE, of the weak- and
strong-microcavity PeLEDs are shown in Figure 5e. For compari-
son of optical efficiency, we selected a representative sample from
each group. As shown in Figure 5f, the PeLED with weak mi-
crocavity (Ag group) shows the maximum EQE_ of 8.51% at
the applied voltage of 3.75 V, while the PeLED with strong mi-
crocavity (Ag-Ag group) shows EQE_, of 14.42% at the applied
voltage of 3.75 V. The presence of 10 nm Ag increases EQE by
70%. Another finding is that the ratio of EQE_, to EQE,; of the
Ag—Ag group is about 70%, which is higher than 51% of the Ag
group. It indicates that more light is concentrated at small angles
and emitted from the emission surface. If we obtain the intrinsic
IQE (IQE,,,) by fitting the simulated air modes and the experi-
mental EQE,_,, the effective IQE (IQE.g, i.e., the modified IQE
under the Purcell effect) and substrate modes can be deduced.
The theoretical and experimental results are shown in Table 2.
First, both structures have a similar IQE, ,, while air modes and

EQE,,, of the strong microcavity far exceed the weak microcavity.
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Figure 5. Experimental setups for efficiency characterizations. a) Integrating-sphere photometer measures photons emitted into the forward-viewing
hemisphere. b) Integrating-sphere photometer measures photons emitted from all sides of a device. c) A large-area photometer close to a device mea-
sures photons emitted into the forward-viewing hemisphere. d) Luminance measurement at a certain angle. e) Statistics of maximum EQE, measured
by method (b) of the weak-microcavity (Ag) and strong-microcavity (Ag—Ag) PeLEDs. There are twelve samples for each group. f) Experimental EQE,,—V
characteristics and g) Experimental J-V—L characteristics of the weak- and strong-microcavity PeLEDs.

Table 2. Theoretical and experimental data of strong-microcavity and weak-  the weak- and strong-microcavity PeLEDs, respectively; the LEE
microcavity PeLEDs. (Theoretical data: IQE;,;, IQE.g, air modes, Sub. + air improvement is 56.8%.

modes; experimental data: EQEs,,., EQEq)- As we discussed, EQE,, is not well defined and tends to be
misused, but we are still interested in what it represents in our

'QEim IQFg  Armodes  EQR.,  Sub+Airmedes  EQR  chge. Interestingly, it can be observed that the sum of substrate
Ag as the reflective electrodes (weak microcavity) modes and air modes is very close to EQE,; for both structures.
30.00%  34.31% 8.58% 8.51% 16.03% 16.72%  Since the edges of the glass substrate are rough, we think that
Ag as the semitransparent and reflective electrodes (strong microcavity) most of the substrate modes can leak out after scattering. In addi-
28.00%  37.72% 14.80% 14.42% 20.53% 20.93%  tion, because SPP modes are nonradiative and waveguide losses

are very sensitive to absorption, only a minute portion of these
modes can reach the edge of the device and emit light to free
space. For these two reasons, we can think that the EQE,, of our
Second, although the intrinsic IQE is only ~ 28%, the EQE,,, is  devices measured by the method shown in Figure 5b is approxi-
up to 14.4% for the strong-microcavity PeLED. Third, the IQE of  mately the sum of substrate modes and air modes. The matching
the strong-microcavity PeLED is enhanced by 34.7% from 28%to  of EQE,—air modes and EQE_—sub. + air modes can corrobo-
37.72%; although its IQE,,, of 28% is lower than that of the weak-  rate that the simulation matches the experiment and we think
microcavity PeLED, the situation for IQE g is reversed. The IQE  that the simulation accurately reflects the device’s properties. It
enhancement can be explained by Equation (7). As a result, LEE  is worth noting that the rigorously defined EQE,, is only about
as the ratio of EQE,,, (air modes) to IQE ¢ is 25.0% and 39.2% for  half of the EQE,; in the common PeLEDs with weak microcav-

sur (
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Figure 6. a) PL spectra. b) Purcell factor and average PL lifetime of PeLEDs with different Ag thicknesses.

ity. Thus, it is recommended to state the measurement method
when the term EQE is mentioned. Figure 5g shows the current
density-voltage-luminance curves of two structures; the maxi-
mum luminance is 1321.8 cd m~? for strong-microcavity PeLED.
Since we use the method shown in Figure 5a to measure the lumi-
nance, which is averaged over the hemisphere, the practical lumi-
nance in the emission direction should be higher for the strong-
microcavity PeLED. Although the IQE of 28% is not competitive
compared with state-of-the-art PeLEDs due to our immature ma-
terials and processes, the efficiency enhancement is sufficient to
demonstrate the potential of the microcavity design in improving
the optical efficiency of PeLEDs.

