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Abstract
Light-emitting diodes (LEDs) based on perovskites show great potential in lighting and display applications. However,
although perovskite films with high photoluminescence quantum efficiencies are commonly achieved, the efficiencies of
perovskite LEDs are largely limited by the low light out-coupling efficiency. Here, we show that high-efficiency perovskite
LEDs with a high external quantum efficiency of 20.2% and an ultrahigh radiant exitance up to 114.9mW cm−2 can be
achieved by employing the microcavity effect to enhance light extraction. The enhanced microcavity effect and light out-
coupling efficiency are confirmed by the study of angle-dependent emission profiles. Our results show that both the
optical and electrical properties of the device need to be optimized to achieve high-performance perovskite LEDs.

Metal halide perovskites are becoming promising can-
didates for planar light-emitting diode (LED) applica-
tions1–8 due to their unique optoelectronic properties
such as high photoluminescence quantum efficiency
(PLQE)9 and good color purity10. During just 5 years, the
external quantum efficiencies (EQEs) of perovskite light-
emitting diodes (PeLEDs) have been enhanced from
below 1% to over 20%1,11–16. Many efforts have been
made to develop high-efficiency PeLEDs with good sta-
bility17, e.g., by employing multiple-quantum-well
(MQW)-based perovskites3,4,18. However, although per-
ovskite films with high PLQEs are commonly achieved,
the efficiencies of PeLEDs are largely limited by the low
light out-coupling efficiency. Here, we demonstrate high-
efficiency perovskite LEDs by employing the microcavity
effect to enhance light extraction. The enhancement of

the light out-coupling efficiency is confirmed by com-
prehensive studies of angle-dependent emission profiles.
Moreover, our results show that both the optical and
electrical properties of the device need to be optimized to
achieve high-performance PeLEDs.
For a PeLED, the EQE can be expressed as EQE= ηinj ×

ηPLQE × ηout. Here, ηinj is the carrier capture efficiency, ηPLQE

is the photoluminescence quantum efficiency (PLQE) of the
perovskite film, and ηout is the light out-coupling efficiency of
the device. Previous works have shown that excellent carrier
capture efficiency can be achieved through optimization of
the device structure11,19. To enhance the PLQE of an emitter,
either suppressing the non-radiative recombination or pro-
moting the radiative recombination can be viable solu-
tions7,20. For MQW perovskites, it has been demonstrated
that the non-radiative recombination can be manipulated by
tuning the widths of the quantum wells, which can be con-
trolled by changing the precursor solutions and process
conditions11,21. This strategy is commonly used to achieve
MQWperovskite films with high PLQEs up to 70%11. On the
other hand, the radiative decay rate can be increased due to
the Purcell effect22 when placing an emitter in a Fabry–Perot
microcavity with an appropriate optical length23. Thus, we
expect that the emission properties of an optimized MQW
perovskite film can be further enhanced by using the
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microcavity effect. Moreover, since the enhanced emission is
directed along the optical axis of the cavity24, a large pro-
portion of the emission should be small-angle light. There-
fore, the light out-coupling efficiency can also be enhanced,
which is important for most types of LEDs25.
In the present work, a microcavity was formed by using

a total-reflection Au bottom electrode and a semi-
transparent Au top electrode in a simple top-emission
(TE) LED device structure. The length of the cavity was
tuned by changing the thickness of the carrier transport
layers. The structure of the TE-PeLEDs was optimized to
be glass/Au (100 nm)/polyethylenimine ethoxylated-
modified zinc oxide (ZnO, 37 nm)/MQW perovskite
(approximately 35 nm)/poly(9,9-dioctyl-fluorene-co-N-
(4-butylphenyl)diphenylamine) (TFB, 76 nm)/molybde-
num oxide (MoO3, 7 nm)/Au (15 nm), as shown in Fig. 1a.
The flat-band energy level diagram of the device is shown
in Fig. S1. Figure 1b shows the current density–radiant
exitance–voltage characteristics. The current density
before device turn-on is ~1mA cm−2, which is similar to
that of high-performance PeLEDs in the literature12,13,16.

