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inorganic halide perovskite light-emitting diodesf
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The effect of morphology control on the performance of inorganic cesium lead halide based green
perovskite light-emitting diodes (PeLEDs) was analyzed. PeLEDs were prepared using two different
formulation approaches: (1) the solution was prepared by dissolving CsPbBrsz powders in dimethyl
sulfoxide (DMSO), and (2) the precursor solution was formulated by dissolving CsBr and PbBr, powders
with different molar ratios of CsBr to PbBr, in DMSO. A peak luminance of 4590 cd m~2 was obtained
for the PelLEDs prepared with CsPbBrs-solution, which is 48 and 12 times higher than that of the
optimized PeLEDs fabricated using CsBr/PbBr, precursor solutions with different molar ratios of CsBr to
PbBr, of 2:1 and 1:1. Our results reveal that the morphology and control of excess Pb atoms in the
perovskite emitting layer play an important role in modulating the current losses and the radiative decay
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1. Introduction

Recently, organic-inorganic hybrid perovskites have attracted
increasing attention for application in photovoltaic devices due
to their low cost, earth-abundance and solution-fabrication
processes at low temperatures under ambient conditions.
Rapid progress has been made in perovskite solar cells with a
power conversion efficiency of above 20%."* Organic-inorganic
hybrid perovskites are also emerging as a promising technology
for use in light-emitting diodes (LEDs) because they can provide
high color purity with a full width at half maximum (FWHM) of
~20 nm irrespective of their crystal size. Unlike the conventional
inorganic quantum dots, their intrinsic crystal structure is like a
multiple quantum well.>™*° The perovskite nanoparticles have a
high photoluminescence quantum yield (PLQY). Reports on the
progress of organic-inorganic hybrid perovskite LEDs increased
rapidly in less than one year, e.g., bilayered perovskite light-
emitting diodes (PeLEDs) with a high current efficiency of
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rate, which were optimized in this work for attaining efficient operation of the PeLEDs.

42.9 cd A" were demonstrated."" More recently, LEDs based on
all solution-processable inorganic perovskites have also attracted
considerable research interest because of the advantages of high
PLQY, easily tunable emission colors, and high color purity for
applications in solid-state lighting and displays.’*™** Solution-
processed inorganic CsPbBr;-based perovskite LEDs, fabricated
using CsBr-PbBr, precursor solutions with two different CsBr/
PbBr, molar ratios of 2:1 and 1:1, with maximum luminance
values of 407 cd m~* and 132 cd m ™2 were demonstrated."” The
performance of CsPbBr;-based PeLEDs remains modest, due to
the incomplete surface coverage of perovskite films and exciton
quenching caused by the excess interstitial Pb atoms. The
presence of the excess Pb atoms deteriorates the luminance
because of the increase in the nonradiative decay rate, thereby
causing a decrease in the radiative decay rate.'® The existence of
interstitial Pb atoms in a pure inorganic perovskite is more
severe than that in organic-inorganic hybrid perovskites due to
the lower solubility of CsBr than that of the methylammonium
halide (MABr) in solution. Interstitial Pb atoms can emerge in
MAPDBTr; even if MABr and PbBr, are mixed at a molar ratio of
1:1 because of the unintended losses of Br atoms or the
incomplete reaction between MABr and PbBr,."” In a pure
inorganic perovskite, the stoichiometric ratio of CsBr to PbBr,
is less than 1: 1 because of the low solubility of CsBr in solvents
such as dimethylformamide (DMF) or dimethyl sulfoxide
(DMSO), leading to a much higher excess of interstitial Pb
atoms in the perovskite layer. Simultaneous reduction of the
concentrations of PbBr, and CsBr seems to be an effective
method to decrease the ratio of PbBr, to CsBr in the perovskite.
However, reducing the concentrations of precursors in the
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formulations results inevitably in a decrease in the perovskite
layer thickness, a poorer surface coverage of the perovskite film,
and thereby a much higher current loss. These are two limiting
factors and remain an open challenge for further improvement
in the performance of inorganic perovskite-based PeLEDs.

