
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/3
0/

20
26

 1
:0

0:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Improved photoe
Institute of Semiconductor Science and Tech

Guangzhou, Guangdong, China. E-mail: guh

† Electronic supplementary informa
10.1039/c9ra05053a

Cite this: RSC Adv., 2019, 9, 34506

Received 4th July 2019
Accepted 18th October 2019

DOI: 10.1039/c9ra05053a

rsc.li/rsc-advances

34506 | RSC Adv., 2019, 9, 34506–345
lectric performance of all-
inorganic perovskite through different additives for
green light-emitting diodes†

Xianqi Yang, Huaimin Gu, * Shuti Li, Jihang Li, Hengzhi Shi, Jinyuan Zhang,
Nana Liu, Zebing Liao, Wenzhu Xu and Yuan Tan

The exceptional optical and electronic properties of all-inorganic cesium lead bromide (CsPbBr3) perovskite

make it an ideal new optoelectronic material, but low surface coverage limits its performance. The

morphological characteristics of thin films have a great influence on the performance of perovskite light

emitting diodes, especially at low coverage, and an inhomogeneous surface will lead to current leakage.

To tackle this problem, the widespread adoption of composite layers including polymers poly(ethylene

oxide) (PEO) and organic insulating poly(vinylpyrrolidone) (PVP) and all-inorganic perovskites is an

effective way to increase the surface coverage and uniformity of perovskite films and improve the

performance of perovskite light emitting devices. In our work, the perovskite thin films are investigated

by using PEO and PVP dual additives, and the optimized CsPbBr3–PEO–PVP LED with maximum

luminance, current efficiency, and external quantum efficiency of 2353 cd m�2 (at 7.2 V), 2.14 cd A�1 (at

6.5 V) and 0.85% (at 6.5 V) was obtained. This work indicates that the method of using additives is not

only the key to enhancing the quality of perovskite thin film, but also the key to achieving a higher

performance perovskite LED.
Introduction

In recent years, organic–inorganic hybrid perovskites have
attracted signicant scientic attention in the eld of solar cells
and light emitting diodes. The perovskite materials show that
they have tremendous prospects in optoelectronic devices
because of their superior optoelectronic properties.1–5 However,
organic–inorganic hybrid perovskite materials are more easily
degraded in air, which leads to a decrease of device stability. In
contrast, all-inorganic cesium–lead halide perovskite (CsPbX3,
X ¼ Cl, Br, I) has been proven to have better stability and
excellent photoelectric properties, such as high colour purity
with narrow spectral width (full width at half maximum,
FWHM, of z20 nm), high absorption coefficients, long diffu-
sion length and tunability of the band gap.5–9 Hence, the
investigation of all-inorganic cesium–lead halide perovskite
may lay the foundation for the development of high-
performance and stable perovskite light-emitting diodes.10

Although all-inorganic perovskite has unique advantages in
heat resistance and environmental adaptability which enhance
the stability of devices, the preparation process is difficult to
master accurately. It may lead to poor perovskite lms in spin-
nology, South China Normal University,

m139@139.com

tion (ESI) available. See DOI:

11
coating precursor process, resulting in high leakage currents
and low efficiencies in device.7,11 Various approaches have been
reported, such as using a mixed-cation perovskite on top of
a hydrophilic polymer for better wetting and surface coverage.12

There is still a lack of control over the perovskite precipitation
and crystallization, because the precursors are pre-mixed and
deposited as a whole, thereby leading to formation of non-
uniform and inhomogeneous lm morphologies. Besides,
various synthetic methods of Cs–perovskite have been devel-
oped, such as anion exchange, room-temperature precipitation,
solvothermal, etc.13 Wu et al. have reported a water triggered
CsX (X ¼ Cl, Br, or I) stripping approach to convert the non-
luminescent Cs4PbX6 into monodisperse luminescent CsPbBr3
NCs.14 Li et al. have utilized a room-temperature supersaturated
recrystallization method (free of inert gas and injection opera-
tion) to control the size of all-inorganic perovskite QDs and have
successfully fabricated efficient perovskite LEDs.15 Dr Y. Shi
designed a new concept, IPI, that is, a pair of ultrathin insulator
layers (LiF) sandwiching the perovskite lm. As a result, a 30-
fold enhancement in current efficiency of IPI structured PeLEDs
over conventional one was achieved from 0.64–20.3 cd A�1.36

