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A facile one-step solution deposition via
non-solvent/solvent mixture for eﬃcient
organometal halide perovskite light-emitting
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Although organometal halide perovskite materials have shown great potential in light-emitting diodes,
their performance is greatly restricted by the poor morphology of the perovskite layer. In this work, we
demonstrate a facile one-step solution method to improve the perovskite ﬁlm morphology via a nonsolvent/solvent mixture. An eﬃcient CH3NH3PbBr3-based light-emitting diode was prepared with a
chlorobenzene/N,N-dimethylformamide mixed solvent. A high eﬃciency of 0.54 cd A−1 is demonstrated,
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which is 22 times higher than that of a device fabricated by a traditional one-step solution process. Furthermore, the uniformity of the emission region and the device stability are strongly improved by this
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facile one-step solution process. Our work paves a new way for the morphological control of perovskite
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ﬁlms for application in light-emitting diodes.

Introduction
The organometal halide perovskite materials have attracted
considerable interest because of their exceptional optoelectronic properties,1,2 such as their high mobility of ambipolar carrier transport,3 high photoluminescence quantum
eﬃciency,4 tuneable optical bandgap from the visible to infrared region5 and long-range charge carrier diﬀusion length.6
Moreover, perovskite materials with high crystallinity can be
solution-processed easily at low temperature, which makes
them very attractive materials for low-cost and large-area optoelectronic applications. At the end of the past century, a lot of
eﬀort was put into the development of light-emitting diodes
based on organometal halide perovskite materials.7,8 However,
electroluminescence was only demonstrated at very low temperature (∼77 K). Recently, intensive work has been dedicated
to the research of methylammonium lead halide perovskite
(CH3NH3PbX3, X = I, Br, Cl) materials due to their enormous
potentiality for photovoltaic applications,9–11 which has successfully awakened interest for using them as light emitters.
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Very recently, bright and colour-controlled electroluminescence at room temperature was demonstrated in these methylammonium lead halide perovskite light-emitting diodes
(PeLEDs),5,12–19 thereby opening up a potential range of
display and lighting applications for these materials.
The poor coverage of perovskite films, which leads to
seriously non-radiative leakage current losses, is still one of
the bottlenecks for improving the performance of PeLEDs. To
suppress the leakage current in PeLEDs, diﬀerent methods
have been demonstrated, which can be generally split into two
approaches. One is to control the formation process of the perovskite film to achieve a uniform and smooth surface by an
interfacial treatment method, such as the use of an ultrathin
polyethyleneimine (PEI) modification layer,15 by interfacial
treatment with a polar solvent14 or by interfacial treatment
with a highly volatile non-polar solvent.19 These interfacial
treatments, however, are complex and delicate, which limits
the repeatability of the fabrication process of the perovskite
film. Another is to block the film’s pinholes by a dielectric
polymer, such as a polyimide precursor dielectric (PIP),18
which is an eﬀective way to suppress the non-radiative current
loss. However, the dielectric polymer is harmful to the electrical properties of PeLEDs. Therefore, how to prepare smooth
perovskite films with full coverage is still a pivotal issue for the
construction of PeLED devices with superior performance.
In this work, we report an improved one-step solution
process using a non-solvent/solvent mixture for eﬃcient
PeLEDs. MAPbBr3 (MA = CH3NH3), which exhibits a high air

This journal is © The Royal Society of Chemistry 2016

View Article Online

Published on 22 April 2016. Downloaded by Xian Jiaotong University on 18/12/2016 13:00:18.

Nanoscale

stability and exciton binding energy (∼84 meV),20 is used as
the green emission layer. The mixed solvent is constituted by
chlorobenzene (CBZ), which is a typical non-solvent of the
MAPbBr3 precursor (i.e. MABr and PbBr2), and a good solvent of
the MAPbBr3 precursor, N,N-dimethylformamide (DMF).10
Based on this improved one-step solution process, a maximum
luminance of 3868 cd m−2 and a current eﬃciency of 0.54 cd
A−1 were demonstrated, which represents a more than 20-fold
improvement over the values for a control device fabricated by a
traditional one-step solution process. Furthermore, it was also
demonstrated that our approach can significantly enhance the
uniformity of the emission region as well as the device stability.

