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Ampholytic interface induced in situ growth
of CsPbBr3 for highly efficient perovskite
light-emitting diodes†
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Morphology has important effects on the performance and working stability of metal halide perovskite

optoelectronic devices. It is widely believed that a uniform and pinhole-free perovskite film with closely

arranged small grains is an ideal morphology for realizing high electroluminescence (EL) efficiency. This

work presents an ethanolamine (EA) interface for in situ induction of perovskite nucleation and growth.

Meanwhile a Lewis base of Tween 80 (T80) is employed as the defect passivator to suppress the defects

in the bulk film. Under the combined effect of EA and T80, the optimal luminescence device displays a

low opening voltage of 2.4 V, a peak current efficiency of 44.32 cd A�1, a maximum external quantum

efficiency of 12.7%, a maximum brightness of 50 900 cd m�2, and a prolonged operational lifetime of

4.5 h. The detailed investigation reveals the mechanism of the effect of the EA interface. The EA can

interact with both the hole transporting layer poly(ethylenedioxythiophene):polystyrenesulfonate

(PEDOT:PSS) and the perovskite emissive layer CsPbBr3 together, acting as a connecting agent due to its

special functional groups of hydroxyl and amine, thus inducing grain nucleation and growth. As a result,

a compact and pinhole-free perovskite film was obtained by the introduction of EA. This work will give

beneficial insight for in situ morphology control of perovskite grains.

Introduction

Metal halide perovskite materials are a new type of photoelectric
material with a high absorption coefficient,1,2 long carrier diffu-
sion length,3,4 high mobility,5 and the advantages of tunable
band gap,6,7 which have received widespread attention for
application in solar cells,8,9 photodetectors,10–12 light-emitting
diodes,13,14 and lasers.15–18 Moreover, the novel characteristics of
perovskite materials provide opportunities for innovation and
new device structure design.19,20 In particular, since the first
room temperature emission was realized in 2014, the external
quantum efficiency (EQE) of perovskite light-emitting diodes
(PeLEDs) has exceeded 20% from the initial 0.1%.21–23 Meanwhile,
the operational stability of the device has also been greatly

improved, which makes the PeLEDs hold great promise in the
field of display.24–27

Morphology has important effects on the performance and
working stability of metal halide perovskite optoelectronic
devices.28–30 It is generally believed that the uniform and
pinhole-free perovskite film with closely arranged small grains
is an ideal morphology for realizing high electroluminescence
(EL) efficiency.31,32 However, in the perovskite device prepared
by solution method, the different solubilities of the perovskite
precursor in polar media (such as dimethyl formamide and
dimethyl sulfoxide), the diversity of ions in the solution and
uncontrollable crystallization of the perovskite solution in the
process of spin coating can lead to the formation of the defects.
In particular, in the inorganic CsPbBr3 system with limited
solubility, formation of many pin-holes between large perovs-
kite grains occurs, inducing leakage currents and shunt paths
during the process of charge injection, which may further lower
the charge capture efficiency, and increase Joule heating in
PeLEDs, thus limiting the EL performance. To reduce the
formation of pin-holes, one effective strategy is introducing
passivation agents into the perovskite precursor solution, such
as Lewis acids, Lewis bases, metal cations, organic cations,33

etc. The defects at the grain boundaries had been suppressed to
different degrees by those passivators, but in the meanwhile the
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discontinuous perovskite films with large grain size were
usually achieved, which may require a thicker carrier transporting
layer to avoid a short circuit and ensure a low current shunt.34,35

However, the thick interfacial layer with poor conductance would
lead to an increase in the device internal resistance, causing
increased turn-on voltage and lowered device efficiency. Therefore,
during passivation, morphology control in CsPbBr3 interface to
induce the crystal nucleus formation and crystal growth is also of
great importance to regulate the process dynamics of carrier
transmission and recombination.