In this work, the effect of morphology and the presence of
interstitial Pb atoms on the performance of inorganic cesium
lead halide perovskite based green PeLEDs was analyzed. Our
results reveal that the morphology of the perovskite film and
the amount of interstitial lead atoms closely relate to the
efficient operation of PeLEDs, and they can be controlled by
adjusting the perovskite precursor solution. Morphology control
provides an optimal coverage and effective blocking of pinholes
or electrical shunting paths with a smaller perovskite crystal.
The formation of interstitial Pb atoms, which is closely asso-
ciated with strong exciton quenching, can be suppressed by
optimizing the perovskite precursor solution. PeLEDs with low
current losses and a higher radiative decay rate were attained by
the morphology control and suppression of interstitial Pb atoms
in the perovskite light-emitting layer, approaching a peak
brightness of 4590 cd m™?, which is 11 times higher than that
reported for similar PeLEDs,'> and also is 48 and 12 times
higher than reference devices made with CsBr/PbBr, precursor
solutions having different molar ratios of 2:1 and 1:1.

2. Experimental section
2.1 Synthesis of CsPbBr; powders

CsPbBr; powders were synthesized following the procedure
reported in the literature.'® Firstly, PbBr, powders (7.31 g,
20 mmol) were dissolved in 30 ml of 48% aqueous HBr to form
a pale-yellow solution. Secondly, CsBr (4.26 g, 20 mmol) powders
were dissolved in 10 ml of H,O. The precipitation of a bright
orange solid appeared by mixing the PbBr, and CsBr solutions.
Finally, the solid was suction filtered, washed copiously with
absolute EtOH and dried under vacuum to obtain >10 g of pure
CsPbBr; powders, with a yield of >90%. The X-ray diffraction
(XRD) patterns and the photograph taken of the CsPbBr; powders
thus synthesized are shown in Fig. S1 (ESIY).

2.2 Device fabrication

All the materials used for device fabrication were purchased
from commercial sources and used without further purification
except for the CsPbBr; powders, which were synthesized
in-house in this work. Indium tin oxide (ITO)-coated glass
substrates with a sheet resistance (R,) of 15 Q sq~* were cleaned
by ultra-sonication in acetone, detergent, and acetone, and the
ITO/glass substrates were then exposed to ultraviolet zone for
10 min prior to device fabrication. PEDOT:PSS was spin-coated
onto ITO/glass at a rotation speed of 3500 rpm for 50 s and
annealed in air at 120 °C for 20 min. 200 nm thick CsPbBr;
perovskite films were formed on PEDOT:PSS using different
CsPbBr; solutions, e.g., solution A (dissolving 0.55 M CsPbBr;
in DMSO), solution B (filtered solution with a molar ratio of
CsBr to PbBr, of 1:1 in DMSO) and solution C (filtered solution
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with a molar ratio of CsBr to PbBr, of 2 : 1 in DMSO), by spin-coating
at a rotation speed of 1500 rpm for 70 s. 5 wt% 4,7-diphenyl-1,10-
phenanthroline (BPhen) in chloroform was dropped immediately
on the surface of the CsPbBr; perovskite film for 30 s to reduce the
crystal size. The samples were then baked at 90 °C for 10 min and
transferred into a high-vacuum chamber (with a base pressure of
~3 x 10" Pa) for the preparation of a 50 nm thick BPhen and
80 nm thick Ag (80 nm) bilayer contact sequentially by thermal
deposition at deposition rates of 1 and 3 A s™7, respectively.

