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electroluminescent (EL) performance of 
CH3NH3PbBr3 (MAPbBr3)-based green 
PeLED has been greatly boosted from 
a maximum current efficiency (CE) of 
0.3–42.9  cd  A−1.[6–8] And the record of 
the external quantum efficiency (EQE) is 
14.36%, which is achieved by a quasi-two-
dimensional green PeLED.[18] However, 
despite the rapid improvement of EL per-
formance, the poor moisture and thermal 
stability of methylamine halide perovskites 
causes serious deterioration of PeLEDs, 
limiting their long-term applications.[19,20]

Compared with organic–inorganic 
halide perovskites, all-inorganic halide 
perovskites, such as cesium lead bro-
mide (CsPbBr3), exhibit not only higher 
thermal and chemical stability, but also 
higher PLQY.[21–25] However, the EL effi-
ciency of the CsPbBr3-based PeLEDs has 
yet been inferior to the MAPbBr3-based 

PeLEDs. The factors limiting their performance are presented 
mainly in two aspects; the morphology of the perovskite films, 
and the interfaces between the perovskite emission layers and 
the charge-injection or transport layers. For a high-efficiency 
PeLED, the perovskite emission layer must have high quality 
morphology with high coverage and low defect density.[26] To 
passivate defects, reduce ion migration, and fabricate high-
efficiency all-inorganic PeLEDs, one of the recent effective 
strategies is to introduce additives into the perovskite layers. 
Polymers, such as poly (ethylene oxide)[27,28] and polyethylene 
glycol,[29] have been employed into the perovskite precursors to 
passivate defects and suppress ion migration at grain bounda-
ries. Another passivating agent is amine-based small molecules 
or polymers,[30,31] which also can improve the PLQYs and PL 
lifetimes of the perovskite films. Although the above passivating 
agents have the same feature of Lewis base and could produce 
similar effects on PL and EL improvement, the morphology of 
these perovskite films are multifarious, which is deduced to be 
the key of the different EL performance, enhanced with the dif-
ferent additives. However, how to choose the additives to con-
trol the perovskite polycrystalline morphology and suppress the 
defects at grain boundaries is still a big challenge in PeLEDs.

In addition to the control of the perovskite mor-
phology to improve EL efficiency, the interface optimiza-
tion is also vital to the device EL performance, because large 

A CsPbBr3-based all-inorganic perovskite light-emitting diode (PeLED) with 
ultrahigh brightness and enhanced stability is prepared by controlling of 
morphology and interface engineering. A nonionic surfactant polyoxyethylene 
(20) sorbitan monolaurate is introduced into the CsPbBr3 film, which induces 
tightly arranged grains in the perovskite film, thus highly passivating the 
defects at the grain boundaries, resulting in a performance-enhanced PeLED 
with a highest brightness of 111 000 cd m−2, a peak current efficiency (CE) 
of 21.1 cd A−1, a maximum external quantum efficiency (EQE) of 5.55%, and 
an operational lifetime of 4.5 h. The device properties are further improved 
by adding an anionic surfactant sodium dodecyl benzene sulfonate to modify 
the hole injection layer poly(ethylenedioxythiophene):polystyrenesulfonate. 
The hole current density is increased, further balancing the charge injection 
and transport. Finally, the optimal device displays an ultrahigh brightness of 
179 000 cd m−2, a peak CE of 28.0 cd A−1, a maximum EQE of 7.39%, and a 
further prolonged lifetime of 6 h.
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Perovskite Light-Emitting Diodes