It is well known that the number of crystal nuclei determines
the size and number of grains in the film during the crystalli-
zation process. So the bottom interface of the perovskite layer
not only acts as a charge transport/injection layer, but also
plays a role in adjusting the crystallization process.36–40 In
previous studies, several inorganic metal oxides, organic or
organic/inorganic composite interfacial layers have been
employed in PeLEDs to control the morphologies of perovskite
films, for example, a thin atomic layer-deposited aluminum
oxide (Al2O3) layer below the perovskite layer can improve the
interfacial contact, enhance EL characteristics and balance
charge injection;41 highly polar lithium fluoride (LiF) can act
as an effective template for forming high-quality bromide
perovskites;42 polyethyleneimine (PEI) and polyethyleneimine
ethoxylated (PEIE) can enhance the crystallinity and surface
coverage of perovskite films;43,44 poly(9-vinylcarbazole) (PVK):
2-((4-biphenylyl)-5-phenyl-1,3,4-oxadiazole) (PBD) can enhance
the interfacial quality by removing pinholes and decreasing
the roughness of the perovskite layers;45 diamine molecule
[2,2-(ethyndioxy)bis(ethyl ammonium), EDBE] can be used as
the modification layer of electron transport layer and perovskite
layer, which can obtain high-quality perovskite thin films and
promote electron injection, thus realizing high-performance
near-infrared light-emitting diodes.46 In addition, directly
doping polar molecules into PEDOT:PSS can also promote
perovskite crystallization and inhibit defect-induced nonradia-
tive recombination.47,48 But most of those interfacial materials
also have some specific disadvantages, for example, metal oxides
have quite fixed energy levels, and require high-vacuum fabrica-
tion, or a high-temperature process.49,50 And organic interfacial
materials usually have low conductivity and poor compatibility
with perovskites.51,52 Although the use of organic/inorganic com-
posite materials have overcome some drawbacks of inorganic or
organic interfaces, the introduction of new interface problems and
interface control mechanism still needs further research.34,53,54

Therefore, design and investigation of the appropriate interfacial
layers and revealing the underlying mechanisms is necessary to
develop highly efficient PeLEDs.

In this study, an ampholytic interface ethanolamine (EA)
was inserted between the hole transporting layer of
poly(ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)
and the perovskite emissive layer to induce in situ growth of
CsPbBr3 crystals. At the same time, a Lewis base of Tween 80
(T80) with multiple hydroxyl was selected as the additive to
suppress the formation of the non-radiative traps by passivating
the defective states in the bulk perovskite. As a result, a compact

and uniform morphology was obtained by increasing the in situ
nucleation, and an enhanced device performance was also
achieved, including a peak current efficiency (CE) of 44.32 cd A�1,
and a peak EQE of 12.70%. Meanwhile, the operational lifetime of
the modified device without encapsulation was also improved to
about 4.5 h, which is much higher than that of the control device.
The mechanism of the ampholytic interface in CsPbBr3 based
PeLEDs was finally discussed, which reveals the method of the
in situ nucleus formation and growth of the grains.

Results and discussion

In this work, a traditional PeLED structure was utilized to
fabricate the CsPbBr3 based PeLEDs. Fig. 1a shows the sche-
matic device structure of ITO/PEDOT:PSS/EA/CsPbBr3/TPBi/
Bphen/Cs2CO3/Ag and the corresponding cross-sectional scan-
ning electron microscopy (SEM) image is shown in Fig. 1b.
According to previous reports, additives with hydroxyl func-
tional groups would help to passivate the defect sites of Pb2+