After turn-on of the EL at a voltage of 1.6 V, the radiant
exitance quickly rises and reaches a high value up to
114.9 mW cm−2 at 4.8 V. As shown in Fig. 1c, we achieved
a high peak EQE of 20.2% at 3.7 V with a current density
of 130 mA cm−2, which is maintained at 17.4% even under
a high current density of 400mA cm−2. To verify the
reproducibility of the performance, 61 devices were fab-
ricated. The EQE histogram shows an average EQE of
17.5% with a small relative standard deviation of 8.2% (Fig.
1d). In comparison, the best-performance bottom-emis-
sion (BE) PeLEDs based on the same MQW perovskite
show a peak EQE of 14.5%. This is consistent with the
finite-difference time-domain-based optical simulations,
which indicate that due to the presence of the microcavity
effect, the light out-coupling efficiency of the TE-PeLEDs
(~30%) is larger than that of the bottom-emission devices
(~20%) at approximately 800 nm (Fig. S10). The detailed
optimization of the MQW perovskite films and the per-
formance of the BE-PeLEDs are shown in Figs. S2–S4.
The microcavity resonance effect of our high-efficiency

TE-PeLEDs can be confirmed by the angular-dependent

0 100 200 300 400

0

5

10

15

20

E
Q

E
 (

%
)

Current density (mA cm–2)

C
ur

re
nt

 d
en

si
ty

 (
m

A
 c

m
–2

)

0 1 2 3 4 5

104

102

100

10–2

10–4

10–6

Voltage (V)

Radiant exitance
Current density

R
adiant exitance (m

W
 cm

–2)

14 16 18 20 22
0

10

20

30

C
ou

nt
s

EQE (%)

Average: 17.5%
RSD: 8.2%

700 750 800 850 900
0.0

0.2

0.4

0.6

0.8

1.0

E
L 

in
te

ns
ity

 (
a.

u.
)

Wavelength (nm)

Top
Bottom

a b

c d

Glass
Au

PEIE
ZnO

MQW-Perovskite
TFB

Au

MoO3

104

102

100

10–2

Fig. 1 Device structure and optoelectronic characteristics of the top-emission PeLEDs. a Structure of the TE-PeLEDs. A thick gold film was used
as the total-reflection bottom electrode, and a thin gold film was used as the semitransparent top electrode, forming a Fabry–Perot microcavity. The
light is emitted through the top electrode. b Dependence of the current density and radiant exitance on the driving voltage. A high radiant exitance
of 114.9 mW cm−2 was achieved at a voltage of 4.8 V. c EQE versus current density. A high EQE of 20.2% was achieved at 3.7 V with a current density
of 130 mA cm−2. The inset shows a comparison of the EL spectra for the TE- and BE-PeLEDs. d Histogram of peak EQEs for the TE-PeLEDs. The
statistics of 61 devices show an average EQE of 17.5% with a relative standard deviation of 8.2%.
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emission profiles. The full-width at half-maximum
(FWHM) of the electroluminescence (EL) spectrum of the
TE-PeLED in the forward direction (39 nm) is narrower
than that of the conventional BE-PeLED based on the same
emitter (46 nm) (the inset in Fig. 1c). Moreover, the EL
spectrum of the TE-PeLED gradually blueshifts with
increasing viewing angle, as shown in Figs. 2a and S5b. We
believe that the angle-dependent EL spectrum originates
from the microcavity effect, as confirmed by the calcula-
tions based on the Fabry–Perot equation (see “Meth-
ods”)26,27. When the viewing angle is larger than 40°, the EL
intensity of the TE-PeLED decreases much faster than that
of the BE-PeLED (Fig. S5a, b), indicating that the propor-
tion of small-angle light to total light is larger in the TE-
PeLED than in the BE-PeLED. This is clearly verified by the
angular-dependent profiles of the emission at different
wavelengths (Fig. 2b, d). In contrast, the BE-PeLED exhibits
a Lambertian emission profile (Fig. 2d)28, and no spectrum
shift was observed with changing viewing angle (Figs. 2c
and S5a). In addition, we measured the PL lifetimes when
the perovskite was inside and outside the cavity (Fig. S8).

