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Perovskite light-emitting diodes (PeLEDs) have attracted much attention in the past two years due to their

high photo-luminescence quantum efficiencies and wavelength tuneable characteristics. In this work, the

effect of annealing temperature and time on the perovskite (CH3NH3PbBr3) films and devices have been

investigated in detail. The properties including photoluminescence, crystallinity and morphology of

perovskite films together with device performance have been affected significantly by the annealing

temperature and time. The PeLED with 80 �C annealing for 20 min shows the best device performance

and exhibits a maximum luminance of 13 700 cd m�2, and a maximum current efficiency of 8.22 cd A�1.

This work will provide useful information for the future optimization and development in high quality

perovskite films and high performance PeLEDs.
Introduction

Organic–inorganic lead halide perovskite materials have attrac-
ted great research interest for perovskite solar cells due to their
high power conversion of over 20%.1,2 Very recently, perovskite
light-emitting diodes (PeLEDs) have been reported and have
attracted much attention due to their special characteristics,
such as high photoluminescence (PL) quantum efficiencies,3

tunable wavelength,4–7 and large charge carrier diffusion length.8

Red, green, and blue emitting PeLEDs have been reported,9–18

and the green emitting PeLEDs with CH3NH3PbBr3 (MAPbBr3)
have attracted more attention due to a recent reported PeLED
with a current efficiency of 42.9 cd A�1, opening up potential
applications in display and lighting elds.19

A bright light emitted and high coverage perovskite lm is
a pre-requisite for high performance PeLEDs. However, due to
the perovskite materials are easily crystal at low temperature,
large grain size is easily formed during the perovskite lm
processing, resulting in poor coverage and large leakage
current, thus poor device performance. Several methods have
been carried out to improve the perovskite lm quality and the
PeLED performance. Numerous of interfacial layers and inter-
facial treatment methods have been introduced during the
device processing, such as ultrathin polyethyleneimine modi-
cation layer,12 amino acid modied ZnO,20 ethanolamine
modied TiO2,21 modied poly(3,4-ethylenedioxythiophene)
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doped with polystyrene sulfonic acid (PEDOT:PSS),4 and elec-
tron transport layer Zn1�xMgxO.22 Moreover, blends of perov-
skite and polymers dielectric were reported to reduce pinholes
and improve quantum efficiency.23,24 Among all of these re-
ported, lm quality have been improved, but the device prop-
erties including luminance and current efficiency are relatively
low, and need to be further improved.

As we know, during the perovskite lm formation, two
processes of spin-coating and annealing are the key for
controlling the morphology of the perovskite lm. Volatile
solvent treatment is a popular method used in perovskite
photovoltaic cells to induce fast crystallization of the perovskite
material during spin-coating process.25–27 In the last year, this
method had been used by Cho et al. to control the grain size of
perovskite lm, which boosted the PeLED performance,
revealing the highest current efficiency and external quantum
efficiency so far.19 More and more researchers have pay close
attention to the spin-coating process during the PeLED fabri-
cation. But comparing to a thin perovskite layer, it is difficult to
control the morphology of a thick perovskite layer, resulting
from the fast growth of the perovskite lm in a slower solvent
evaporation process during spin-coating from a highly
concentrated solution. Therefore, it exhibits poor reproduc-
ibility in PeLED with a thick light emitting layer. Additionally,
the overlooked annealing process is also very important for the
perovskite crystals grow and lm formation.

In this work, chlorobenzene (CB) was used as the solvent to
induce fast crystallization and reduce the grain size during a thin
MAPbBr3 lm formation. And the effect of annealing tempera-
ture and time on the perovskite lms and devices have been
investigated in detail. It is found that the annealing temperature
and time have signicantly impact on perovskite lm and device
This journal is © The Royal Society of Chemistry 2016
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properties. An anneal condition optimized PeLED shows
a maximum luminance of 13 700 cd m�2, and a maximum
current efficiency of 8.22 cd A�1. This work will provide useful
information for the future optimization and development in high
quality perovskite lms and high performance PeLEDs.