vacancies.55,56 So here T80 with a multi-hydroxyl molecular
structure (Fig. 1c) was employed in the perovskite film to
suppress the non-radiative recombination in the perovskite
luminescent layer. Meanwhile, an ampholytic molecular EA
with both amine and hydroxyl groups was inserted between
PEDOT:PSS and CsPbBr3. Fig. 1d–g shows the EL characteristics
of the current density–voltage–luminance (J–V–L), CE–voltage
(CE–V), and EQE–voltage (EQE–V) curves the PeLEDs with
different treatments and the EL parameters are listed in
Table 1. For the control PeLED, it exhibits quite a poor
performance with a maximum luminance of 3980 cd m�2, a
maximum CE of 2.88 cd A�1, a maximum EQE of 0.87%, and a
pretty high turn-on voltage (Von) of 2.73 V, respectively. While
the perovskite layer was treated by EA at the bottom interface or
T80 (5 mg ml�1) in the precursor solution, the EL performance
of the PeLEDs have been improved to different degrees, the
maximum CEs are 14.4 and 28.2 cd A�1, the maximum EQEs
are 4.34 and 8.12%, and the Von are lowered to 2.62 and 2.43 V,
respectively. It is also worth pointing out that the devices were
fabricated under the optimized condition, and the detailed
information of previous treated methods is shown in Fig. S1–S4
(ESI†). As both of the treatments act together on one PeLED, the
EL characteristics are further enhanced, displaying a maximum
brightness of 50 900 cd m�2, a maximum CE of 44.32 cd A�1, a
maximum EQE of 12.7%, and a low Von of 2.41 V, confirming the
effect of the EA interface and T80 addition on the CsPbBr3 based
PeLEDs. The EL spectra of the PeLEDs with different treatments
are shown in Fig. 1g. It is found that the two EL spectra of the
device with T80 treated only and the device with EA and T80
treated together display a peak centered at about 521 nm with a
full width at half maximum (FWHM) of 18 nm and no obvious
peak drift as the bias increased from 3 V to 5 V (Fig. S5, ESI†).
These two spectra exhibit EL red-shift compared with the other
two devices with the neat CsPbBr3 and EA modified CsPbBr3,
which probably originates from the grain boundary changes
induced by T80.14 The EL spectra of neat CsPbBr3 and EA
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modified CsPbBr3 devices are almost the same, implying that the
EA interlayer does not change the recombination zone.46 A photo
of the operating device is shown in the inset of Fig. 1g.
In addition, as shown in Fig. S6 (ESI†), the optimized PeLED
emits green light with Commission Internationale de l’Eclairage
(CIE) coordinates of (0.122, 0.780).

Fig. 2a showed the optical properties of perovskite films
under the different treatments. Photoluminescence (PL) peaks
of the two CsPbBr3 films without T80 addition were located at
about 519 nm, while the other two PL peaks of CsPbBr3 film doped

by T80 were at about 524 nm, suggesting obvious red-shifted
spectra under the action of T80. This is consistent with the trend
of the EL spectra (Fig. 1g). X-ray diffraction patterns (Fig. S7, ESI†)
demonstrate that the crystal structure of CsPbBr3 is not affected by
T80 and the EA layer because no difference in the XRD diffraction
peaks is observed except for the weakened diffraction intensity,
which excludes the impact by lattice strain. Fig. 2a also displays the
PL images of neat CsPbBr3, CsPbBr3 + EA, CsPbBr3 + T80, and
CsPbBr3 + EA + T80 films, which shows the trend of the brightness
enhancement and the corresponding PL quantum yields (PLQYs)
of these films are 1.3%, 5.6%, 16.3%, and 19.7%, respectively,
indicating that the EA interface layer together with the T80
passivator can inhibit the non-radiative recombination in the
CsPbBr3 film by reducing defect formation.

In order to understand the carrier dynamics in the perovs-
kite film, the time-resolved PL decay of the perovskite film was
also studied, as shown in Fig. 2b. It is seen that compared with
the neat CsPbBr3 film, the carrier lifetimes of the modified
films were significantly extended. The average PL lifetimes of
neat CsPbBr3, CsPbBr3 + EA, CsPbBr3 + T80, and CsPbBr3 + EA +

Table 1 EL performance of the CsPbBr3 PeLEDs with different treatments
(with/without T80 and with/without the EA layer)

EA (with/
without)

T80
(mg ml�1)

LMax

(cd m�2)
CEMax

(cd A�1)
EQEMax

(%)
Von

(V)

without 0 3980 2.88 0.87 2.73
with 0 20 500 14.40 4.34 2.62
without 5 28 600 28.20 8.12 2.43
with 5 50 900 44.32 12.70 2.41