2.3 Characterization

The current density-voltage-luminance characteristics of the
PeLEDs were measured using a Keithley model 2400 power
supply combined with a ST-900M spot photometer, and were
recorded simultaneously during the measurements. The absorption
spectra of the perovskite layers were measured using a Shimadzu
UV-3101PC spectrophotometer. Steady-state photoluminescence
(PL) spectra of the perovskite films were measured using a Hitachi
F7000 fluorescence spectrophotometer. The electroluminescence
(EL) spectra of the PeLEDs were measured using an OPT-2000
spectrophotometer. Scanning electron microscopy (SEM) images
of the perovskite layers were obtained using a Hitachi S4800
field emission scanning electron microscope. XRD patterns of
the perovskite films were recorded with a Rigaku D/Max-2500
diffractometer using Cu Ko radiation (1 = 1.54 A). The PeLEDs were
not encapsulated and were measured in air at room temperature.

3. Results and discussion

PeLEDs have a multilayer structure of ITO/PEDOT:PSS (~ 40 nm)/
CsPbBr; (~200 nm)/BPhen (50 nm)/silver (Ag 80 nm), and the
schematic cross-sectional view of the PeLEDs is shown in Fig. 1a.
The corresponding schematic flat-band energy level diagram of
the devices is shown in Fig. 1b. The 50 nm thick wide bandgap
BPhen layer was employed to serve as an electron transporting
layer and a hole blocking layer, because of its excellent optical
transparency and shallow conduction-band energy level. PEDOT:
PSS was used as a hole transporting layer and an electron
blocking layer. Three types of PeLEDs, defined as Device-A,
Device-B and Device-C, were prepared using different CsPbBr;
formulation solutions, e.g;, “Device-A” type PeLEDs were fabricated
using perovskite solution formulated by dissolving 0.55 M
synthesized CsPbBr; powders in DMSO (precursor-A). The

(b) 29

ITO/
PEDOT:PSS

52

6.4

Fig. 1 (a) Schematic cross-sectional view and (b) schematic energy-level
diagram of the PeLEDs.
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CsPbBr; powders can be dissolved sufficiently in DMSO forming
a clear and transparent solution after annealing at 70 °C for
20 min. “Device-B” and ‘Device-C” types of PeLEDs were
fabricated using precursor solutions formulated by blending
CsBr and PbBr, in DMSO with different molar ratios of 1:1
(precursor-B) and 2 : 1 (precursor-C). Due to the inferior solubility
of CsBr, precipitates were formed in both precursor-B and
precursor-C solutions. The photographs taken for different
perovskite formulation solutions of precursor-A, precursor-B
and precursor-C are shown in Fig. S2 (ESIf), showing that
precursor B has a pale-yellow color and precursor-C has a
yellowish color due to the presence of excess interstitial Pb
atoms in the CsPbBr; solution, suggesting the stoichiometric
ratio of CsBr to PbBr, in the precursor solution is less than 1: 1.
The cross-sectional SEM images taken for the perovskite layers
on PEDOT:PSS fabricated from different perovskite formulation
solutions of precursor-A, precursor-B and precursor-C are pre-
sented in Fig. S3 (ESIT). These CsPbBr; samples have a similar
layer thickness of about 200 nm, revealing that the con-
centration of PbBr, in the solutions dominates the perovskite
film thickness. The huge surface roughness comes from the
large crystal size, forming voids between the crystals and
thereby a low surface coverage. The crystal structures of the
CsPbBr; perovskite films prepared by three different formulations
were analyzed using XRD measurements. The XRD patterns
measured for the perovskite films prepared from three different
solutions are given in Fig. S4 (ESIt), revealing that all films consist
of polycrystalline CsPbBr; phases.'® It can be seen from the XRD
patterns that the change in the stoichiometric ratio of CsBr to
PbBr, in the solutions had very little effect on the crystallinity of
the resulting CsPbBr; perovskite films.