Experimental

Fig. 1(a) shows the device conguration of the PeLED used in
this study and the corresponding layers in the device have
marked in the cross section scanning electron microscopy
(SEM) image. All devices are constructed on the widely used
transparent indium tin oxide (ITO) electrode, which was
cleaned with acetone, alcohol, and deionized water in an
ultrasonic bath and then baked at 120 �C for 30 min in an oven.
Aer UV-ozone treated for 20 min, a 40 nm-thick PEDOT:PSS
(Clevios P AI 4083) was spin coated on the ITO, and baked at 140
�C for 10 min on a hot plate. Subsequently, the samples were
transferred into a N2 glove box. A blend of CH3NH3Br (Xi'an
Polymer Light Technology Corp., $99.5%) and PbBr2 (Xi'an
Polymer Light Technology Corp., >99.99%) in a 2 : 1 molar ratio
(10 wt%) was spin-coated onto the samples from DMF for use as
the active layer (4000 rpm, 30 s). During this spin-coating pro-
cessing, 300 ml CB was dropped onto the sample at about 7th
second. Then the samples were annealed at different tempera-
tures on the hot plate. The thickness of the perovskite layer is
about 60 nm. Finally, TPBi (30 nm), LiF (1 nm) and Al (100 nm)
were thermally deposited in vacuum at a pressure of 3.0 � 10�4

Pa. The active area of the PeLED devices was 0.12 cm2. All
measurements were carried out in air without encapsulation.

Surface images of the composite lms were obtained by SEM
(Hitachi S-4800), and atomic force microscopy (AFM) measure-
ments were performed with a Shimadzu SPA-9700. PL spectra
Fig. 1 (a) Device configuration and the cross section SEM of the PeLED u
and (c) with CB solvent. Both of the films were annealed at 60 �C for 30

This journal is © The Royal Society of Chemistry 2016
were collected using a Shimadzu F-7000 spectrometer with an
excitation wavelength of 360 nm and X-ray diffraction (XRD)
patterns were carried out using a Bruker Advance D8 X-ray
diffractometer. Photoluminescence quantum yields (PLQYs) of
encapsulated lms were obtained in a calibrated integrating
sphere in FLS920 spectrometer. Ultraviolet-visible (UV-vis)
absorption spectra were collected using a Shimadzu UV-
3101PC spectrophotometer. The thickness of each lm was
measured using an Ambios XP-1 surface proler. Current
density versus voltage (J–V) and luminance versus voltage (L–V)
characteristics were measured using a system incorporating
a Konica-Minolta LS-110 Luminance Meter and a Keithley 2611
source-measure unit.

Results and discussion

Spin-coating and annealing are the two keys for controlling the
morphology of the perovskite lm in the device fabrication. Due
to the high crystallinity, large MAPbBr3 crystals are easily
formed during spin-coating from DMF solution14,15,23 as shown
in Fig. 1(b). The large grain size (�200 nm) result in large non-
radiative leakage current and large exciton diffusion length,
thus poor PeLED performance. Solvent induced crystallization
has been reported as an efficient method for morphology
control in perovskite solar cells,25,28,29 which has also been
introduced in PeLEDs.19,20 In this work, CB was used as the
solvent to induce fast crystallization during the MAPbBr3 lm
formation. Fig. 1(c) shows the SEM image of the MAPbBr3 lm
treated with CB solvent. The grain size was reduced to about 50
nm aer CB treatment.

In order to explore the effect of annealing temperature and
time on the MAPbBr3 lm, a series of measurements were
carried out. The luminescent properties of the lms were
sed in this study. SEM images of the MAPbBr3 films treated (b) without
min.

RSC Adv., 2016, 6, 71070–71075 | 71071
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Fig. 2 PL spectra of MAPbBr3 films annealed under (a) 60 �C, (b) 80 �C and (c) 100 �C.