Fig. 1 (a) Schematic representation and (b) cross-sectional SEM image of CsPbBr3 PeLED. (c) Molecule structure of T80. (d) J–V–L, (e) CE–V, and
(f) EQE–V curves for the PeLEDs. (g) EL spectra of various devices working at 4.0 V. (inset: Photograph of the optimal PeLED under applied voltages of 4.0 V.)
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T80 films are 4.89, 12.97, 30.27, and 48.94 ns, respectively
(Table S1, ESI†). To provide further insight into the effect of
these methods on the defect suppression, the non-radiative
recombination rate of these films are calculated. As the radia-
tive and non-radiative recombination rates are related to the
average PL lifetime tavg and PLQY:

tavg ¼
1

kr þ knr

PLQY ¼ kr

kr þ knr

where kr and knr represent the radiative and non-radiative
recombination rate, respectively; the non-radiative recombina-
tion rate can be calculated as

knr ¼
1� PLQY

tavg

Obviously, the non-radiative recombination rate of the film is
inversely proportional to its PLQY and tavg. Therefore, a higher
PLQY and a longer average PL life of the CsPbBr3 film would
achieve a lower non-radiative recombination rate. The calculated
non-radiative recombination rates of the neat CsPbBr3, CsPbBr3 + EA,
and CsPbBr3 + T80 films are 2.0� 108, 7.3� 107, and 3.4� 107 s�1,
respectively. When the CsPbBr3 film was treated by both EA and
T80, the value of the non-radiative recombination rate is further
decreased to 2.2 � 107 s�1, which is one order of magnitude
lower than that of the reference sample, indicating the effect of
EA and T80 on suppressing the non-radiative defects. As a result,

the optimized device exhibits a prolonged operational lifetime
compared with the reference device, and Fig. 2c shows the
operational lifetime of PeLED devices with different treatments.
For the pure CsPbBr3 based device, the brightness of the device
was reduced to half of the initial value after only 3 min of
continuous operation. This is mainly because serious non-
radiative recombination occured in the pure CsPbBr3 thin film
caused by a lot of defects. Because of the addition of the EA
interface layer between the hole transporting layer and the
perovskite luminescent layer to modify the interfacial defects,
the operational lifetime of the device prolonged to 1h. On this
basis, the T80 doping into the perovskite luminescent layer can
further passivate the defect states in the perovskite thin film and
reduce the non-radiative recombination in the bulk. And the
operational lifetime of PeLEDs further increased to 4.5 h, proving
the synergistic effect of EA and T80 on enhancing the stability of
CsPbBr3 based PeLEDs.57,58

In order to investigate the effect of the above treatments on
the morphology of the perovskite film, SEM and atomic force
microscopy (AFM) of perovskite films were used to characterize
the perovskite films, as shown in Fig. 3(a–h), and the grain size
distribution of perovskite films is calculated according to AFM
images, and the statistical results are shown in Fig. 3(i–l). It was
found that the morphology of perovskite films changed signifi-
cantly after the addition of the EA interface layer. As seen in
Fig. 3a, the pure CsPbBr3 film displays low coverage and many
pin-holes, causing a poor EL performance in the corresponding
device. However, the addition of the EA interface improved the
continuity of the thin film (Fig. 3b), significantly decreased the

Fig. 2 (a) Absorption and PL spectra of CsPbBr3 perovskite thin films on ITO substrates. Insets: PL images of the CsPbBr3 perovskite films under
ultraviolet lamp excitation (Hg lamp, 365 nm). (b) Time-resolved PL decay curves of CsPbBr3 perovskite films measured under the excitation of 380 nm.
(c) Operational lifetime of PeLEDs based on PEDOT:PSS/CsPbBr3, PEDOT:PSS/EA/CsPbBr3, and PEDOT:PSS/EA/CsPbBr3 +T80 (L0 = 100 cd m�2).
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grain size (Fig. 3j) and increased the number of grains, and
smoothed the perovskite film. The mean square roughness
(RMS) of the EA treated film is 8.127 nm (Fig. 3e), much flatter
than the pure CsPbBr3 film (10.839 nm, Fig. 3f). For the perovskite
film doped by T80 only (Fig. 3c), the grains agglomerated into
large sheets, similar to the previous studies,14 T80 in the form of a
passivator, exists among perovskite grains and passivate non-
radiation composite defects mainly by bonding small perovskite
grains into large grains (Fig. 3k). But when the EA interface was
introduced into the T80 treated CsPbBr3 film (Fig. 3d), the grain
phase morphology changed from aggregation to decentralization
with uniform grain size (Fig. 3d and l), and the RMS further
decreased from 9.442 nm (Fig. 3g) to 7.17 nm (Fig. 3h), indicating
that the EA interface layer has the advantage of inducing in situ
nucleation and growth of CsPbBr3 grains.59 We also quantitatively
analyzed the trap density in perovskite thin films under different
conditions, which further proved that adding T80 into the
perovskite and EA interface layer can effectively passivate defects
in perovskite thin films. We measured the dark current of hole-
only devices with the ITO/PEDOT: PSS/perovskite/MoO3/Ag struc-
ture under different bias voltages, and calculated the trap density
using the following equation:

nt ¼
2e0erVTFL

qL2

where e0 and er are the vacuum permittivity and relative dielectric
constant, q is the elemental charge, L is the thickness of perovskite
film, and VTFL is the onset voltage of the trap-filled limit region.
VTFL was calculated from the intersection of two tangents as

shown in Fig. S8 (ESI†) at the low voltages and trap-filling
regions.14,60,61 As shown in Table S2 (ESI†), the hole trap densities
of T80 and EA treated perovskite films are 1.56 � 1017 cm�3 and
2.43 � 1017 cm�3, respectively, which both are significantly lower
than that of the control device (3.95 � 1017 cm�3). When T80 and
EA act at the same time, the trap density of perovskite thin films is
further decreased to 1.05 � 1017 cm�3, which indicates that the
synergistic effect of T80 and EA can effectively reduce the trap
states in the perovskite films.

To better reveal the mechanism under the changingmor-
phology contact angle measurements have been obtained,
which show that perovskite precursor solution had better
wettability on the EA treated interface layer (Fig. S9, ESI†).
The contact angle of the CsPbBr3 precursor solution on the
PEDOT:PSS film was about 22.811, while the value decreased to
18.041 for the film deposited on the EA interface layer, and to
19.631 for the film doped by T80. And the contact angle further
reduced to 15.021 for the film treated by both of EA and T80,
illustrating that the EA interface made the film wettability
better and thus significantly affected the contact angle. It is
well known that the relationship between the energy required
for crystal nucleation and contact angle (y) can be described as
follows:

DGheterogenous = DGhomogenous � f (y)

f yð Þ ¼ 1

4
ð1� cos yÞ2ð2þ cos yÞ

DGheterogenous and DGhomogenous represent the free energy

Fig. 3 SEM images (a)–(d) AFM images (e)–(h) and grain size distribution (i)–(l) of perovskite films under different conditions.
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required for heterogeneous nucleation and homogeneous
nucleation, respectively. According to this nucleation theory, a
small contact angle would have been more advantageous to
reduce the heterogeneous nucleation energy, and make the
nucleation easier, thus forming a compact and uniform morphology
as discussed above (Fig. 3).43

It is worth noting that although the contact angle of CsPbBr3

film was also decreased by doping T80, the grain morphology of
this film is very different compared with the EA modified
CsPbBr3 film. We deduced that the main reason for this is
attributed to the ampholytic EA interface, which has special

functional groups of hydroxyl and amine. In previous research
studies, amine groups were found to tend to coordinate with
sulfonyl groups in PEDOT:PSS, while hydroxyl groups inter-
acted strongly with lead ions in perovskites.59 Therefore, the
ampholytic EA would serve as a bridge to link the perovskite
and PEDOT:PSS layers, and hydroxyl groups in EA would act as
nucleation centers of perovskite crystals by absorbing lead ions,
and promoting perovskite nucleation and growth.55,56 The
schematic diagram of the action mechanism of the EA interface
layer is displayed in Fig. 4a. And to confirm the above mechanism,
X-ray photoelectron spectroscopy (XPS) measurements were used