Experimental
MABr was synthesized and purified according to a previous
report.5 After that, a 20 wt% MAPbBr3 solution was prepared
by reacting MABr and PbBr2 (Aldrich) in a mixed solvent at
60 °C for 2 hours. The optimized molar ratio of MABr : PbBr2
is 1.5 : 1 (see Fig. S1, ESI†). The volume ratios of CBZ to DMF
in the mixed solvent were 1/10, 2/10, 3/10 and 4/10, respectively. To compare the influence of the solution concentration
on the film morphology, a 5 wt% MAPbBr3 solution using a
4/10 CBZ/DMF mixed solvent was prepared. A 20 wt% MAPbBr3
solution using traditional DMF solvent was also prepared for
control device fabrication. The film thickness was determined
by a Dektak profilometer. It was found that all film thicknesses
were around 140 nm, except the film fabricated by the 5 wt%
MAPbBr3 solution, the thickness of which was around 48 nm
(see Fig. S2, ESI†). The equilibrium solubility of the MAPbBr3
precursor in diﬀerent solutions was measured by the widely
used saturation shake-flask method that is the same as
described in a previous report.21
Indium tin oxide (ITO) glass with a sheet resistance of
25 Ω □−1 was used as the substrate. Prior to device fabrication,
ITO substrates were cleaned with deionized water and organic
solvents and then exposed to a UV-ozone atmosphere for
5 minutes. Then, a 40 nm-thick PEDOT:PSS (AI4083 CLEVIOS)
layer was deposited by spin-coating. The PEDOT:PSS film was
then baked at 120 °C for 20 minutes in air. After the film had
cooled down, the MAPbBr3 precursor was spin-coated on the
PEDOT:PSS layer at 3000 rpm, and then baked at 80 °C for
15 minutes in a glove box with a N2 atmosphere. Then, the
MAPbBr3 film was transported into a thermal evaporation
chamber without air exposure for the fabrication of an organic
layer, as well as the LiF/Al cathode. The base pressure during the
evaporation process was about 1 × 10−3 Pa. The evaporation
rates for the organic layer, LiF and Al were 0.3 nm s−1, 0.1 nm
s−1 and 1 nm s−1, respectively. The thickness of the films was
determined in situ by a quartz crystal sensor and ex situ by a profilometer. The emission area of the device was about 12 mm2.
Luminance–current–voltage (L–I–V) characteristics, as well as the
stability performance of the devices, were measured using a
computer-controlled sourcemeter (Keithley 2602) and a calibrated silicon photodiode. All measurements were carried out at
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room temperature in the glove box in a 99.999% N2 atmosphere
to exclude the influence of an air atmosphere on the device performance.17 Electroluminescence spectra were measured using a
PR650 spectrometer. The surface morphology was investigated
by scanning electron microscopy (SEM), atomic-force microscopy
(AFM, Bruker) and a 50× microscope objective with a numerical
aperture of 0.5 (Nikon, Japan). The perovskite film was characterized by X-ray diﬀraction (XRD) (D/MAX-2400, Rigaku, Japan)
with Cu Kα radiation. Photoluminescence spectra of the perovskite films were recorded using a fluorescence spectrophotometer
(Fluoromax 4, HORIBA Jobin Yvon). Time-resolved PL spectra
were recorded with a 100 ps time resolution using a time-correlated single photon counting (TCSPC) system (FLS920 spectrometer) (excited by picosecond pulsed LEDs, pulse duration:
<850 ps, repetition rate: 10 MHz).

