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Chondroudis and Mitzi first reported the room-temperature
electroluminescence (EL) from the hybrid organic–inorganic
perovskite-based light-emitting diodes (LED).[1,2] The device
configuration employed a quartz/indium-tin-oxide (ITO)
substrate, (H3NC2H4C16H8S4C2H4NH3)PbCl4, 1,3-bis[4-(tertbutylphenyl)-1,3,4-oxadiazolyl]phenylene, and MgAg as the
device anode, light-emissive layer, electron transport layer,
and cathode, respectively. The hybrid LED turned on at 5.5 V
and emitted a bright green EL around 530 nm. Chondroudis
and Mitzi’s work successfully incorporated organic–inorganic perovskite materials as the light-emissive layer with the
typical device configuration for organic light-emitting diodes
(OLEDs).[1,2] Accordingly, well-established techniques could be
utilized for fabricating highly efficient OLEDs within the past
two decades, such as vacuum thermal deposition of thin films,
the application of various types of organic/inorganic charge
injection, transport, blocking layers, new design of the device
structure, etc., to advance the performance of perovskite-based
LEDs.[3–12]

Dr. Y.-K. Chih, J.-C. Wang, R.-T. Yang, Prof. W.-C. Lai,
Prof. P. Chen, Prof. T.-F. Guo
Department of Photonics
National Cheng Kung University
Tainan, Taiwan 701 ROC
E-mail: guotf@mail.ncku.edu.tw
C.-C. Liu, Prof. Y.-C. Chang
Research Center for Applied Science
Academia Sinica
Taipei, Taiwan 115
Prof. Y.-S. Fu
Department of Greenergy Technology
National University of Tainan
Tainan, Taiwan 701
Prof. W.-C. Lai, Prof. T.-F. Guo
Advanced Optoelectronic Technology Center
National Cheng Kung University
Tainan, Taiwan 701
Prof. T.-C. Wen
Department of Chemical Engineering
National Cheng Kung University
Tainan, Taiwan 701
Dr. Y.-C. Huang, Dr. C.-S. Tsao
Institute of Nuclear Energy Research
Atomic Energy Council
Taoyuan, Taiwan 325

DOI: 10.1002/adma.201602974

Adv. Mater. 2016, 28, 8687–8694

COMMUNICATION

NiOx Electrode Interlayer and CH3NH2/CH3NH3PbBr3
Interface Treatment to Markedly Advance Hybrid
Perovskite-Based Light-Emitting Diodes