Despite remarkable development of all-inorganic perovskite
LED, there are still many factors that limit its application. At the
electronic eld, the stability of perovskite LED is largely deter-
mined by thin lm surface coverage. Relevant researches show
that pinholes in perovskite emissive layer can engender short
circuits of devices, which is the main reason for hindering the
This journal is © The Royal Society of Chemistry 2019
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development of all-inorganic perovskite LED. In order to
improve the quality of the thin lm, researchers have developed
a pinhole-free uniform perovskite lm by continuous deposi-
tion, which can greatly improve device efficiency.16,17 However,
the pinholes and incompleteness of thin lms have not been
completely solved, especially for solution-based processing
technology. Therefore, in order to promote the application of
the all-inorganic perovskite lm, the most urgent problem to be
solved at present is to develop a smooth, complete, uniform and
pinhole-free perovskite thin lm. So far, it is still a challenging
task for the development of all-inorganic perovskite LED. It is
noteworthy that researchers have been reporting various new
methods of solving this problem by mixing polymers with
perovskite, including poly(9-vinylcarbazole) (PVK),18–20 a dielec-
tric polymer matrix of polyimide precursor dielectric (PIP),21

poly methyl methacrylate (PMMA),22,23 polyethylene oxide
(PEO),24–26,34 polyethyleneimine (PEI),27,28 etc. Nonetheless, there
are still plenty of shortcomings of discontinuous coverage and
current leakage in the perovskite emissive layer, which prevent
perovskite LEDs from reaching a high luminance intensity.9

In this paper, the smooth, homogeneous, pinhole-free
perovskite composite emissive layer consisting of cesium lead
tribromide (CsPbBr3), poly(ethylene oxide) (PEO), and poly(-
vinylpyrrolidone) (PVP) was investigated. The LEDs were devel-
oped with an indium tin oxide (ITO) anode, CsPbBr3–PEO–PVP
composite emissive layer, PEDOT:PSS hole transporting layer
(HTL), TPBi electron transporting layer (ETL) and LiF/Ag
cathode. Furthermore, CsPbBr3–PEO–PVP thin lms were
developed using the different proportion of additives, and the
relationships between device performance and the crystallinity
of CsPbBr3–PEO–PVP thin lms were studied. The optimized
CsPbBr3–PEO–PVP LED achieved maximum luminance, current
efficiency, and external quantum efficiency of 2353 cd m�2 (at 7
V), 2.14 cd A�1 (at 6.5 V) and 0.85 (at 6.5 V). Compared with
CsPbBr3–PEO–TPBI perovskite LED devices,13 our work is to
apply CsPbBr3–PEO–PVP thin lms in the structure of ITO/
PEDOT:PSS/Perovskite/TPBI/LiF/Al and achieve higher perfor-
mance, including current efficiency, EQE and stability. On the
other hand, compare with relevant research,20 the coverage of
our perovskite lms has been signicantly improved. Theoret-
ically, the electrical properties of the devices can be expected to
be further improved. It is one of the urgent work that we need to
carry out in the future.
Experimental
Materials

Cesium bromide (CsBr, 99%) and lead bromide (PbBr2, 99.99%)
were purchased from Xi'an Polymer Light Technology Corp.
Polyethylene oxide (PEO, Mw ¼ 400 000), Polymer Polyvinyl
Pyrrolidone (PVP, Mw ¼ 1 300 000), 1,3,5-tris(2-N-
phenylbenzimidazolyl)-benzene (TPBi), poly(2,3-dihydrothieno-
1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS, AI4803) and
dimethyl sulfoxide (DMSO, $99.9%) were purchased from
Sigma-Aldrich. All the materials were directly used without any
further purications.
This journal is © The Royal Society of Chemistry 2019
Precursor preparation

CsBr and PbBr2 with a molar ratio of 2 : 1 (0.7 M) were rst
mixed in DMSO and then mixed with PEO in four different
weight ratio (1 : 0.009 to 1 : 0.024) to prepare the CsPbBr3–PEO
precursor solution. The CsPbBr3–PEO solution with optimized
ratio was further blended with PVP in varied weight ratios
(1 : 0.03 to 1 : 0.12) to furnish the CsPbBr3–PEO–PVP precursor
solution.