UV-vis absorption and PL spectra measured for the CsPbBr;
perovskite film prepared from precursor-A are shown in Fig. 2a.
The absorption peak of the perovskite film is located at 515 nm,
while the position of the PL emission peak is at around 532 nm,
with a narrow FWHM of 18 nm, in agreement with results
reported previously for CsPbBrs-based green PeLEDs.'” The
UV-vis absorption and PL spectra of perovskite films formed
using precursor-B and precursor-C solutions are similar to that
measured for the film papered from precursor-A solution, as
shown in Fig. S5 (ESIt). The non-zero baseline in the absorption
spectra can be attributed to light scattering and interference
effects. The EL spectra measured for all the perovskite devices
are plotted in Fig. 2b. The PeLEDs prepared from three different
formulation solutions exhibit almost the same emission behavior,
which implies that the light-emission occurred from a CsPbBr;-
based perovskite emitter and no emission from the interface
material occurred. The EL peaks located at 527 nm have a FWHM
of 21 nm, which is similar to the PL spectra of these CsPbBr; films.

The SEM images measured for the CsPbBr; perovskite films
prepared from different solutions of precursor-A, precursor-B and
precursor-C are shown in Fig. 3. Perovskite layers with micrometer-
sized CsPbBr; domains were scattered on the PEDOT:PSS surface
prepared with the precursor-B and precursor-C solutions. A large
amount of volume remained unfilled because the perovskite
layers were not fully occupied by the CsPbBr; cuboids. This high
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Fig. 2 (a) Absorption and PL spectra measured for the perovskite film prepared
using precursor-A solution (365 nm excitation wavelength). (b) Normalized EL
spectra measured for PeLEDs prepared from different perovskite formulation
solutions of precursor-A, precursor-B and precursor-C.

surface roughness and the formation of pinholes in inorganic
halide perovskite films result in the formation of a poor interface
with the electron transport layer forming electrical shunt paths,
which severely limit the current efficiency in PeLEDs. In contrast,
for the CsPbBr; perovskite film prepared with precursor-A
solution, a perfect surface coverage was obtained and the
CsPbBr; crystal morphology changed to a well-packed assembly
of tiny grains ranging from 100 to 250 nm, as shown in Fig. 3a
and d. The smaller grains can spatially limit the diffusion length
of excitons and reduce the possibility of exciton dissociation into
carriers. 95% coverage of the CsPbBr; perovskite was obtained for
the film prepared with precursor-A solution, estimated based on
SEM images using Image ] software, which is much higher than
that of the films prepared with the precursor-B solution (=~ 80%)
and precursor-C solutions (~70%). The pinholes in the perovskite
films caused by incomplete surface coverage lead to substantial
nonradiative current losses. We propose that the difference in
the morphology of the perovskite films fabricated with different
precursor solutions originates from different stoichiometric ratios of
CsBr to PbBr, in the films, where an excess of PbBr, seems to favor
large crystal formation in the film growth progress."

J. Mater. Chem. C, 2018, 6, 1573-1578 | 1575
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Fig. 3 The SEM images taken for CsPbBrs perovskite films prepared from different formulation solutions of precursor-A, (a) and (d), precursor-B (b and e),

and precursor-C (c and f).

The current density-voltage-luminance characteristics of
the PeLEDs are presented in Fig. 4a. The EL performance of
the PeLEDs is summarized in Table 1. It shows that the optimal
morphology improves the crystallization quality and helps to
improve the conductivity, contributing to a significant improve-
ment in the current density of Device-A, agreeing with the
phenomenon reported previously."” The reference devices of
“Device-B” and “Device-C” PeLEDs had a maximum luminance
of 92 cd m 2 and 337 cd m ™2, respectively, similar to a maximum
luminance of 132 cd m™? reported for the device made with a
molar ratio of CsBr to PbBr, of 1:1 in the precursor solution and
a maximum luminance of 407 cd m > for PeLEDs fabricated with
a molar ratio of CsBr to PbBr, of 2:1. “Device-A” type PeLEDs
had the lowest turn-on voltage of 2.8 V as compared to 4.2 V for
Device-B and 3.7 V for Device-C. Notably, pure green emission
can be observed from Device-A at an operating voltage as low as
2.8 V, indicating that an efficient charge injection into the
CsPbBr; perovskite emitting layer was achieved. In the present
experiments, an increased current efficiency and an external
quantum efficiency (EQE) were observed with both increased
voltage and current density, which are shown in Fig. 4b. The
current efficiency and EQE of the green PeLEDs increase with
an increase in current density due to a dominant radiative
bimolecular recombination at higher excitation densities. The
EQE of the best-performing ‘“Device-A” type PeLEDs reaches up
to ~0.06% at the highest luminance of 4590 cd m 2 with a
current density of 1830 mA cm >, where a highest current
efficiency of 0.25 cd A™! is also achieved. The maximum
luminance, current efficiency and EQE of Device-A are 48, 28
and 29 times higher than those measured for Device-B, and 12,
21 and 19 times higher than those of Device-C. It was reported
that a reduced trap density could account for the improved
performance of PeLEDs fabricated using a CsBr-rich solution.'?
We show here that this is not the whole reason. Compared to
the CsBrrich film, there exist many more pinholes in the
perovskite film fabricated by the equimolar CsBr-PbBr, solution
as shown in the SEM images. The poor coverage of the film