Cho et al. had boosted the current efficiency of perovskitebased LEDs to 42.9 cd A−1 by a nanocrystal pinning (NCP)
method.[13] Dropping the chloroform solvent on top of the wet
precursor layer during the spinning coating process induces
the fast crystallization of perovskite film. Cho et al. obtained
a nicely covered CH3NH3PbBr3 polycrystalline thin film by an
NCP method on the substrate of a well-packed assembly of tiny
grains ranging from 100 to 250 nm. The tiny grains in Cho
et al.’s work form a very dense and flat perovskite film, reducing
the pinholes, the bad interface causing the electric shunt paths
in fabricating devices. Additionally, the tiny grains may confine the exciton diffusion, reduce the exciton dissociation into
carriers, and increase the luminescent properties.[13] Although
Cho et al. had demonstrated the hybrid perovskite LEDs of
highest performance by NCP method up to date, considering to
further elevate LED parameters in the next step of research, the
high densities of grain boundaries (surface states) among tiny
grain interfaces in the polycrystalline perovskite film possibly
trap the charges, are the defects and nonradiative recombination centers to degrade the device performance.
Many reported approaches that can effectively improve the
morphologies of polycrystalline perovskite film in fabricating
hybrid perovskite-based photovoltaic cells may not be applicable
to prepare CH3NH3PbBr3 layer for LED applications.[14–23] The
coarsening of the CH3NH3PbBr3 film forms a nonuniform distribution of many large cuboid crystals on the substrate.[9,24–26]
This could generate voids between the grains, which results
in shunting of the device through direct contact of positive
and negative electrodes. Other attempts by incorporating the
conjugated or insulating polymers with CH3NH3PbBr3 polycrystalline film or nanocrystals enhanced the brightness and
efficiency of perovskite-based LEDs,[3,8,9,24–27] but the polymer
might increase the series resistance of devices during the operation. Sometimes, we also observed the “twinkling” emission of
EL on the pixel from CH3NH3PbBr3 crystals.[25,27] Presumably,
the preparation of the densely packed CH3NH3PbBr3 polycrystalline film of controllable crystal domains, grain sizes, defects,
boundaries, compositions, etc., would still be the key parameters to dominate the device output performance.[13]
Recent studies reported that the instant exposure of
CH3NH3PbI3 crystals or polycrystalline film to methylamine
(CH3NH2, MA) gas atmosphere at room temperature forms
a liquid-phase CH3NH3PbI3•xMA intermediate layer on the
substrate.[28–36] Basically, it is a unique gas–solid interaction
to dissolve CH3NH3PbI3 perovskite by MA gas.[29–34] Later,
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the regrowth of CH3NH3PbI3 by degasing MA in ambient
environment forms a compact and flat polycrystalline thin film
of proper crystal morphologies, and markedly improves the
photovoltaic parameters.[29–36] These works imply that MA treatment may “heal” the voids and pinholes of perovskite film as
prepared by the spin coating process. In other words, the posttreatment by MA gas could possibly reconstruct the morphology
of CH3NH3PbBr3 film. It is also noted that delicate dynamic
control of the MA treatment is required to ensure the morphologies of CH3NH3PbBr3 film suitable for LED applications.
In this manuscript, we present the efficient CH3NH3PbBr3based hybrid LED of a brightness >70 000 cd m−2 and the
luminous efficiency (LE) >15 cd A−1. First, the commonly
used poly(3,4-ethylenedioxythiophene) poly(styrene-sulfonate)
(PEDOT:PSS) hole transport layer (HTL) has to be replaced
by a more suitable electrode interlayer, a compact nickel oxide
(NiOx) layer.[37–44] The NiOx electrode interlayer helps the
formation of a shiny CH3NH3PbBr3 film on the substrate,
exhibits a suitable energy level for the transport of holes, and
also to some extent blocks the transport of the electrons in
CH3NH3PbBr3 reaching the electrodes to increase the probabilities for the recombination of opposite charge carriers in the
active layer. Second, we successfully apply a moderate gas–solid
reaction to treat CH3NH3PbBr3 film. A mild process (under a
low MA atmosphere for 60–80 s at room temperature) significantly advances the quality, the crystallinity, photoluminescence
(PL) of the perovskite films and endorses a more than 100-fold
increase in brightness and LE as compared to those of the controlled cell without MA-treatment. A hybrid perovskite-based
LED with the simple configuration of glass/ITO/NiOx/MA
treated
CH3NH3PbBr3/1,3,5-tris(1-phenyl-1H-benzimidazol2-yl)benzene (TPBI)/LiF/Al, exhibits a peak LE of 15.9 cd A−1
biased at 8.50 V, 407.65 mA cm−2, 65 300 cd m−2, posing a feasible gas–solid interaction to largely improve the performance
and the design of the highly bright and efficient perovskitebased LEDs for real applications.
Many studies had reported CH3NH3PbI3 polycrystalline film
changes its color (bleaching) immediately while exposing to
amine or MA vapor at room temperature and then turns dark
again within few seconds by removing it from amine or MA
atmosphere.[28,29,32–34] The whole process is a fast and reversible
gas–solid interaction. Generally speaking, the drastic transformation between liquid intermediate with solid phases in such
short period of time may not be suitable to reconstruct the morphologies of polycrystalline film. As a result, we apply a solid
reaction to generate MA gas mildly and to treat CH3NH3PbBr3
polycrystalline film at a relatively slow interaction rate.
Figure 1 presents the schematic draw illustrating Step 1, the process to prepare CH3NH3PbBr3 polycrystalline film, and Step 2,
the setup to generate MA gas for MA-CH3NH3PbBr3 gas–
solid reaction. In Step 1, we applied the similar NCP method
as reported by Cho et al. by dropping 500 µL chloroform solvent on surface of the precursor film at 60 s during the spin
coating.[13] This process induces the fast crystallization and
forms a shiny and flat surface of perovskite layer on glass/ITO/
NiOx substrate. In Step 2, we adopt a solid reaction to directly
blend CH3NH3Cl(s) with KOH(s) powders in a small vial (4 mL).
CH3NH3Cl(s) reacts slowly with KOH(s) to generate MA(g), KCl(s),
and H2O(l) at room temperature. Another big vial (50 mL)
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Figure 1. The schematic drawing illustrates Step 1, the process to prepare CH3NH3PbBr3 polycrystalline film, and Step 2, the setup to generate
MA gas for MA-CH3NH3PbBr3 gas–solid reaction. In Step 1, 500 µL chloroform solvent was dropped on the surface of the precursor film at 60 s
during the spin coating. In Step 2, CH3NH3Cl(s) was directly blended with
with KOH(s) powder in a small vial (4 mL). CH3NH3Cl(s) reacted slowly
with KOH(s) to generate MA(g), KCl(s), and H2O(l) at room temperature.
Another large vial (50 mL) contained CaO(s) desiccant to absorb H2O
in the above reaction. The glass/ITO/NiOx/CH3NH3PbBr3 substrate was
placed upside down in the large vial to react with MA gas expelled from
the bottom.