Nowadays, metal halide perovskites as a kind of popular semi-
conducting material have attracted much scientific interest 
in the field of optoelectronics, such as photovoltaic cells,[1–5] 
light-emitting diodes (LEDs),[6–8] lasers,[9,10] and detectors.[11–13] 
Especially, the outstanding optical and electrical character-
istics, such as high photoluminescence quantum efficiency 
(PLQY), tunable bandgap, high charge-carrier mobility, and 
high color purity,[14–17] promote their wide investigations in 
perovskite LEDs (PeLEDs). Since the first organic–inorganic 
lead halide perovskite-based PeLED was reported in 2014, the 
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energy barriers between the perovskite emission layers and 
the charge-injection or transport layers can hinder the charge 
injection, and charge unbalance in the perovskite films can 
reduce the radiative recombination. Several methods have 
been reported to modify the interface between the perovskite 
layers and the adjacent charge transport layer in the organic–
inorganic-based PeLEDs,[8,32–35] such as employing ion-blocking 
layers between the perovskite layers and the hole transport 
layers to block the migration ions and passivate defects at the 
interfaces,[33,35] and adding polymers into the hole transport 
layer of poly(ethylenedioxythiophene):polystyrenesulfonate 
(PEDOT:PSS) to improve the hole injection.[8,32,34] However, 
the effect of the interface optimization has seldom been inves-
tigated in the all-inorganic CsPbBr3 PeLEDs. Therefore, the 
optimization in both of the perovskite film and its adjacent 
interface layer is crucial to achieve high-efficiency all-inorganic 
PeLEDs.

In this work, a new passivating agent polyoxyethylene (20) 
sorbitan monolaurate (Tween 20) was introduced into the 
CsPbBr3 film during fabrication of the all-inorganic PeLEDs. 
The Tween 20 also has a morphology-induced role during the 
formation of CsPbBr3 film. Small grains arrange with each 
other along the plane direction and form large grains with 
reduced grain boundaries, which decrease the nonradiative 
recombination at the grain boundaries effectively, resulting 
in an enhanced PLQY (27%) and a prolonged exciton decay 
lifetime. The PeLED with Tween 20 passivated CsPbBr3 
film as the emission layer performs a highest brightness of 
111  000  cd  m−2, a peak CE of 21.1  cd  A−1, and a maximum 
EQE of 5.55%. Meanwhile, the lifetime of the optimized 
PeLED has also been improved significantly in comparison 
with the PeLED based on neat CsPbBr3 film. The device per-
formance has been further improved by doping PEDOT:PSS 
with an anionic surfactant of sodium dodecyl benzene sul-
fonate (SDBS). An optimized PeLED with a highest brightness 
of 179 000 cd m−2, a peak CE of 28.0 cd A−1, and a maximum 
EQE of 7.39% was finally obtained. This work will provide new 

thoughts and new methods for research and development of 
all-inorganic PeLEDs.

A conventional device structure of ITO/PEDOT:PSS/
CsPbBr3/TPBi/LiF/Al has been employed in our work, the 
cross-sectional SEM image and schematic representation of 
CsPbBr3-based PeLEDs is shown in Figure 1a,b, and the mol-
ecule structure of the additive Tween 20 is shown in Figure 1c. 
PeLEDs with different Tween 20: CsPbBr3 weight ratios as the 
emission layers have been fabricated, and Figure  1d−f shows 
the current density−voltage (J−V), luminance−voltage (L−V), 
CE−voltage (CE−V), as well as EQE−voltage (EQE−V) curves for 
these PeLEDs, and the detailed device parameters are summa-
rized in Table 1. For the PeLED based on neat CsPbBr3 film, it 
shows poor EL characteristics with a high turn-on voltage (Von) 
of 2.88 V, a maximum luminance of 6930 cd m−2, a maximum 
CE of 1.59 cd A−1, and a maximum EQE of 0.42%, respectively. 
As a small amount of Tween 20 was added into the perovskite 
precursor solution, the PeLEDs performance has been pro-
moted significantly, and an optimized PeLED was obtained at 
the Tween 20:CsPbBr3 weight ratio of 0.0275:1, exhibiting a Von 
of 2.48  V, a maximum luminance of 111  000  cd  m−2, a peak 
CE of 21.1  cd A−1, and a peak EQE of 5.55%. The enhanced 
EL performance is considered to be the result from the defects 
passivated and ion migration suppressed at the grain bounda-
ries. The EL spectrum of the PeLED displays a peak centered at 
521 nm with a full width at half maximum (FWHM) of 17 nm 
and exhibits no obvious peak drift as the increased bias from 
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Figure 1.  a) Cross-sectional SEM image and b) schematic representation of CsPbBr3 PeLED. c) Molecule structure of Tween 20. d) J–V and L–V,  
e) CE–V, and f) EQE–V curves of PeLEDs with different Tween 20:CsPbBr3 weight ratios.

Table 1.  Device parameters of PeLEDs.