Fig. 4 (a) Schematic illustrations of PEDOT:PSS-EA-Perovskite. (b) XPS wide spectra of PEDOT:PSS and PEDOT:PSS/EA. (c) XPS spectra of N 1s for EA
and PEDOT:PSS/EA. (d) XPS spectra of S 2p for PEDOT:PSS and PEDOT:PSS/EA. (e) XPS spectra of Pb 4f for PEDOT:PSS/CsPbBr3 and PEDOT:PSS/EA/
CsPbBr3. (f) XPS spectra of O 1s for PEDOT:PSS/EA and PEDOT:PSS/EA/CsPbBr3.
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to determine the chemical state of elements and analyze the
interaction between functional groups, as shown in Fig. 4b–e.
Fig. 4b presents the XPS spectra of PEDOT:PSS and PEDOT:PSS/EA
films. It can be seen from the figure that the nitrogen element is
detected in PEDOT:PSS, which is caused by the adsorption of
nitrogen in the air. After using EA, the peak position of the N 1s
peak is obviously enhanced, indicating that EA has been deposited
on the surface of PEDOT:PSS. Meanwhile, the N 1s peak shows a
shift by 1.55 eV towards high binding energy (Fig. 4c), which
reveals that electrons are lost from EA at the interface.62,63 Then,
we analyzed the XPS high-resolution spectrum signal of the sulfur
element. Compared with the pure PEDOT: PSS film, the addition
of an EA interface layer made the S 2p peak move to the low
binding energy (BE), as shown in Fig. 4d. The decrease of binding
energy of S 2p indicated that the electron density around the
sulfur atom increased by obtaining electrons.64 The above results
illustrate that EA spin-coated on the PEDOT:PSS film promoted
the information of Lewis acid–base complexes by reaction between
the amine groups of EA and sulfonyl groups in the PEDOT:PSS
film. At this time, the hydrophilic hydroxyl groups exposed on the
surface of the interface layer did not participate in any reaction,
which would be beneficial to the bonding of perovskite grains on
the EA layer and improve the wettability of the perovskite layer. So
the further analysis of the interaction between EA interface layer
and perovskite layer was also carried out by XPS. Fig. 4e shows the
XPS spectra of Pb 4f peaks in the perovskite film with or without
EA layer. Fig. 4f displays the XPS spectra of O 1s in EA with or
without the CsPbBr3 layer, in which two peaks at approximately
531.5 and 532.6 eV were fitted, which are attributed to the C–O
single bond and the hydroxide bond, respectively.14,65 Addition of
the EA interface layer made the binding energy of Pb 4f decrease
by 0.2 eV, while the O 1s peaked at low BE presented a redshift of
0.2 eV after the deposition of the CsPbBr3 layer, indicating the
coordination reaction between lead and hydroxyl groups.65 At the
same time, the C–O double bond and Br 3d (Fig. S10, ESI†) did not
change.42 In order to verify whether the amine groups in the EA
layer will coordinate with the lead ions in perovskite, PEDOT:PSS/
CsPbBr3 and PEDOT:PSS/EA/CsPbBr3 were analyzed by XPS
(Fig. S11, ESI†). It can be found that the N 1s peak shows no
significant change after EA inserted. Therefore, it can be deduced
that the lead ions in perovskite would be fastened to the hydroxyl
groups at the interface to induce CsPbBr3 nucleation and growth.
Moreover, the interactions at PEDOT:PSS/EA and EA/CsPbBr3

interfaces would form two dipoles that are both directed toward
the emissive layer, which would promote the injection and
transport of holes at the anode, further promoting the EL
performance of PeLEDs.

Conclusions

In summary, an ampholytic interface EA was introduced into
the CsPbBr3 based PeLEDs to induce grain nucleation and
growth; meanwhile a passivator T80 was employed in the bulk
CsPbBr3 film to suppress the non-radiative defects at the grain
boundaries. Under the synergistic effect of interface modification

and defect passivation, an efficient PeLED was obtained with a
maximum brightness of 50 900 cd m�2, a maximum CE of 44.32
cd A�1, and a maximum EQE of 12.7%. The mechanism of the
effect of EA interface has been investigated in detail, which
revealed that the EA can interact with both PEDOT:PSS and
CsPbBr3 together, inducing CsPbBr3 grain nucleation and growth,
and obtaining a compact and uniform film morphology. Besides
this, the formed dipoles by inserting EA are also conducive to the
injection and transport of holes at the anode, thus boosting the
PeLED performance. This work would provide a meaningful
strategy and mechanism for the in situ morphology control of
perovskite films, and developing PeLEDs with high efficiency.