contains CaO(s) desiccant to absorb H2O in the above reaction.
The glass/ITO/NiOx/CH3NH3PbBr3 substrate is placed upside
down in the big vial to react with MA gas coming out from the
bottom.
In our study, CH3NH3PbBr3 film completely changes its
color from green yellow to colorless by ≈150 to 180 s of exposure to MA atmosphere (Step 2 in Figure 1). This observation
infers that the reaction rate as depicted in Step 2 to generate
MA gas is moderate and the gas–solid interaction between
MA with CH3NH3PbBr3 is relatively slow as compared to previous reports published elsewhere (color changed within seconds).[28,29,32–34] However, after removing the substrate from
the vial (MA atmosphere) to ambient at room temperature,
CH3NH3PbBr3 film instantly turns back green yellow color.
This result indicates that MA treatment takes few minutes to
completely transfer the solid-phase CH3NH3PbBr3 to liquidphase CH3NH3PbBr3•xMA intermediate in our work, but the
degasing of MA from liquid-phase CH3NH3PbBr3•xMA intermediate can be done within seconds in ambient environment.
Figure 2a shows the scanning electron microscopy (SEM)
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the gas–solid reaction in the grain boundaries, but it did not drastically change the
film morphology as compared to the SEM
image without MA treatment in Figure 2b.
Figure 2d–f is SEM images of CH3NH3PbBr3
films treated at 60, 80, and 100 s, respectively, exhibiting the similar surface morphology of a densely packed and covered
film on the substrate. It is also worth noting
that there is a transformation in SEM
images at the grain boundaries as shown
in Figure 2c,d. The boundary interfaces
become unclear in Figure 2d–f as compared
to those in Figure 2c, which infers that the
gas–solid reaction initiates the regrowth of
CH3NH3PbBr3 crystallites through the grain
boundaries. Since MA treatment in our study
is modulated at 60–100 s of time in a mild
condition, the dynamic equilibrium between
a liquid-phase CH3NH3PbBr3•xMA intermediate with solid-phase CH3NH3PbBr3 preserves the transformation of CH3NH3PbBr3
crystallites in a relatively slow process and
forms the uniform coverage of the film on
the substrate as characterized by SEM images
in Figure 2. Presumably, the reconstruction
of CH3NH3PbBr3 crystallites would follow
the preferred crystal orientations on glass/
ITO/NiOx substrate under the equilibrium
and improve the quality of CH3NH3PbBr3
polycrystalline film for LED applications.
Figure 3 presents X-ray diffraction (XRD)
patterns of CH3NH3PbBr3 films at different
Figure 2. SEM images of glass/ITO/NiOx/CH3NH3PbBr3 samples with different MA treatment MA treatment times. The XRD patterns
time a) 180 s, b) 0 s, c) 20 s, d) 60 s, e) 80 s, and f) 100 s.
for CH3NH3PbBr3 films prepared by NCP
method without MA treatment exhibit several peaks, assigned to (100), (110), (200), (210), (211), (220),
image of CH3NH3PbBr3 film after 180 s of MA treatment. We
and (300) planes in the plot. The positions of these peaks fit
observe the formation of many large cuboid crystals (around
the results previously published elsewhere.[13,24–27] After 20 s of
1 µm size) on the substrate. The CH3NH3PbBr3 film is not
uniformly covered on the substrate with many voids between
MA treatment, we observed an approximately twofold to threegrains. We note that rapid transformation of a liquid-phase
fold increase in XRD intensity at (100) and (200) peaks. Further
CH3NH3PbBr3•xMA intermediate back to CH3NH3PbBr3
increasing MA treatment time markedly enhances (100) and
(200) peaks in XRD patterns. The intensities of (100) and (200)
phase coarsens the film and changes the morphology radically,
peaks for CH3NH3PbBr3 film with 80 s MA treatment received
in which the quality of CH3NH3PbBr3 film is not suitable for
fabricating decent cells. Accordingly, this result implies that the
a fivefold intensity compared to that without MA treatment.
correct procedure for MA treatment is around the time prior
However, as shown in Figure 3, the relative intensity of peaks
to the complete transformation of CH3NH3PbBr3 film (solid) to
(110), (210), (211), and (220) to that of peaks (100) and (200)
decrease with MA treatment time. These results fortify that the
the liquid-phase CH3NH3PbBr3•xMA intermediate.
regrowth of CH3NH3PbBr3 crystallites by MA treatment prefers
Figure 2 presents the SEM images of glass/ITO/NiOx/
CH3NH3PbBr3 samples with different MA treatment time.
the formation of (100) and (200) planes on the substrate.[29,33]
Figure 2b illustrates SEM image for CH3NH3PbBr3 sample
A slow process under the equilibrium is favorable to reconstruct the polycrystalline film with the preferred crystal orienwithout MA treatment (0 s). The film is uniformly coated on
tation. Notably, the full-width-half-maximum (FWHM) of peak
the substrate and is composed of many tiny grains, agreeing
intensity at (100) did not apparently change with MA treatment
with the previous report of CH3NH3PbBr3 film prepared by a
time, suggesting the minor influence on the average crystal
similar NCP method. After exposing the film to MA gas for
size of CH3NH3PbBr3 crystallites herein. This observation is
20 s, as shown in Figure 2c, the crystal boundaries are visible
on the surface of the CH3NH3PbBr3 polycrystalline film. The
correlated with SEM images as presented in Figure 2b–f. The
inset of Figure 3 depicts the water-contact-angle image of glass/
average grain sizes in Figure 2c are smaller than 0.5 µm. The
ITO/NiOx substrate, around 10°. The surface of NiOx electrode
result indicates that 20 s MA treatment is quite effective for
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Figure 3. X-ray diffraction (XRD) patterns of CH3NH3PbBr3 films at different MA treatment times. The inset presents the image of water contact
angle on glass/ITO/NiOx substrate.