The PL lifetime decreased when the perovskite was inside
the microcavity, consistent with the microcavity resonance
effect27,29.
We then explore how to make rational use of the

microcavity effect to maximize the efficiency in the PeLEDs.
First, the impact of the cavity length on the device efficiency
was studied. TE-PeLEDs with different cavity lengths were
fabricated by changing the thicknesses of the ZnO and TFB
layers. As shown in Figs. 3a and S6, when the cavity length
is such that the resonant wavelength of the cavity matches
the emission wavelength of the film, we can achieve the best
device performance. Here, we mention that both the optical
and electrical properties should be affected when the layer
thickness is changed. Therefore, the improvement of the
device efficiency may also be partly due to the improvement
of the electrical properties. This entangled optical–electrical
effect will be discussed below. Second, we investigated the
effects of the thickness of the semitransparent electrode on
the device performance. When the thickness of the top
electrode is increased, on the one hand, the reflectivity will
be increased, leading to an enhanced microcavity effect; on
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viewing angle. b Angular-dependent profiles of the emission of the TE-PeLED at different wavelengths, which clearly show that most of the EL is
small-angle light. c EL spectra of the BE-PeLED at 0, 30, and 60°. The EL spectra remain unchanged in different directions. d Angular-dependent
profiles of the emission of the BE-PeLED at different wavelengths, which follow a Lambertian profile.

Miao et al. Light: Science & Applications            (2020) 9:89 Page 3 of 6

508 | Light Sci Appl | 2020 | Vol 9 | Issue 3



the other hand, the transmissivity will be decreased, and
thus, the light out-coupling efficiency should be reduced.
Figures 3b and S7 show the performances of devices with
top electrodes of different thicknesses. The FWHM of the
emission decreases (from 42 to 35 nm) with increasing
thickness of the top electrode (from 8 to 30 nm) (Fig. S7a),

demonstrating the enhanced microcavity effect. However,
the TE-PeLED with a 15 nm top electrode displays the
highest EQE among the three devices (Fig. 3b), revealing the
importance of selecting a top electrode of appropriate
thickness. Finally, we calculated the device efficiencies when
changing the position of the emission zone in the cavity (see
“Methods”)29. For our half-wave microcavity PeLEDs, the
intensity of the emission reaches a maximum when the
emission zone is near the center of the cavity (Fig. 3c). The
cause of the deviation from the center is that our bottom
Au electrode is not a perfect metal mirror, and thus, the
phase shift is not π.
The above analyses suggest that to achieve a highly

efficient microcavity TE-PeLED, the optical and electrical
properties of the devices should be comprehensively
considered. For the optical properties: (1) According to
the microcavity resonance principle, the resonant wave-
length should match the emission of the materials,
enabling the emission profile to be advantageous for light
extraction and enhancing the radiative decay rate. (2) The
thickness of the semitransparent top electrode should be
suitable, ensuring a sufficiently strong microcavity effect
while keeping the light absorption by the top electrode
sufficiently small. (3) The emitter should be placed in the
resonant node, guaranteeing constructive interference.
For the electrical properties: (1) The carrier transport
layers should have an appropriate thickness, ensuring
efficient carrier transport while avoiding quenching of the
excited state by the electrodes. (2) To guarantee the
charge balance, the thickness of the ZnO should not be
greater than that of the TFB since they have similar
mobilities30,31 and the charge recombination zone in the
device is near the emitting layer/hole transport layer
interface3. However, it is difficult to fulfill all the optical
requirements while achieving balanced carrier injection/
transport. Thus, to achieve high-efficiency TE-PeLEDs,
we should make a trade-off between the optical and
electrical properties. This can account for the deviations
that occurred in our TE-PeLEDs. That is, (1) the smallest
FWHM (35.4 nm) was obtained at a viewing angle of 30°
and not in the normal direction (Fig. S5c), and (2) the EL
peak of the TE-PeLED was redshifted by approximately
7 nm compared with that of the BE-PeLED (inset in Fig.
1c). Both phenomena indicate that the resonant wave-
length of the TE-PeLED is longer than the emission peak
of the film. However, this device exhibits the highest EQE
among many devices with carrier transport layers of dif-
ferent thicknesses (and different cavity lengths), probably
because the device is just at the balance point between the
optical and electrical characteristics.
In summary, we have investigated the optoelectronic