Results and discussion
The influence of the CBZ/DMF ratio on the MAPbBr3 film morphology is shown in Fig. 1(a)–(e). As shown in Fig. 1(a), an iso-

Fig. 1 Top-view SEM images of MAPbBr3 ﬁlms deposited on PEDOT:
PSS/ITO substrates. The MAPbBr3 ﬁlms were fabricated using solutions
with diﬀerent CBZ/DMF ratios of 0/1 (a), 1/10 (b), 2/10 (c), 3/10 (d), 4/10
(e) and 4/10 (f ), respectively. The concentrations of the solutions used
for (a)–(e) were 20 wt%, and that of the solution used for (f ) was 5 wt%.
The insets show images with higher resolution.
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lated crystalline layer with grain size ∼1 μm was formed by the
MAPbBr3 solution using DMF solvent. The film coverage was
rather low, at ∼54% (estimated from SEM images using the
software ImageJ). When the CBZ was added into the solvent,
the MAPbBr3 grain size decreased dramatically. As shown in
Fig. 1(b), the grain size of a film fabricated using a 1/10 CBZ/
DMF solvent was in the range from 100 nm to 300 nm. With
an increase in the proportion of CBZ in the mixed solvent,
however, the crystal size of the MAPbBr3 did not decrease
further, as is shown in Fig. 1(c)–(e). Furthermore, the coverage
of the MAPbBr3 films was significantly enhanced by increasing
the proportion of CBZ. As shown in Fig. 1(b)–(e), the coverage
percentages of MAPbBr3 films fabricated with diﬀerent CBZ/
DMF ratios of 1/10, 2/10, 3/10 and 4/10 were ∼88%, ∼92%,
∼95% and ∼98%, respectively, which indicates an increase in
the crystal density. A film was also prepared using a MAPbBr3
solution of low concentration (5 wt%, 4/10 CBZ/DMF) to check
the influence of solution concentration, as shown in Fig. 1(f ).
In the low concentration situation, the CBZ addition also suppressed the formation of large isolated cuboid MAPbBr3 nanocrystals. However, because of the low solution concentration,
the coverage of this layer was still poor, at ∼45%, which indicates that the solution concentration is also important for a
high coverage film. The film roughness can also be improved
by using a CBZ/DMF solvent. According to the AFM test, the
root mean squared (RMS) values for the diﬀerent films were
76.0 nm (pure DMF, 20 wt%), 43.1 nm (1/10 CBZ/DMF, 20 wt%),
37.1 nm (2/10 CBZ/DMF, 20 wt%), 36.4 nm (3/10 CBZ/DMF,
20 wt%), 28.3 nm (4/10 CBZ/DMF, 20 wt%) and 33.1 nm (4/10
CBZ/DMF, 5 wt%), respectively (see Fig. S3, ESI†). The films
fabricated using the mixed solvent were significantly smoother
than that fabricated using DMF.
The crystallinity of the MAPbBr3 films mentioned above was
also characterized by XRD. As shown in Fig. 2, the MAPbBr3
films fabricated by 20 wt% solutions gave diﬀraction peaks at
14.90°, 20.99°, 30.03° and 43.1°, which are assigned to the
(100), (110), (200) and (220) planes of a cubic perovskite struc-

Fig. 2 XRD patterns of the MAPbBr3 ﬁlms fabricated by solutions with
diﬀerent CBZ/DMF ratios, as well as diﬀerent solution concentrations.