Experimental
Materials

Lead bromide, PEDOT:PSS and TPBi were purchased from
Xi’an Polymer Light Technology Corp. Cesium bromide was
purchased from Kanto Chemical Co., Ltd T80 and EA were
purchased from Sigma-Aldrich. All materials were used directly
without further purification.

Perovskite film fabrication and characterization

The powders of cesium bromide and lead bromide (molar ratio
of 1.86 : 1) were added into an anhydrous dimethylsulfoxide
(DMSO) solvent containing T80 and stirred at 50 1C for 4 hours.
A transparent perovskite precursor solution with a concen-
tration of 145 mg ml�1 was obtained. The concentrations of
T80 in DMSO were 1, 3, 5, 7 and 9 mg ml�1, respectively. In this
experiment, perovskite thin films were prepared via spin-
coating method: 100 ml CsPbBr3 precursor solution was
dropped on the center of the substrate. The perovskite films
were obtained by spin-coating at 4500 rpm for 60 s. Then the
samples were heated at 70 1C for 10 min to improve the
crystallization. The morphology of CsPbBr3 thin films was
characterized by SEM (Hitachi 4800). The surface roughness
was analyzed by AFM on a Shimadzu SPA-9700. The absorption
spectra of CsPbBr3 thin films were measured on a Shimadzu
UV-3101PC. The PL spectra of CsPbBr3 thin films were measured
using a Hitachi F-7000 fluorescence spectrometer. Time-resolved
PL spectra of CsPbBr3 thin films were measured on an Edinburgh
FLS920 spectrometer. XPS spectra were acquired by Escalab 250.
The XRD patterns of perovskite films were measured using Rigaku
SmartLab.

Device fabrication and characterization

The device structure of perovskite light-emitting diode mainly
includes the following sections: ITO/PEDOT:PSS/EA/CsPbBr3/
TPBi/Bphen/Cs2CO3/Ag. Before use the ITO electrode was
cleaned ultrasonically with acetone, ethanol and deionized
water for 20 minutes each time, and then treated in an ultra-
violet ozone environment for 15 minutes. Solution of PEDOT:
PSS before use was filtered with 0.22 mm water-based filter head
to remove large particles and insoluble substances. The EA was
dissolved ethanol to form a solution with different volume
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concentrations (5%, 10%, 20%, and 40%). Then the ITO
electrode treated with UVO is placed on the tray of the homo-
genizer, and a filtered solution of PEDOT:PSS was dropped on
the filtered ITO electrode. PEDOT:PSS thin films were obtained
by spin-coating at 2500 rpm for 40 s. The substrate was then
placed on a 140 1C hot stage for 15 min. After annealing, the EA
layer was prepared under the same experimental conditions.
Then, the substrates were transferred to a glove box filled with
nitrogen to prepare perovskite films. TPBi (40 nm), Bphen
(10 nm), Cs2CO3 (1 nm) and Ag (100 nm) are successively
evaporated in a thermal evaporation equipment with a vacuum
of 5.0 � 10�5 Pa. The evaporation rates are 1, 1, 0.5 and 4 Hz s�1,
respectively. Among them, the ultra-thin Cs2CO3 film can adjust
the work function of the Ag electrode, so that the work function
of the Ag electrode can be better matched with the lowest
unoccupied molecular orbital (LUMO) of the electron transport
layer. The effective area of PeLEDs was 0.04 cm2. The current
density–voltage curve and luminance–voltage curve of the device
were measured by using a Keithley 2611 digital source meter and
a luminance meter (Konica-Minolta LS-110). The EL spectrum of
the device was measured using an optical fiber spectrometer.
EQE is calculated based on the brightness, current and the
emission spectrum of the hypothetical Lambert emission. All
tests were carried out in air and without encapsulation.
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