properties of microcavity top-emission PeLEDs. For pla-
nar LEDs, such as organic light-emitting diodes and
PeLEDs, light trapping is the major factor of efficiency
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loss32,33, and it can be more serious for PeLEDs because of
the higher refractive indices of perovskites than those of
organic semiconductors. In this work, by employing a top-
emission device structure with the microcavity effect, we
show that the light extraction can be largely improved,
and a high peak EQE of 20.2% was achieved. Importantly,
the demonstration of the microcavity effect in perovskite
LED devices is a meaningful step towards electrically
pumped perovskite lasers.

Methods
Synthesis and material preparation
Colloidal ZnO nanocrystals were synthesized by a

solution-precipitation process2. The perovskite precursor
solution was prepared from N-methylacridinium iodide
(NMAI), formamidinium iodide, and PbI2 with different
molar ratios (from 2:1.9:2 to 1.3:1.9:2) in dimethylforma-
mide (9 wt%) and stirred overnight at room temperature
in a nitrogen-filled glove box. The NMAI was synthesized
similar to the previously reported method3.

Device fabrication
A similar description of the device fabrication process

can be found elsewhere for BE-LEDs3. For TE-PeLEDs, a
bottom Au electrode of 100 nm was deposited onto a glass
substrate using a thermal evaporation system through a
shadow mask under a pressure of 6 × 10−7 torr. The
device area was 3 mm2 as defined by the overlapping area
of the bottom and top Au electrodes.

Characterization
A detailed description of the device performance char-

acterization can be found elsewhere3. The angular
dependence of the emission spectra was measured by
using a Thorlabs F280SMA fibre collimator coupled with
a QE65 Pro spectrometer at a fixed distance of 200mm
from the EL device.
Ellipsometry measurements were carried out with a

Horiba Jobin Yvon UVISEL iHR320 ellipsometer under an
incident angle of 60° for photon energies between 0.6 and
6 eV with a 10meV increment.

Calculations
Resonant wavelength of the microcavity
The resonant wavelengths of our TE-PeLEDs were

calculated by using the Fabry–Perot equation27:

X
nidicosθi þ

φtop

4π
λ

����
����þ φbot

4π
λ

��� ���¼m
2
λ m ¼ 1; 2; � � �ð Þ

ð1Þ
where λ is the resonant wavelength of the microcavity; ni
and di are the refractive index and thickness of the ith
layer between the two electrodes; and θi is the light

propagation direction in the ith layer. φtop and φbot are the
phase shifts at the top- and bottom-electrode contacts,
respectively, which can be calculated by26,27:

φm ¼ arctan
Im rð Þ
Re rð Þ

� �
¼ arctan

2n0k1
n20 � n21 � k21

� �
ð2Þ

where Im(r) and Re(r) are the imaginary and real parts of
the reflection coefficient of the metal electrodes, respec-
tively. n0 is the refraction coefficient of the incident layer
in contact with the metal electrodes, and n1 and k1 are the
refractive index and extinction coefficient of the metal
electrodes, respectively.
For the calculation, we measured the refractive index (n)

and extinction coefficient (k) of the layers in the devices
(Fig. S9). The calculated resonant wavelengths in different
directions are shown in Fig. S5d. We note that the cal-
culated resonant wavelengths are shorter than the
experimental values, probably due to instrument errors in
the measurements of n/k and the thickness of the layers.
Nonetheless, it is apparent that the resonant wavelength
becomes shorter with increasing direction angle.