Weight ratio  
(Tween 20:CsPbBr3)

VT [V] Lmax [cd m−2] CEmax [cd A−1] EQEmax [%]

0:1 2.88 6930 1.59 0.42

0.0137:1 2.40 75 000 17.1 4.51

0.0275:1 2.48 111 000 21.1 5.55

0.0413:1 2.51 108 000 14.6 3.85
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4 to 6.5  V with a step of 0.5  V, performing pure green light 
emission with the Commission Internationale de l’Eclairage 
(CIE) color coordinate at (0.12, 0.79) (Figure S1, Supporting 
Information).

In order to explore the reason for the improved device prop-
erties and the effect of Tween 20 on CsPbBr3 films, a series 
of measurements have been carried out. Figure  2 shows the 
scanning electron microscope (SEM) images of CsPbBr3 
films with various weight ratios of Tween 20:CsPbBr3. For the 
pure CsPbBr3 film (Figure 2a), it is mainly composed of small 
crystals with the grain size of about 100–200 nm, and together 
with a coverage of 82%. When a small amount of Tween 20 was 
introduced into the CsPbBr3 films, some perovskite grains 
became interconnecting and thereby forming irregular large 
grains (Figure 2b). As the Tween 20:CsPbBr3 ratio increased to 
0.0275:1, the grains further arranged with each other along the 
plane direction, which can be seen clearly from the line pro-
file with little fluctuation across the gathered grains. The well-
arranged grains were enlarged to over 500 nm without coverage 
decreasing. Compared with the pure CsPbBr3 film, the grain 
boundaries and traps would be sharply reduced due to the 
tightly arranged grains in the Tween 20:CsPbBr3 films. There-
fore, enhanced EL performance has been seen in the PeLED 
with Tween 20 doping in the emission layer (Figure  1d–f). 
However, as the Tween 20:CsPbBr3 weight ratio was further 
increased to 0.0413:1, the grains become scattered again and 
the film coverage was decreased to 74%, which may result in 
increased grain gaps and boundaries, thus large leakage cur-
rents and degraded device performance.

To reveal the impact of introduced Tween 20 on the lumi-
nescent properties of CsPbBr3 films, PL properties including 
steady-state and transient-state PL spectra, Raman PL map-
ping, and fluorescent PL images have been measured, which 
are shown in Figure  3. As shown in Figure  3a, the neat 
CsPbBr3 film performs weaker green emission at 515  nm 
with a FWHM of 21 nm and a PLQY of 1%, while the Tween 
20:CsPbBr3 film exhibits strong PL intensity at 522  nm with 

a FWHM of 17  nm and a PLQY of 27%. The dramatically 
increased PL emission indicates the reduction of nonradia-
tive defects in the Tween 20:CsPbBr3 film. In contrast to the 
neat CsPbBr3 film, a small PL red-shift has been observed 
when the Tween 20 was added into the CsPbBr3 film, which 
has also been seen in the absorption spectra (Figure S2a, Sup-
porting Information). This phenomenon is consistent with 
the previous reports, which may be attributed to lattice strain, 
chemical composition variations, or assorted changes at the 
grain boundaries.[28,36,37] According to the X-ray diffraction 
(XRD) patterns (Figure S3, Supporting Information), similar 
spectra have been observed, indicating no obvious change 
for the perovskite crystal structure after introducing Tween 
20, which excludes the impact by lattice strain. The X-ray 
photoelectron spectroscopy (XPS) spectra of the CsPbBr3 
films before and after doping Tween 20 have been shown in  
Figure S4 in the Supporting Information. It is found that the 
intensity of O peak has been increased after introducing Tween 
20, and the high-resolution O 1s spectrum shows the exist-
ence of COC at 532.48  eV and CO at 531.12  eV, which 
confirms the existence of Tween 20 in the doped CsPbBr3 
film (Figure S4a,b, Supporting Information). Interestingly, 
the binding energies (BE) of Cs 3d, Pb 4f, and Br 3d all dis-
play a slight shift to the low BE after Tween 20 employing 
(Figure S4c–e, Supporting Information), which has been 
observed in the organic–inorganic halide perovskites.[38,39] The 
valence band maximum shows a consistent shift from 5.65 to 
5.55  eV (Figure S4f, Supporting Information), indicating the 
PL red-shift probably originates from the change of the grain 
boundaries, but not chemical composition variations. The fur-
ther component analysis of the perovskite films performed 
by Fourier transform infrared (FTIR) spectroscopy confirms 
the interaction between Tween 20 and Pb2+ (Figure S5,  
Supporting Information), in which the stretching vibration 
frequency of COC in Tween 20 has been shifted from 
951 to 932 and 935  cm−1 in Tween 20:PbBr2 and Tween 
20:CsPbBr3 samples, respectively.[29,40,41] According to the 
above discussion, we deduce that the Lewis base Tween 20 
combined with the Lewis acid Pb2+ at the grain boundaries, 
inducing the formation of the well-arranged grains along the 
plane direction, and highly passivating the defects at the grain 
boundaries. The average lifetimes (τavg) for neat CsPbBr3 and 
Tween 20:CsPbBr3 films have been extracted from the PL 
decay curves (Table S1, Supporting Information), an enhanced 
PL lifetime of 48.68 ns is obtained, comparing with the neat 
CsPbBr3 film of 11.94  ns (Figure  3b) due to the highly sup-
pressed nonradiative decay of the Tween 20:CsPbBr3 film.