Film preparation and device fabrication

ITO-patterned glass substrates were cleaned sequentially with
detergent water, acetone, and ethanol for 30 min by sonication,
then dried with nitrogen and followed by oxygen plasma treat-
ment for 20 min before using. All the devices were fabricated
with multilayers structure consisting of ITO/PEDOT:PSS/
Perovskite/TPBi/LiF/Ag. The PEDOT:PSS (40 nm) was spin-
coated onto ITO substrates at 3000 rpm for 50 s, following by
annealing at 140 �C for 20 min in air to remove the residual
water. Aer cooling down, all the perovskite lms based on
CsPbBr3 were fabricated on PEDOT:PSS lm in an N2-lled
glove box. For CsPbBr3 lms, CsPbBr3–PVP lms, CsPbBr3–PEO
lms and CsPbBr3–PEO–PVP lms, optical transparent
precursor solutions were spin-coated onto the substrate at
3000 rpm for 60 s, and annealed at 80 �C for 10 min to remove
the residual solvent. Finally, the device fabrication process was
nished by depositing TPBi (40 nm), LiF (1 nm), and Ag (100
nm) layers in thermal evaporation chamber with vacuum pres-
sure below 2 � 10�6 mbar. The active area of the device is 0.08
cm2.

Film characterization and device measurements

XRD spectra were obtained by X-ray diffractometer with a Cu Ka
source (PANalytical B.V. Empyrean). The morphology of perov-
skite lms was studied using a Zeiss Ultra 55 scanning electron
microscope (SEM). Light absorption spectra of CsPbBr3 layers
were acquired by a UV-vis spectrometer (Agilent 8453). The
photoluminescence spectra of the prepared perovskite lms
were measured by Flouromax-4. PL decay lifetimes and
temperature-dependent PL spectra were acquired by uores-
cence spectrophotometer (HORIB-FM-2015). Devices perfor-
mance including current–voltage, luminescence, current
efficiency, EQE, and EL spectra were recorded by a spectropho-
tometer (PR-670) coupled with Keithley 2400.

Results and discussion

Device architecture is shown in Fig. 1(a). The indium tin oxide
(ITO) serves as the bottom anode, and poly(2,3-dihydrothieno-
1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS) as the hole-
injection layer, compositional perovskite layer behaves as the
emissive layer, and 1,3,5-tris(2-N-phenylbenzimidazolyl)-
benzene (TPBi) as the electron-injection and hole-blocking
layer, and LiF/Ag acts as the top cathode, where composi-
tional perovskite layer includes CsPbBr3, polyethylene oxide
(PEO) and polyvinyl pyrrolidone (PVP). Flat-band energy level
diagram of the devices is presented in Fig. 1(b), where the
RSC Adv., 2019, 9, 34506–34511 | 34507
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Fig. 1 (a) The structure of device. (b) Flat-band energy level diagram of
perovskite LEDs.
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energy levels of inorganic materials and the work-function of
electrodes are cited from the literature.29,30,32,39 The UPS data of
pure CsPbBr3, CsPbBr3–PEO and CsPbBr3–PEO–PVP lms are
showed in Fig. S7.† As seen, the addition of PEO and PVP does
not inuence the energy levels of CsPbBr3 lm.

Surface morphology and cross-sectional of perovskite thin
lm (CsPbBr3, CsPbBr3–PVP, CsPbBr3–PEO, CsPbBr3–PEO–PVP)
was examined using a scanning electron microscope (SEM), as
Fig. 2 The surface and cross-sectional SEM image of perovskite films
on glass of (a and e) pure CsPbBr3, (b and f) CsPbBr3–PVP (1 : 0.06), (c
and g) CsPbBr3–PEO (1 : 0.012), (d and h) CsPbBr3–PEO–PVP
(1 : 0.012 : 0.06).

34508 | RSC Adv., 2019, 9, 34506–34511
depicted in Fig. 2. It can be found that pure CsPbBr3 lm
exhibits a discontinuous surface morphology with pinholes,
inhomogeneous crystals and low surface coverage (z68% esti-
mated using ImageJ soware), which may easily lead to elec-
trical shunt paths and leakage currents in the perovskite LED.
PEO is optically transparent and electrically insulating, thus it
can act as a charge-blocking material in LEDs.10 In addition,
such composite lms have been successfully applied as the
emissive layer in CsPbBr3 PeLEDs.9,25 In order to obtain the
most suitable PEO incorporation, four different CsPbBr3–PEO
lms with ratio of 1 : 0.009, 1 : 0.012, 1 : 0.018, 1 : 0.024 were
investigated. As seen in Fig. 2(c), incorporating PEO in the
CsPbBr3 solution (dened as CsPbBr3 : PEO, 1 : 0.012 w/w ratio)
leads to smaller CsPbBr3 microcrystals and high surface
coverage (z80%). As evidenced from the grain size distribution
(Fig. S1a and c†), PEO restricts the growth of perovskite grains,
and comparatively smaller grains can be obtained. The PEO also
hinders the diffusivity of the perovskite precursor at the solvent
drying stage, leading to smaller crystal size and its uniform
distribution. Smaller grain suppresses the exciton quenching
process that occurs at the grain boundaries.6,13,33