11086 | Nanoscale, 2016, 8, 11084–11090

Nanoscale

ture, respectively.9,24 However, only one peak, located at
14.92°, could be observed for the MAPbBr3 film fabricated
using the 5 wt% solution, because of its thin thickness.
The improvement of the film morphology can be attributed
to the influence of the mixed solvent on the nucleation
process in the film formation. Generally, the crystallization
process consists of nucleation and growth stages. Nucleation
rate, i.e. the number of nuclei formed per unit of volume and
time, is a crucial parameter to describe the nucleation process.
In the classical nucleation theory, the nucleation rate ( J) is
given by the following expression:22
"
#
Bσ 3 Ω2
J / exp
;
ð1Þ
k3 T 3 ðln SÞ2
where B is a shape factor, σ is the interfacial free energy, Ω is
the molecular volume, k is the Boltzmann constant and T is
the absolute temperature; S is the supersaturation, which can
be presented in the following form:22,23
S¼

C
;
Ce

ð2Þ

where C is the actual concentration of the solution and Ce is
the equilibrium solubility. From the expressions (1) and (2), it
is clear that the nucleation rate is a very sharp function of the
supersaturation, and that the supersaturation can be further
influenced by the solution solubility (Ce) and the solution concentration (C). The decrease of the solution solubility increases
the nucleation rate in the crystallization process. For each
spin-coating process, the amount of MAPbBr3 can be considered as constant. Thus, the larger the nucleation rate is, the
smaller the grain size of the MAPbBr3 film is. Fig. 3 shows the
solubility of the MAPbBr3 precursors, i.e. PbBr2 and MABr, as a
function of the DMF/CBZ ratio. As shown in Fig. 3, the solubility of the MAPbBr3 precursors is strongly dependent on the
CBZ/DMF ratio. With the increasing of the proportion of CBZ
in the mixed solvent, both the solubility of PbBr2 and that of

Fig. 3 Solubilities of the PbBr2 and the MABr in solvents with CBZ/DMF
ratios of 0/1, 1/5, 1/3, 1/2 and 1/1 at T = 298 K.
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MABr decreases dramatically. Thus, the MAPbBr3 grain size
becomes smaller when the mixed solvent is used, which
coincides with the experimental results.
MAPbBr3-based PeLEDs using the improved one-step solution process via a non-solvent/solvent mixture were fabricated
with a structure of ITO/PEDOT:PSS (40 nm)/MAPbBr3/bathophenanthroline (Bphen) (60 nm)/LiF (1 nm)/Al (100 nm). Here,
Bphen was used as an electron transporting layer as well as a
hole blocking layer due to the large barrier between the ionization potential level of MAPbBr3 and the highest occupied
molecular orbital level of Bphen, just as shown in the inset of
Fig. 4(a). To examine the influence of the CBZ/DMF ratio as
well as the solution concentration on the performance of the
PeLEDs, the MAPbBr3 layer was fabricated using 20 wt%

Paper

MAPbBr3/DMF solution, 20 wt% MAPbBr3/(CBZ/DMF = 1/10)
solution, 20 wt% MAPbBr3/(CBZ/DMF = 2/10) solution, 20 wt%
MAPbBr3/(CBZ/DMF = 3/10) solution, 20 wt% MAPbBr3/(CBZ/
DMF = 4/10) solution and 5 wt% MAPbBr3/(CBZ/DMF = 4/10)
solution, respectively.
Fig. 4(a) and (b) present the current density versus voltage
( J–V) and luminance versus voltage (L–V) characteristics of
these PeLEDs. As shown in Fig. 4(a), at the same driving
voltage, the current of each PeLED fabricated using the mixed
solvent was smaller than that of the PeLED fabricated using
DMF solvent, which indicates the suppression of leakage
current because of the coverage improvement of the MAPbBr3
layer by the mixed solvent. As shown in Fig. 4(b), the luminance property of the PeLEDs was enhanced significantly by