Moreover, PL mapping and fluorescent images of the neat 
CsPbBr3 and Tween 20:CsPbBr3 films have been displayed in 
Figure 3c–f, respectively, which show the visual evidence of the 
effect of Tween 20. A colorful image is seen in Figure 3c, which 
illustrates the drastic fluctuation of the PL intensities. And the 
obvious changes of the brightness in Figure 3e also prove the 
inhomogeneous emission in the neat CsPbBr3 film. Compared 
with the neat CsPbBr3 film (Figure 3c,e), the PL intensity dis-
tribution of the Tween 20–CsPbBr3 film is seen more uniform 
and stronger (Figure  3d,f), indicating the reduced defects and 
ion migration at the grain boundaries, thus enhancing the 
PeLED performance. The decreased nonradiative decay rate 
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Figure 2.  SEM images of perovskite films with various weight ratios 
(Tween 20:CsPbBr3): a) 0:1, b) 0.0137:1, c) 0.0275:1, and d) 0.0413:1. The 
line profiles are shown in the inset of each images. The film thicknesses 
are 33, 32, 29, and 25 nm, respectively.
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from 8.3  ×  107 to 1.5  ×  107  s−1 also can verify the decreased 
defects, which can be extracted as follows:
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where kr and knr represent the radiative and nonradiative decay 
rates, respectively.

In previous works of PeLEDs, it was found that the electron 
transporting ability was higher than that of the hole, resulting 
in charge unbalance during recombination luminescence.[27] In 
order to further optimize the PeLED performance, an anionic 
surfactant SDBS was chosen to add into the PEDOT:PSS layer 
for improving the conductivity of PEDOT:PSS and enhancing 
the hole injection. Figure  4 shows the EL performance of the 

PeLEDs fabricated on PEDOT:PSS substrates with various 
concentrations of SDBS, and the EL parameters are listed in 
Table 2. As the SDBS concentration increases, the device char-
acteristics including CE, EQE, and maximum luminance have 
been improved steadily, and achieves the best performance 
with a SDBS concentration of 3.64  mg  mL−1. The optimized 
device shows a highest luminance of 179  000  cd  m−2, a peak 
CE of 28.0  cd  A−1, and a maximum EQE of 7.39%, which is 
among the highest values of the reported PeLEDs based on 
CsPbBr3 films (Table S2, Supporting Information). Several 
measurements have been carried out to reveal the effect of the 
modified PEDOT:PSS on the devices. Due to the slight SDBS 
amount, the morphologies of the modified PEDOT:PSS and 
the perovskites deposited above along with the work func-
tion of the modified PEDOT:PSS layer are almost consistent 
with the untreated PEDOT:PSS layer (Figures S6–S8, Sup-
porting Information). But the conductivity of the modified 
PEDOT:PSS has been increased by a factor of 55 (from 0.002 
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Figure 3.  a) PL and b) time-resolved PL (TRPL) spectra of neat CsPbBr3 and Tween 20:CsPbBr3 (0.0275:1) thin films. c,d) PL mapping and 
e,f) fluorescent images of neat CsPbBr3 and Tween 20:CsPbBr3 (0.0275:1) thin films.
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to 0.11 S cm−1), which has also been observed in the previous 
report.[42–44] The conductivity enhancement mechanism of the 
modified PEDOT:PSS can be attributed to the reduction of the 
distortion of the PEDOT chain after the SDBS treatment,[42] 
and the decreased root mean square (RMS) roughness from 
2.21 for the neat PEDOT:PSS film to 1.90 nm for the modified 
PEDOT:PSS film maybe an indirect evidence (Figure S7, Sup-
porting Information).