Since the CsPbBr3–PEO thin lms does not realize a totally
pinhole-free perovskite lm, the organic insulating PVP are
blended into the perovskite precursor solution to improve the
surface lm coverage. Using the CsPbBr3 : PEO lm with a ratio
of 1 : 0.012 as control condition, four different CsPbBr3-
: PEO : PVP lm with ratio of 1 : 0.012 : 0.03, 1 : 0.012 : 0.06,
1 : 0.012 : 0.09, 1 : 0.012 : 0.012 were studied. As seen in
Fig. 2(d), the CsPbBr3–PEO–PVP lms with the blending ratios
of 1 : 0.012 : 0.06 possess more homogeneous lm morphology
and higher surface coverage (z95%) compared with those of
control CsPbBr3–PEO lm. Not only that, the grain size is
further reduced (Fig. S1d†). In order to further explore the
reasons of changes of grain size and coverage of CsPbBr3–PEO–
PVP lms, the SEM image of CsPbBr3–PVP lms were studied.
As seen in Fig. 2(b), the grain size of CsPbBr3–PVP lms further
decreases compared with pure CsPbBr3 lms along with the
addition of PVP. The coverage rate of CsPbBr3–PVP lms
increases from 68% to 78% (using ImageJ soware) and the
grain size decreases from 410 nm to 320 nm (Fig. S1†). PVP is
chosen as a surfactant to control the surface coverage and
morphology of the CsPbBr3 perovskite lms due to its non-toxic,
good lm-forming properties and stability.37 It can be inferred
that the perovskite lms can be dispersed by PVP, and the grain
size of CsPbBr3–PEO–PVP lms is much smaller than that of
CsPbBr3–PEO composite lms and CsPbBr3 lms.

In order to study the quality and crystallinity of the prepared
perovskite thin lm, the XRDmeasurements of CsPbBr3 crystals
were made for all samples. The XRD patterns of pure CsPbBr3,
CsPbBr3–PVP, CsPbBr3–PEO and CsPbBr3–PEO–PVP thin lms
are shown in Fig. 3. As shown, the XRD characteristics imparted
to the CsPbBr3 crystal can be clearly observed for all samples.
The diffraction peaks are at 15.2�, 21.5�, 30.4� corresponding to
(001), (110), (200) plane of the perovskite crystal lattice,
respectively, which are consistent with the values reported in
the literature.35 It is noteworthy that with the gradual mixing of
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 XRD patterns of the pure CsPbBr3, CsPbBr3–PEO (1 : 0.012),
CsPbBr3–PVP (1 : 0.06) and CsPbBr3–PEO–PVP (1 : 0.012 : 0.06)
films.

Fig. 5 (a) Electroluminescence (EL) spectra (at 7 V), (b) J–V–L, (c) CE,
(d) EQE versus voltage of the pure CsPbBr3, CsPbBr3–PEO (1 : 0.012),
and CsPbBr3–PEO–PVP (1 : 0.012 : 0.06) devices.
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PEO and PVP, the peak strength increases and the half width
decreases, which indicates that the crystallinity increases.

The optical properties of the perovskite thin lms were
studied. Fig. 4(a) shows the UV-visible absorption spectra of the
perovskite thin lms. It can be found that no characteristic red
or blue shi is observed, which conrms that the absorption of
CsPbBr3 remains unchanged even when PEO and PVP are
added. Fig. 4(b) presents the photoluminescence (PL) spectra of
the pure CsPbBr3, CsPbBr3–PEO, CsPbBr3–PVP and CsPbBr3–
PEO–PVP lms. As shown, the PL intensities of the samples
show a gradually increasing trend (CsPbBr3, CsPbBr3–PVP,
CsPbBr3–PEO, and CsPbBr3–PEO–PVP). The additives PEO and
PVP obviously increase the PL intensity without affecting its
peak value. It can be seen that additives have a great impact on
the crystallization of CsPbBr3 and enhance the luminescent
intensity. Notably, all the lms have similar UV-vis absorbance
and PL spectra, and maximum peaks are all near 521 nm. It is
worth noting that FWHM of PL spectra of the CsPbBr3–PEO–
PVP lms (21 nm) is narrower than that of the pure perovskite
lm (30 nm). Such enhancement is also beneted from the
improved lm quality and the uniformity of the perovskite thin
lms as regulated by the dual additive.31

LEDs were set up using an ITO anode/PEDOT:PSS hole-
injection layer/CsPbBr3–PEO–PVP composite emissive layer/
TPBi electron-injection layer/Ag cathode. The electrolumines-
cence spectra shown in Fig. 5(a) conrm that all devices exhibit
Fig. 4 (a) UV-visible and (b) photoluminescence (PL) spectra recorded
on glass pure CsPbBr3, CsPbBr3–PEO (1 : 0.012), CsPbBr3–PVP
(1 : 0.06) and CsPbBr3–PEO–PVP (1 : 0.012 : 0.06) films respectively.