Emission intensity with changing emitter position
The emission intensity of the device was calculated by29:

I λð Þ ¼ Ttop 1þ Rbot þ 2
ffiffiffiffiffiffiffiffi
Rbot

p
cos �φbot þ 4πnd

λ

� �� 	
1þ RbotRtop � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RbotRtop

p
cos 4πLcav

λ

� � I0 λð Þ

ð3Þ
where Ttop (Tbot) and Rtop (Rbot) are the transmittance and
reflectivity of the top (bottom) electrode, φbot is the phase
shift in the bottom electrode, and d is the optical length
from the emission zone position to the bottom electrode.
I0(λ) is the emission intensity without the microcavity
effect.

Acknowledgements
This work is financially supported by the Major Research Plan of the National
Natural Science Foundation of China (91733302), the National Natural Science
Foundation of China (11804156, 51972171, 61935017, 61725502, 61875084,
and 61974066), the National Key Research and Development Program of China
(2018YFB0406704), the Natural Science Foundation of Jiangsu Province, China
(BK20180085), and the Synergetic Innovation Center for Organic Electronics
and Information Displays.

Author contributions
J.W. conceived the project. J.W. and W.H. supervised the work. Y.M., L.C., W.Z., J.
Z., and Q.G. carried out the device fabrication and characterizations with the
assistance of N.W., Y.C., and S.Z. W.Z. took the optical measurements with the
assistance of Q.P., Y.M., M.X., and Y.H. L.G. and R.L. contributed to the stability
test and the 3D-FDTD simulations. J.W., Q.P., and W.Z. analyzed the data. Q.P.
and W.Z. wrote the first draft of the manuscript. J.W. and W.H. provided major
revisions. All authors commented on the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

Supplementary information is available for this paper at https://doi.org/
10.1038/s41377-020-0328-6.

Miao et al. Light: Science & Applications            (2020) 9:89 Page 5 of 6

510 | Light Sci Appl | 2020 | Vol 9 | Issue 3

https://doi.org/10.1038/s41377-020-0328-6
https://doi.org/10.1038/s41377-020-0328-6


Received: 4 March 2020 Revised: 22 April 2020 Accepted: 2 May 2020

References
1. Tan, Z. K. et al. Bright light-emitting diodes based on organometal halide

perovskite. Nat. Nanotechnol. 9, 687–692 (2014).
2. Wang, J. P. et al. Interfacial control toward efficient and low-voltage perovskite

light-emitting diodes. Adv. Mater. 27, 2311–2316 (2015).
3. Wang, N. N. et al. Perovskite light-emitting diodes based on solution-processed

self-organized multiple quantum wells. Nat. Photonics 10, 699–704 (2016).
4. Yuan, M. J. et al. Perovskite energy funnels for efficient light-emitting diodes.

Nat. Nanotechnol. 11, 872–877 (2016).
5. Si, J. J. et al. Green light-emitting diodes based on hybrid perovskite films with

mixed cesium and methylammonium cations. Nano Res. 10, 1329–1335
(2017).

6. Zhang, L. Q. et al. Ultra-bright and highly efficient inorganic based perovskite
light-emitting diodes. Nat. Commun. 8, 15640 (2017).

7. Xiao, Z. G. et al. Efficient perovskite light-emitting diodes featuring nanometre-
sized crystallites. Nat. Photonics 11, 108–115 (2017).

8. Sun, Y. et al. The formation of perovskite multiple quantum well structures for
high performance light-emitting diodes. npj Flex. Electron. 2, 12 (2018).

9. Deschler, F. et al. High photoluminescence efficiency and optically pumped
lasing in solution-processed mixed halide perovskite semiconductors. J. Phys.
Chem. Lett. 5, 1421–1426 (2014).