As a result, the hole can inject more efficiently, and achieve 
a more ideal charge balance, which has been confirmed by 
the hole-only devices shown in Figure  5a. The structures of 
hole-only devices are ITO/PEDOT:PSS/neat CsPbBr3/MoO3/
Al (device A), ITO/PEDOT:PSS/Tween 20:CsPbBr3/MoO3/Al 
(device B), and ITO/SDBS-PEDOT:PSS/Tween 20:CsPbBr3/
MoO3/Al (device C), respectively. Device A shows the lowest 
hole current density, while the hole current density of device 
B increases substantially due to the highly passivated defects 
and traps at the grain boundaries, verified by the reduced defect 

density in the Tween 20:CsPbBr3 film (Figure S9, Supporting 
Information). The hole current density of device C further 
improves with the modified PEDOT:PSS film. The enhanced 
hole current density indicates that the charge injection and 
transport are more balanced, thus raising the radiative recombi-
nation efficiency and boosting the PeLED performance.

The stabilities of these devices have been surveyed by the 
time-dependent EL measured under a constant applied cur-
rent in air (50% relative humidity) without encapsulation, 
which has been shown in Figure  5b. Neat CsPbBr3 film-
based PeLED shows a severe degradation, it took only several 
minutes for the lifespan to decline by half, which are mainly 
caused by the existing defects and traps at the grain bounda-
ries. Compared with the controlled PeLED, the device based 
on Tween 20:CsPbBr3 film shows a significantly enhanced sta-
bility with a lifetime of about 4.5 h under the same condition, 
which is contributed to the passivated boundaries and reduced 
defect densities of Tween 20:CsPbBr3. In the meanwhile, the 
lifetime of PeLED is further prolonged to nearly 6 h with the 
SDBS doped PEDOT:PSS film, indicating the balanced charge 
carriers are beneficial to improve the stability of the PeLEDs.

Although the EL performance has improved significantly 
by introducing Tween 20 into the CsPbBr3 film, the thin emis-
sion layer resulted uncontinuous Tween 20:CsPbBr3 film would 
restrict the device performance in some degree. We believe 
the EL performance would be further promoted if a more con-
densed Tween 20:CsPbBr3 film formed. Efforts are still needed 
to improve the quality of the all inorganic perovskite film and 
further study the related physical mechanism.

Adv. Optical Mater. 2018, 6, 1801245

Figure 4.  a) J–V curves. b) L–V curves. c) CE–J curves. d) EQE–V curves of the PeLEDs with different SDBS concentrations. The photo of the working 
device is shown in the inset of Figure 4b.

Table 2.  The device parameters of improved PeLEDs.

SDBS [mg mL−1] VT [V] Lmax [cd m−2] CEmax [cd A−1] EQEmax [%]

0 2.48 111 000 21.1 5.55

1.82 2.47 134 000 22.9 6.30

2.73 2.47 157 000 25.4 6.70

3.64 2.43 179 000 28.0 7.39

4.55 2.41 137 000 24.0 6.34
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In summary, the performance and stability of all-inorganic 
PeLEDs have been promoted by morphology and interface 
engineering. A nonionic surfactant Tween 20 was introduced 
into the all-inorganic CsPbBr3 emission layer, significantly 
enhancing the PLQY by passivating the defects and traps at the 
grain boundaries. The optimal device shows a highest bright-
ness of 111 000 cd m−2, a peak CE of 21.1 cd A−1, a maximum 
EQE of 5.55%, together with an operational lifetime of 4.5  h 
under ambient condition. The EL performance of the all-
inorganic PeLED has been further improved by using a SDBS 
modified PEDOT:PSS as the hole injection layer. More balanced 
charge injection and transport enable more efficient radiative 
recombination, realizing a high efficient PeLED with an ultra-
high brightness of 179 000 cd m−2, together with a peak CE of 
28.0  cd A−1, a maximum EQE of 7.39%, and a prolonged life-
time of 6  h. This work will be beneficial to the promotion of 
all-inorganic PeLEDs.