Fig. 4 (a) J–V and (b) L–V characteristics of PeLEDs fabricated using diﬀerent solutions, respectively. Inset of (a): the energy level diagram of the
PeLEDs. The energy level values were taken from the literature.15,25 Inset of (b): normalized PL spectrum and normalized EL spectrum. (c) CE and (d)
EQE performances for the PeLEDs. Microscope images of emission at 8 V for devices fabricated using a mixed solvent (e) and by using DMF solvent
(f ) are also shown.
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using the mixed solvent. The PeLED fabricated using the 20 wt
% MAPbBr3/(CBZ/DMF = 4/10) solution exhibited the highest
luminance among these devices, of 3846 cd m−2 at 8.6 V,
which is about 19 times as bright as that of the control PeLED
fabricated using the 20 wt% MAPbBr3/DMF solution, which
exhibited a luminance of 201 cd m−2 at 8.6 V. The turn-on voltages (driving voltage at 1 cd m−2) for the PeLEDs based on
diﬀerent MAPbBr3 films were all around 3.2 V, which demonstrates their potential application in low driving voltage lightemitting devices. The PL spectra of the MAPbBr3 films, as well
as the EL spectra of the PeLEDs, do not rely on the CBZ/DMF
ratio. Typical EL and PL spectra are shown in the inset of
Fig. 4(b). A strong green EL, centered at 528 nm and with a
narrow full-width at half-maximum (FWHM) of 21 nm, could
be measured, which is slightly blueshifted from the PL of the
MAPbBr3 film, centered at 531 nm and with an FWHM of
28 nm. Therefore, it can be confirmed that the light emission
of the PeLEDs originates from the MAPbBr3 layer.
Fig. 4(c) shows the current eﬃciency (CE) performance of
the PeLEDs fabricated with diﬀerent solutions. By assuming a
Lambertian emission profile of the PeLEDs, their external
quantum eﬃciency (EQE) performance was calculated and is
shown in Fig. 4(d). As shown in Fig. 4(c) and (d), with the
increase of CBZ addition, the devices showed a clear increase
in CE and EQE. In particular, the PeLED prepared using 20 wt%
MAPbBr3/(CBZ/DMF = 4/10) solution exhibited the best performance. Its peak CE and EQE values were 0.54 cd A−1 and
0.13% respectively, which are about 22 times those of the
control device fabricated with DMF solvent, the peak CE value
and EQE value of which were 0.024 cd A−1 and 0.0057%,
respectively. It has also been found that a higher solution concentration is important for the performance of the PeLEDs. As
shown in Fig. 4(c) and (d), the performance of the PeLED fabricated using the low concentration (5 wt%) mixed solution was
rather poor. The peak CE and EQE values were only
0.15 cd A−1 and 0.036%, respectively.
Fig. 4(e) and (f ) show microscope images of PeLEDs fabricated with a CBZ/DMF mixed solvent and with DMF, respectively. Because of the high eﬃciency of the PeLED prepared
using the mixed solvent, at the same driving voltage of 8 V,
brighter luminance could be observed. Furthermore, as shown
in Fig. 4(e), uniform emission could be observed for the
PeLED fabricated with the mixed solvent. However, as shown
in Fig. 4(f ), aggregate island-like emission was found for the
PeLED fabricated using DMF, which echoes the report of Yu
et al.14 This result confirms that the uniformity of the emission region of PeLEDs can also be significantly enhanced by
the improved one-step solution process.
The influence of the mixed solvent on the luminescence
properties of the MAPbBr3 films was investigated by steadystate PL measurements. MAPbBr3 films prepared using the
DMF solution and the 1/4 CBZ/DMF solution were prepared
for the test. As is shown in the inset of Fig. 5, the MAPbBr3
film fabricated with the mixed solvent had a ∼1.2 times
increase in PL intensity compared with that of the film fabricated using DMF. The PL intensity enhancement induced by
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Fig. 5 PL lifetime curves and steady-state PL spectra (inset) of MAPbBr3
ﬁlms fabricated using the DMF solution and the 1/4 CBZ/DMF solution.
The black line is the instrument response function (IRF). The fast PL lifetime (τ1) and the slow PL lifetime (τ2), which were ﬁtted by a biexponential decay model, are also shown in the inset.