10. Manser, J. S., Christians, J. A. & Kamat, P. V. Intriguing optoelectronic properties
of metal halide perovskites. Chem. Rev. 116, 12956–13008 (2016).

11. Zou, W. et al. Minimising efficiency roll-off in high-brightness perovskite light-
emitting diodes. Nat. Commun. 9, 608 (2018).

12. Cao, Y. et al. Perovskite light-emitting diodes based on spontaneously formed
submicrometre-scale structures. Nature 562, 249–253 (2018).

13. Lin, K. B. et al. Perovskite light-emitting diodes with external quantum effi-
ciency exceeding 20 per cent. Nature 562, 245–248 (2018).

14. Chiba, T. et al. Anion-exchange red perovskite quantum dots with ammonium
iodine salts for highly efficient light-emitting devices. Nat. Photonics 12,
681–687 (2018).

15. Zhao, B. D. et al. High-efficiency perovskite-polymer bulk heterostructure light-
emitting diodes. Nat. Photonics 12, 783–789 (2018).

16. Xu, W. D. et al. Rational molecular passivation for high-performance perovskite
light-emitting diodes. Nat. Photonics 13, 418–424 (2019).

17. Adjokatse, S., Fang, H. H. & Loi, M. A. Broadly tunable metal halide
perovskites for solid-state light-emission applications. Mater. Today 20,
413–424 (2017).

18. Liu, X. K. & Gao, F. Organic–inorganic hybrid ruddlesden–popper perovskites:
an emerging paradigm for high-performance light-emitting diodes. J. Phys.
Chem. Lett. 9, 2251–2258 (2018).

19. Yang, X. L. et al. Efficient green light-emitting diodes based on quasi-two-
dimensional composition and phase engineered perovskite with surface
passivation. Nat. Commun. 9, 570 (2018).

20. Chen, Z. M. et al. Recombination dynamics study on nanostructured per-
ovskite light-emitting devices. Adv. Mater. 30, 1801370 (2018).

21. Yang, M. et al. Reduced efficiency roll-off and enhanced stability in perovskite
light-emitting diodes with multiple quantum wells. J. Phys. Chem. Lett. 9,
2038–2042 (2018).

22. Purcell, E. M. Spontaneous emission probabilities at radio frequencies. Phys.
Rev. 69, 681 (1946).

23. Vahala, K. J. Optical microcavities. Nature 424, 839–846 (2003).
24. Hofmann, S. et al. Top-emitting organic light-emitting diodes. Opt. Express 19,

A1250–A1264 (2011).
25. Schubert, E. F. et al. Highly efficient light-emitting diodes with microcavities.

Science 265, 943–945 (1994).
26. Dodabalapur, A. et al. Microcavity effects in organic semiconductors. Appl.

Phys. Lett. 64, 2486–2488 (1994).
27. Dodabalapur, A. et al. Physics and applications of organic microcavity light

emitting diodes. J. Appl. Phys. 80, 6954–6964 (1996).
28. Basri, R. & Jacobs, D. W. Lambertian reflectance and linear subspaces. IEEE

Trans. Pattern Anal. Mach. Intell. 25, 218–233 (2003).
29. Deppe, D. G. et al. Spontaneous emission from planar microstructures. J. Mod.

Opt. 41, 325–344 (1994).
30. Dai, X. L. et al. Solution-processed, high-performance light-emitting diodes

based on quantum dots. Nature 515, 96–99 (2014).
31. Redecker, M. et al. High mobility hole transport fluorene‐triarylamine copo-

lymers. Adv. Mater. 11, 241–246 (1999).
32. Reineke, S. et al. White organic light-emitting diodes: status and perspective.

Rev. Mod. Phys. 85, 1245–1293 (2013).
33. Reineke, S. et al. White organic light-emitting diodes with fluorescent tube

efficiency. Nature 459, 234–238 (2009).

Miao et al. Light: Science & Applications            (2020) 9:89 Page 6 of 6

Light Sci Appl | 2020 | Vol 9 | Issue 3 | 511