1576 | J Mater. Chem. C, 2018, 6, 1573-1578

g 310°
3 | &
§ 1 3
e
% o 1008
2 40 : 0 Va E
= 107 ¢ ._..0 A A ] E
2_: ‘.4 A-AA 2
S o-o-f-°° _._...-o-. ;A : —u—Device A 10°
i o A/ —o— Device B
g —A— Device C
® 1 / i 1 i 1 " L I 10°
3 4 5 6 7
Voltage (V)
10° 10°
E (b)  —m—Device A E
L —A—Device B a1
10" 3 —— DevnceC. . .__._._.’-_.,.__-/- ' 10
F ./. il
310

-o—0—@
A
A\A\ -—0-0’ f

] 8
A A 410'8
T0e-o- OM st i g

Current efficiency (cd/A)

10" — __.——,h. —v—l—l-—-'-_—
./. L | ./. - : .'ll - 10'2
i..,o—-o—o
—aA —e-0—9%% JA’ 410°
S o bee-are =1 E
10-5 PR RSP RO ENUR EU IR R B ] 4

10
0 200 400 600 800 1000 1200 1400 1600 1800
Current density (mA/cmz)

Fig. 4 (a) Current density—voltage-luminance characteristics, (b) current
efficiency—current density—EQE characteristics measured for three types
of PeLEDs prepared using different formulation solutions of precursor-A,
precursor-B and precursor-C.

fabricated by the equimolar CsBr-PbBr, solution must result in
a large amount of electrical shunting paths and induce serious
current losses, which lead to inferior device performances in

This journal is © The Royal Society of Chemistry 2018
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Table 1 A summary of the performance of different PeLEDs

Linax Current efficiency
Samples  Vigmon (V) (cdm™2) (cd A7) EQEmax (%)
Device-A 2.8 4590 0.25 0.06
Device-B 4.2 92 0.0085 0.002
Device-C 3.7 337 0.011 0.003

luminance, current efficiency and EQE. We also found that that
breakdown is much easier for Device-B and Device-C than
Device-A at the same current density, which is attributed to
the local Joule heating from the high current filament through
the pinholes. This is in accordance with the device working
lifetime test. As shown in Fig. 5, the emission from a non-
encapsulated Device-A can remain for more than half an hour,
while breakdown in a few seconds was observed for Device-B
and Device-C types of PeLEDs. Hence, the pinholes in the
perovskite films limit the device EQE through nonradiative
current losses, as well as limit the maximum brightness of the
PeLEDs by causing early breakdown at low bias voltages. In
addition, the number of excess interstitial Pb atoms is much
lower in Device-A as compared to that in Device-B due to the
poor solubility of CsBr in the precursor solution, as shown in
Fig. S2 (ESIt). The relatively low density of the excess interstitial
Pb atoms in Device-A reduces the exciton quenching probability,
which is beneficial for promoting radiative recombination processes,
and thereby enhances luminescence efficiency eventually.