Fig. 4 AFM images of MAPbBr3 films annealed under 100 �C for (a) 10
min, (b) 20 min, (c) 30 min and (d) 40 min. The enlarged image of (a) is
shown in the inset of the figure.
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studies by steady-state PL measurement. Fig. 2 shows the PL
spectra of MAPbBr3 lms annealed under different tempera-
tures (60 �C, 80 �C and 100 �C) for various time (10, 20, 30 and 40
min), and Table S1† shows the photophysical parameters of
these lms, including full width at half maximum (FWHM),
absorption peak, maximum emission wavelength, and photo-
luminescence quantum yield (PLQY). The MAPbBr3 lm
exhibits a PL peak around 530 nm. For the 60 �C and 80 �C
annealed lms (Fig. 2(a) and (b)), as the annealing time
increasing, the PL intensity rst climb up and then decline, the
highest PL intensity were achieved in the lm annealed for 30
min and 20 min, respectively. For the 100 �C annealed lms, the
highest PL intensity was achieved in the lm annealed for 10
min, and then the PL intensity decreased signicantly as further
increasing the annealing time. The decreased PL intensity may
be attributed to the increased defects in the MAPbBr3 lm
which lead to increased charge trapping and non-radiative
recombination (luminescence quenching).30,31 However, from
Fig. 2, it can be seen that a high PL can be achieved with
annealing at low temperature (60 �C) for a long time or at high
temperature (100 �C) for a short time. The PLQYs of the corre-
sponding lms (Table S1†) show similar variation tendency as
PL spectra, and the maximum PLQY was achieved in the two
lms annealed at 80 �C for 10 min and 20 min.

Fig. 3 shows the XRD patterns of MAPbBr3 lms annealed
under different temperatures (60 �C, 80 �C and 100 �C) for
various time (10, 20, 30 and 40min), which can reveal the crystal
nature of the material under annealing processing. There can
Fig. 3 XRD patterns of MAPbBr3 films annealed under (a) 60 �C, (b) 80 �

71072 | RSC Adv., 2016, 6, 71070–71075
be seen two sharp diffraction peaks at about 15.20� and 30.32�

in the XRD patterns, which are assigned to (100) and (200)
planes, respectively.19,20 Among all of the samples, there is no
PbBr2 XRD pattern present,32 suggesting complete conversion of
C and (c) 100 �C.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 J–V characteristics of PeLEDs annealed at (a) 60 �C, (c) 80 �C
and (e) 100 �C. L–V characteristics of PeLEDs annealed at (b) 60 �C, (d)
80 �C and (f) 100 �C.

Fig. 6 EL spectrum of the PeLED with 80 �C annealed for 20 min.
Photograph of this device is shown in the inset of the figure.
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perovskite and absence of any degradation under different
temperatures. For the 60 �C annealed lms, the intensity of the
XRD diffraction peaks for MAPbBr3 was found to increase as the
annealing time increasing, and reached higher value aer
annealing for 30 min. For the 80 �C annealed lms, higher peak
intensity can be found at the annealing time below 30 min, and
the peak intensity decrease with annealing for 40 min. For the
100 �C annealed lms, the peak intensity was found to decrease
with the increased annealing time. Corresponding to the PL
spectra shown in Fig. 2, the lm with high XRD peak intensity
was also found to exhibit high PL intensity, which indicates
appropriate annealing temperature and time have positive
effect on the MAPbBr3 lm formation.
Table 1 Device parameters of PeLEDs annealed at different temperatur

Annealing temperature
and time

Turn-on voltage
(V)

Max. lum
(cd m�2)

60 �C 10 min 3.5 � 0.2 1280 �
60 �C 20 min 3.3 � 0.2 5090 �
60 �C 30 min 3.2 � 0.1 5370 �
60 �C 40 min 3.3 � 0.1 4270 �
80 �C 10 min 3.2 � 0.1 11 900 �
80 �C 20 min 3.2 � 0.1 13 700 �
80 �C 30 min 3.2 � 0.1 7980 �
80 �C 40 min 3.3 � 0.2 7340 �
100 �C 10 min 3.3 � 0.1 7330 �
100 �C 20 min 3.5 � 0.2 5740 �
100 �C 30 min 3.6 � 0.2 3070 �

This journal is © The Royal Society of Chemistry 2016
As seen in Fig. 2 and 3, the MAPbBr3 lms annealed at 100 �C
show signicant changes in PL and XRD spectra as the increased
annealing time. So AFM measurement was carried out to estab-
lish relationship between the lm morphology and PL or XRD
characters and help us reveal the lm growth process. Fig. 4
shows the AFM images of MAPbBr3 lms annealed under 100 �C
for 10, 20, 30 and 40 min, respectively. It is seen in Fig. 4 that the
grain size increases with the increased annealing time. The
MAPbBr3 crystals were small and dense at the rst annealed 10
min and shown layer-by-layer growth which can be clearly seen in
the enlarged image in Fig. 4(a). As the annealing time increased
to 20 min, the crystals grown and fused to each other. When the
annealing time increased to 30 min and 40 min, the grain size
further increases. In order to understand the effect of the grain
size on the lm coverage, the coverage of the MAPbBr3 lms were
calculated by using Image J soware. The calculated coverage of
the MAPbBr3 lms annealed under 100 �C for 10, 20, 30 and 40
min are 97.5%, 95.3%, 92.8% and 90.7%, respectively, which is
found to decrease as the grain size increasing. The decreased
coverage would result in increased pinholes in the MAPbBr3 lm,
which also result in increased bulk trap states in the perovskite
lms with a high temperature annealed for a longer time.31 Thus,
as the annealing time increasing, decreased PL intensity was seen
in Fig. 2(c). Therefore, proper annealing temperature and time
es (60 �C, 80 �C and 100 �C) for various time (10, 20, 30 and 40 min)