the mixed solvent, however, was significantly smaller than the
enhancement in the EL performance of the PeLED fabricated
with the mixed solvent, which indicates that the excellent performance of the PeLED fabricated using the mixed solvent
mainly benefits from the suppression of useless leakage
current by the improved film morphology.
PL lifetime measurements were also conducted to further
understand the PL performance of the films, as shown in
Fig. 5. PL decay curves were fitted with a biexponential decay
model as follows:
t
τ

I ¼ f1 e

1

t
τ

þ f2 e

2

;

ð3Þ

where I is the normalized PL intensity, τ1 and τ2 are the lifetime of two decay components and f1 and f2 are the fractions
of the two decay components. The fitted values are shown in
the inset of Fig. 5. The two χ2 values are close to 1, which indicates that the fitting results meet the tested results very well.
According to the fitting results, the PL lifetime of the MAPbBr2
is considered as the summation of fast- and slow-decay components, which is characterized by a short lifetime τ1 and a
long lifetime τ2. The fast decay is related to trap-assisted
recombination at grain boundaries, which is typically a nonradiative process, whereas the slow decay is related to radiative
recombination inside the grains. Typically, a shorter lifetime
indicates the acceleration of the corresponding recombination
process. According to the fitted results, the film fabricated
using the mixed solvent exhibits a shorter τ2. Thus, the radiative recombination process of the film is accelerated, which
indicates a stronger PL intensity. A possible reason for the
decreased τ2 is the decrease of crystal size by mixed solvent
fabrication, which will limit the diﬀusion of excitons.
However, the decrease of crystal size, as well as the increase of
nucleation density, will also increase the grain boundaries,
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maximum luminance of 3846 cd m−2 and a maximum CE of
0.54 cd A−1 (EQE of 0.13%), which is 22 times higher than that
of a device fabricated by a traditional one-step solution
process, was demonstrated. Furthermore, this improved onestep solution process also benefits the uniformity of the emission region, as well as the stability performance of the PeLEDs.
Our work demonstrates a facile and eﬀective method for the
morphological control of thin perovskite films, which will
benefit the development of high-performance PeLEDs.
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Fig. 6 The aging process at a constant current of 40 mA cm−2 for
PeLEDs fabricated using 4/10 CBZ/DMF solution and by using DMF
solution.

which will further enhance the trap-assisted non-radiative
process and lead to a decrease of the short lifetime τ1, just as
shown in the inset of Fig. 5. Hence, the enhancement of the
steady-state PL intensity of the film fabricated using the mixed
solvent is the result of competition between the enhanced
radiative recombination inside the grains and the enhanced
trap-assisted recombination at grain boundaries.
Fig. 6 shows the aging process of PeLEDs fabricated using
20 wt% MAPbBr3/(CBZ/DMF = 4/10) solution and by using
20 wt% MAPbBr3/DMF solution. As shown in Fig. 6, the aging
process of a PeLED can be divided into two distinctly separate
time scales, with an early rapid decay process, followed by a
slower decay process. For the control device fabricated by
DMF, the rapid decay process lasted about 10 min, and a 50%
signal drop was observed after 8 minutes. However, for the
PeLED based on the mixed solvent, a rather slow aging process
was observed. The rapid decay process lasted about
25 minutes, and a 50% signal drop was observed after
22 minutes. Since the MAPbBr3 film could be stored in a glove
box for more than 24 hours without any change in the photoluminescence and absorption properties, the rapid aging
process of the PeLED cannot be attributed to the intrinsic
decay of the MAPbBr3 film. Furthermore, the improved ageing
process for the PeLED fabricated using the mixed solvent indicates that morphological control is an eﬀective way to enhance
the PeLED stability. However, a detailed study is still needed
for further understanding of the aging process of the PeLEDs.

Conclusions
In summary, a facile one-step solution process via a CBZ/DMF
mixture to achieve controlled morphology of MAPbBr3 films
has been demonstrated. It was found that the coverage and the
smoothness of the MAPbBr3 films strongly depended on the
proportion of CBZ in the mixture. Based on this improved
solution process, an eﬃcient green emission PeLED with a
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