The EL spectra of “Device-A” type PeLEDs at different drive
voltages are shown in Fig. 6a, indicating that the EL spectra of
the PeLEDs are not dependent on the external bias. The device
gives a very narrow EL spectrum, arising from the band-edge
emission. The PeLEDs display EL spectra solely from CsPbBr;
without any noticeable contribution from any charge transport
materials, indicating that the CsPbBr; emitter serves as the
primary exciton recombination zone during device operation.
The corresponding Commission Internationale de I’Eclairage
(CIE) color coordinates of (0.16, 0.78) for the PeLEDs are shown
in Fig. 6b, satisfying the requirement of the CIE coordinates for
application in displays. The inset of Fig. 6b shows the
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Fig. 5 Luminance—aging time characteristics measured for Device-A
type PeLEDs under a constant operation voltage of 6 V.
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Fig. 6 (a) The EL spectra measured for Device-A type PeLEDs at different
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spectrum of Device-A operated at 6 V. Inset: Photographtaken for a
working Device-A emitting green light.

photograph taken for a Device-A emitting pleasant green light,
showing the uniform emission across the entire device pixel,
demonstrating the emission quality and the potential of the
CsPbBr;-based PeLEDs made with a solution-fabrication process.
It is necessary to note that device performance can be
further optimized by interface engineering such as replacing
the charge transfer layer of PEDOT:PSS. A high hole injection
barrier exists at the PEDOT:PSS/perovskite interface because of
the mismatch between the ionization potential (IP) level of the
perovskite (~ 6.0 eV) and the work function (WF) of PEDOT:PSS
(ca. 5.2 eV). This large hole injection barrier (~0.8 eV) limits
hole injection into the perovskite layer and hence the overall
electron-hole current balance in the emitting layer (EML). The
PEDOT:PSS hole transporting layer also induces significant
exciton quenching at the PEDOT:PSS/CsPbBr; interface because
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of the long exciton diffusion length in the perovskite layer, and
thereby reduces the device efficiency by limiting the radiative
recombination of charge carriers.”>*" Therefore, using a high-WF
hole injection material enables prevention of exciton quenching
in PeLEDs, which is of prime importance to achieve high EL
performance by a combination of removing a high hole injection
barrier and suppressing luminescence quenching. It was found
that there existed an unintended loss of Br atoms in the
perovskite layers, e.g., the molar ratio of CsBr to PbBr, is less
than 1:1 even in the perovskite films prepared from precursor-A
solutions. The excess Pb atoms would induce strong exciton
quenching. In the organic-inorganic hybrid perovskite LEDs,
the maximum current efficiency can be varied from 4.87 x 10>
to 21.4 cd A™' by increasing the molar ratio of CH;NHBr;
to PbBr, from 1:1.05 to 1.05:1."" It is anticipated that the
performance of the PeLEDs developed in this work can be
further improved by introducing a small amount of CsBr in
the precursor-A solution. Analyses of device performance and
morphological characterization suggest that the CsPbBr; film
prepared by precursor-A solution provides smaller crystalline
grains and an optimal surface coverage, which effectively prevents
the formation of pinholes or electrical shunting paths, and
suppression of the excess interstitial Pb atoms. The combined
effects avoid low current and losses to nonradiative decay leading
to a significant enhancement in device efficiency.

4. Conclusion

In summary, the performance of inorganic cesium lead halide
perovskite based green PeLEDs was analyzed. We found that
the smooth morphology and the reduction of the excess inter-
stitial Pb atoms in the perovskite emitter play an important role
in the efficient operation of PeLEDs. The quality of the perovskite
emitter was controlled by optimizing the formulation of the
perovskite precursor solution. Morphology and excess interstitial
Pb atoms are closely associated with the surface coverage of the
perovskite emitter, which was optimized for preventing the
formation of pinholes, electrical shunting paths and low current
losses. The remarkable improvement in the EL performance of
solution-processed PeLEDs was demonstrated. The outcomes
of this work offer an attractive option toward low cost and
solution-processable inorganic PeLEDs for applications in large-
area displays and solid-state lighting.
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