Experimental Section
Materials: CsBr (99.9%), PbBr2 (99.9%), PEDOT:PSS, and TPBi were 

purchased from Xi’an Polymer Light Technology Corp. All the above 
chemicals were used directly without further purification.

Perovskite Film Fabrication and Characterization: CsBr and PbBr2 were 
dissolved in anhydrous DMSO with a concentration of 145  mg  mL−1, 
the molar ratio between CsBr and PbBr2 was 1.86:1. Tween 20 was 
dissolved in anhydrous DMSO with a concentration of 20  mg  mL−1. 
These two solutions were blended at various Tween 20:CsPbBr3 weight 
ratios before fabricating perovskite films, 120  µL mixed solution was 
dropped on the center of prepared substrates and spin-coated at a 
speed of 5000 rpm for 1 min, and then dried at 70 °C for 10 min. The 
film coverage was calculated by a software of Image J. The SEM images 
and the XRD patterns of perovskite films were measured, respectively, 
by a Hitachi S4800 microscope and Rigaku D/Max-2500 diffractometer 
(Cu Kα, λ = 1.54 Å). The absorption spectra were measured by Shimadzu 
UV-3101 PC spectrophotometer. The PL spectra were acquired by using 
Hitachi fluorescence spectrometer F-7000. The time-resolved PL (TRPL) 
spectra decay measurements were conducted on an Edinburgh FLS920 
spectrometer at an excitation wavelength of 375  nm. PL mapping was 
measured by using the 325  nm line of a HeCd laser as excitation 
source in a LabRAM-UV Jobin Yvon spectrometer. FTIR spectra were 
conducted by using a PerkinElmer FTIR spectrometer. The fluorescent 

images were conducted by C2+ confocal microscope system (Nikon 
confocal instruments). The thicknesses were conducted by a surface 
profiler (XP-1, Ambios, USA). The sheet resistances were measured 
by using a four-probe method. Atomic force microscope images 
were measured on a Shimadzu SPM-9700 (Shimadzu Corp., Japan). 
Ultraviolet photoelectron spectroscopy and XPS studies were obtained 
using a Thermo ESCALAB 250 instrument with a helium discharge lamp 
at hv  =  21.22  eV and Al Kα X-rays (hv  =  1486.6  eV), respectively. The 
C 1s peak at 284.5 eV was considered the standard for all charge shift 
corrections during the peak fitting process.

Devices Fabrication and Characterization: PeLEDs were constructed on 
ITO electrodes, which were cleaned with the mixed solutions of ethanol 
and ether for 20 min by sonication, and then treated by oxygen plasma 
for 15  min. Filtered PEDOT:PSS or SDBS modified PEDOT:PSS was 
spin-coated on the prepared ITO electrodes at 3500 rpm for 40 s, then 
baked at 140 °C for 15 min. Afterwards, the substrates were transferred 
to a N2 filled glovebox for the perovskite film deposition. TPBi, LiF, and 
Al were deposited successively in a thermal evaporation chamber at a 
pressure of 5.0  ×  10−5 Pa. The effective area of devices was 0.01  cm2. 
All measurements were performed in air without encapsulation. Current 
density–voltage–luminance (J–V–L) characteristics of PeLEDs were 
measured using a Keithley 2400 source meter and a luminance meter 
(LS-110, Konica Minolta). EL spectra were recorded by an Avantes 
Avaspec 2048 spectrometer.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  a) The J–F curves of hole-only devices (ITO/PEDOT:PSS/neat CsPbBr3/MoO3/Al, ITO/PEDOT:PSS/Tween 20:CsPbBr3/MoO3/Al, and ITO/
SDBS-PEDOT:PSS/Tween 20:CsPbBr3/MoO3/Al). b) Operational lifetime of PeLEDs based on neat CsPbBr3, Tween 20:CsPbBr3 films (PEDOT:PSS 
without SDBS), Tween 20:CsPbBr3 films (PEDOT:PSS with SDBS) (L0 = 100 cd m−2).
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