In addition, there is another experiment to verify the effect of
Ag thickness on the spectrum and radiative decay rate. We fabri-
cated PeLEDs with a structure of glass / ITO / semitransparent
Ag (0, 10, 20, and 30 nm) / MoO; (3 nm) / PEDOT:PSS (20 nm) /
MoO; (3 nm) / PolyTPD (20 nm) / bulk CsPbBr; (30 nm) / TPBi
(55 nm) / LiF (1 nm) / Ag (100 nm), and the peak emission wave-
length is about 530 nm. As shown in Figure 6a, the photolumi-
nescence (PL) spectrum is narrowed as the thicker semitranspar-
ent Ag is applied. For the 0, 10, 20, and 30 nm Ag, the FWHMs
of PL spectra are 47.8, 43.4, 39.5, and 32.8 nm, respectively.
Based on the time-resolved photoluminescence (TRPL) charac-
terization, we observed the shorter average PL lifetime as the Ag
thickness increases as shown in Figure 6b. This phenomenon
corresponds to the enhanced Purcell factor in the microcavity,
according to the simulated blue line in Figure 6b. Combining
Equations (6) and (7), the shorter PL lifetime implies enhanced
quantum efficiency. Thus, we have experimentally demonstrated
that microcavity has a significant impact on the light extraction
efficiency, emission angle, spectrum, and quantum efficiency
of PeLEDs.

Currently, a qualitative discussion of the experiment results
is provided. To improve the quality of the work, it is better to
present the theoretical results of the experimental devices to-
gether with the experimental results and provide an explana-
tion. Finally, the conclusive statement is drawn. It's worth not-
ing that Ag electrodes can push the upper limits of efficiency
through microcavity optimization. However, improving EQE is
a comprehensive project, influenced by factors such as mate-
rial quality, electrical conditions, and optical conditions. There-
fore, it is also important to address potential technical challenges
that may arise from implementing Ag, such as energy band
matching.
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6. Conclusion

In conclusion, we systematically investigated the effect of mi-
crocavity on the efficiency of PeLEDs and demonstrated that an
extremely high efficiency of over 50% is achievable. To explain
the high efficiency, we demonstrated that the high ratio of the
horizontal dipole with high efficiency is obtained in the strong-
microcavity PeLED. Furthermore, we present that the efficiency
can increase with increasing EML refractive index, which contra-
dicts classical ray optics. The phenomenon is attributed to the
attenuated near-field coupling and the selective enhancement of
dipole emission. In the microcavity PeLED, the horizontal dipole
shows three times the Purcell factor of the vertical dipole, indi-
cating that the horizontal dipole emits 86% of light. We think
that microcavity turns the disadvantage of high-index EML into
an advantage and provides an opportunity for PeLEDs to surpass
OLEDs in terms of efficiency. Accordingly, the experiment veri-
fied the optical performance improvement by microcavity opti-
mization. We also observed a shorter average PL lifetime due to
the enhanced Purcell factor in the microcavity PeLEDs. The ex-
perimental results show that the microcavity can improve LEE
and IQE simultaneously.

7. Experimental Section

Device Fabrication: The ITO coated glass substrates were sequentially
cleaned with detergent, deionized water, acetone, and ethanol by ultra-
sonic spin cleaning. The cleaned substrates were dried with N, flow and
then treated by UV-ozone for 15 min. By using thermal evaporation un-
der high vacuum (~1x 107> Pa), Ag (10 nm), and MoOj (3 nm) were de-
posited on the ITO at a rate of 0.05 and 0.002 nm s~ ', respectively. After the
UV-ozone treatment, PEDOT:PSS (Clevios PVP Al4083) was spin-coated
onto the ITO glass at 3500 rpm for 40 s followed by thermal annealing at
140 °C for 20 min in the air. Another 3 nm MoOj layer was deposited on
PEDOT:PSS at a rate of 0.002 nm s~'. The hole transport layer of poly-
TPD (4 mg mL™", in chlorobenzene) was spin-coated on top of the MoO;
layer at 3000 rpm (1500 rpm min~' accelerated speed) for 40 s in a N,
filled glove box, followed by thermal annealing at 130 °C for 30 min. Per-
ovskite NCs (prepared according to ref. [82] ) were dispersed in octane
solvent and sequentially spin-coated onto the poly-TPD layer (2000 rpm
for 40 s) to fully cover the underneath layer. Subsequently, TPBi (50 nm),
LiF (1 nm), and Ag (100 nm) were deposited by thermal evaporation. The
active area of the PeLED was 4.25 mm?, defined by the intersection of ITO
and Ag strips.

Characterizations: ~Steady-state and TRPL were recorded with a
PicoQuant FluoTime 300 spectrometer and a laser diode with a peak
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wavelength of 510 nm was used as the excitation source. Thin films
deposited on cleaned quartz substrates were used for these PL mea-
surements. PLQYs were also determined from the thin films using the
FluoTime 300 spectrometer coupled with an integrating sphere. The
PeLEDs were characterized in the N, filled glove box without encapsula-
tion at room temperature. A Keithley 2635 source meter and a fiber optic
integration sphere (Ocean Optics FOIS-1) coupled to a spectrometer
(Ocean Optics QE65000) were used for the spectrum, luminance, and
EQE measurements. The measurement system was calibrated by a
standard tungsten halogen light source (Ocean Optics HL-3P-INT-CAL).
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