This journal is © The Royal Society of Chemistry 2019
electroluminescence at 7 V with an emission wavelength of
523 nm. It is obvious that the EL intensity of CsPbBr3–PEO–PVP
perovskite LED device is stronger than that of the CsPbBr3–PEO
perovskite LED device and the pure CsPbBr3 perovskite LED
device. Current–voltage–luminescence (J–V–L), current effi-
ciency (CE), and external quantum efficiency (EQE) character-
istics are displayed in Fig. 5. As shown in Fig. 5(b), the CsPbBr3–
PEO–PVP thin lm device has lower current density than the
CsPbBr3 thin lm device and the CsPbBr3–PEO thin lm device.
This may be attributed to the leakage current caused by the
discontinuous CsPbBr3 lm and the CsPbBr3–PEO lm, which
further affects device performance. The related performances of
these optimized devices are summarized in Table 1. The J–V–L,
current efficiency, and EQE characteristics of the LEDs based on
the CsPbBr3–PEO lms (1 : x) with other PEO blending ratios
are illustrated in Fig. S2 (ESI),† and the relevant characteristics
of the devices based on the CsPbBr3–PEO–PVP lms
(1 : 0.012 : x) with other PVP blending ratios are presented in
Fig. S3 (ESI).† As shown, the CsPbBr3 device exhibits maximum
luminance, CE, and EQE of 243 cd m�2 (at 7 V), 0.005 cd A�1 (at
6.5 V), and 0.002% (at 6.5 V), respectively. Aer blending proper
amount of PEO, the optimized CsPbBr3–PEO (1 : 0.012) device
achieves much enhanced device performance with maximum
luminance, CE, and EQE of 1147 cd m�2 (at 6.2 V), 0.32 cd A�1

(at 6 V), and 0.15% (at 6 V). The optimized CsPbBr3–PEO–PVP
(1 : 0.012 : 0.06) reaches maximum luminance, CE, and EQE of
2353 cd m�2 (at 7.2 V), 2.1 cd A�1 (at 6.5 V) and 0.85% (at 6.5 V),
respectively. Fig. S4† shows the optimal brightness for three
devices. Fig. S6† shows the time-dependent luminance inten-
sities of devices based on pure CsPbBr3, CsPbBr3–PEO, and
CsPbBr3–PEO–PVP emitting layers. It can be found that the
operational stabilities of the devices with additives are
improved because of the introduce of PEO and PVP.
RSC Adv., 2019, 9, 34506–34511 | 34509
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Table 1 Device characteristics of CsPbBr3-based PeLEDs

Active layer VT [V] Lmax [cd m�2] CEmax [cd A�1] EQE [%]

CsPbBr3 2.8 243@7 V 0.005@6.5 V 0.002@6.5 V
CsPbBr3–PEO 3 1147@6.2 V 0.32@6 V 0.15@6 V
CsPbBr3–PEO–PVP 4 2353@7.2 V 2.14@6.5 V 0.85@6.5 V
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Conclusions

In summary, we have developed a simple and easy strategy to
achieve smooth, complete, homogeneous, pinhole-free perov-
skite thin lms by introducing PEO and PVP dual additives.
Consequently, the optimized CsPbBr3–PEO–PVP LED obtains
a maximum luminance, current efficiency, and external
quantum efficiency of 2353 cd m�2 (at 7 V), 2.14 cd A�1 (at 6.5 V)
and 0.85% (at 6.5 V), far surpassing the performance of the pure
CsPbBr3 lm device. In order to further improve performance
and stability of perovskite LED device, reducing the thickness of
perovskite lm is worthy to be considered, and thin perovskite
emitting layers is helpful for heat dissipation of the device and
temperature control. Meanwhile, a dense alumina may be
coated on the perovskite layer to form a dense protection, which
can keep the stable device in water, air and light.38 The CsPbBr3–
PEO–PVP type perovskite thin lm are contributed to the
improvement of performance of perovskite LEDs, which opens
up a new promising avenue for future thin lm LED develop-
ment. It can be expected that the results will provide some help
in developing polymer additive-assisted perovskite LEDs with
high performance. The efficient perovskite LEDs based on the
thin perovskite lms will be benecial to realizing transparent
devices for the potential application in see-through displays.25
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