inance Max. current efficiency
(cd A�1)

Voltage for max.
luminance (V)

500 3.21 � 0.6 6.6 � 0.2
1000 4.73 � 0.6 6.6 � 0.2
1500 5.07 � 0.5 6.0 � 0.4
1000 4.69 � 0.6 6.6 � 0.2
2000 6.85 � 0.7 6.9 � 0.2
2000 8.22 � 0.8 6.6 � 0.3
1500 3.81 � 0.6 6.9 � 0.2
1000 3.90 � 0.6 6.9 � 0.2
1500 2.93 � 0.7 7.2 � 0.3
1000 1.61 � 0.6 7.2 � 0.3
1000 0.75 � 0.7 7.2 � 0.3

RSC Adv., 2016, 6, 71070–71075 | 71073
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are necessary for high luminance, good crystallinity and high
coverage perovskite lm.

The devices with the structure of ITO/PEDOT:PSS/MAPbBr3/
TPBi/LiF/Al (Fig. 1(a)) were fabricated. Fig. 5 shows the J–V and
L–V properties of the PeLED annealed under different tempera-
tures (60 �C, 80 �C and 100 �C) for various time (10, 20, 30 and 40
min). And Table 1 lists these device parameters, including turn-
on voltage, maximum luminance, maximum current efficiency,
and voltage for maximum luminance. For the 60 �C annealed
devices, the current density of the PeLEDs with annealed over 30
min is smaller than that of the device with annealed 10, or 20
min at driven voltage below turn on voltage, indicating the
suppression of leakage current by annealing for a longer time.
The maximum current efficiency of 5.07 cd A�1 was achieved at
the 30 min annealed device, with the highest luminance of 5370
cd m�2 at 6.0 V. For the 80 �C annealed devices, the current
density of the PeLED with annealed for 20 min is smaller than
those of the other devices at the same driven voltage, and the
maximum current efficiency of 8.22 cd A�1 was also achieved at
the 20 min annealed device, with the highest luminance of
13 700 cd m�2 at 6.6 V. For the 100 �C annealed devices, the
maximum current efficiency of 2.93 cd A�1 was also achieved at
the 10 min annealed device, with the highest luminance of 7980
cd m�2 at 7.2 V. The device performance degenerated signi-
cantly as the annealing time increasing, and the 40 min
annealed device was hardly work (not shown in Fig. 5). The
variation tendency of luminance in all of these devices is
consistent with the PL spectra shown in Fig. 2. Among all of
these PeLEDs, the devices with 80 �C annealed have better device
performance than that of the devices with 60 �C or 100 �C
annealed, and in the 80 �C annealed devices, 20 min annealed
device has the best performance, indicating that the MAPbBr3
lm exhibited the best crystallinity and coverage. The EL spec-
trum of this device is shown in Fig. 6, which has an EL peak at
530 nm, consisted with its PL spectrum. And the bright device
photograph is also shown in the inset of this gure.

Conclusions

In summary, the effect of annealing temperature and time on
the perovskite lms and devices have been investigated in
detail. The properties including photoluminescence, crystal-
linity and morphology of perovskite lms together with device
performance have been affected signicantly by the annealing
temperature and time. It is found that an optimized annealing
condition of the PeLED prepared in this work is 80 �C annealed
for 20 min. The optimized device exhibits a maximum lumi-
nance of 13 700 cd m�2, and a maximum current efficiency of
8.22 cd A�1. We believe the annealing temperature and time
studied in this work could be of great value for the further
fabrication and development of high quality perovskite lms
and high performance PeLEDs.
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