interlayer is hydrophilic to the polar solvent, which possibly
promotes the uniform coverage of CH3NH3PbBr3 on the substrate and the regrowth of CH3NH3PbBr3 crystallites following
the preferred direction.
Figure 4a depicts the device configuration, composed of
glass/ITO/NiOx/CH3NH3PbBr3/TPBI/LiF/Al and Figure 4b
diagrams the energy levels of each layer. As illustrated in
Figure 4b, NiOx exhibits an energy level of 5.30–5.40 eV, a cascade between the work function of ITO with the valence band
(VB) edge level of CH3NH3PbBr3 for the transport of holes.
On the other hand, the energy barriers at VB and conduction
band (CB) edge levels of CH3NH3PbBr3 with TPBI and NiOx,
respectively, would block the transport of the holes and electrons to reach the electrodes and increase the probabilities for
the recombination of opposite charge carriers in CH3NH3PbBr3
active layer. It is worth noting that MA treatment may modulate
the relative energy levels of CH3NH3PbBr3 film. Supporting
Information presents the optical absorbance (Figure S1, Supporting Information) and normalized PL spectra (Figure S2,
Supporting Information) of CH3NH3PbBr3 films on glass/ITO/
NiOx substrates with 0 and 80 s MA treatment. As illustrated
in Figure S1 (Supporting Information), the curve shape of the
absorbance spectra are basically the same for CH3NH3PbBr3
films with 0 and 80 s MA treatment. There is only a difference
in the magnitude of absorbance around 350 nm. The result
indicates 80 s MA treatment did not induce the compositional
transformation of CH3NH3PbBr3 perovskite. In Figure S2 (Supporting Information), there is a small red shift (few nm) of
PL peak emission by 80 s MA treatment at the normalized PL
spectra. We estimate the changes in the relative energy levels of
CH3NH3PbBr3 film by MA treatment would not be significant
to modulate the transport and confinement of charge carriers
in the heterojunction interfaces.
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Figure 4. a) The device configuration is composed of glass/ITO/NiOx/
CH3NH3PbBr3/TPBI/LiF/Al and b) energy-level diagram of each layer.

Figure 5a presents the current density–brightness–voltage
(J–L–V) curves and Figure 5b depicts the LE versus current density curves for the hybrid perovskite-based LEDs in this study.
In Figure 5a, the threshold voltage (current) is around 2.5 V for
the hybrid LED made of CH3NH3PbBr3 layer without MA treatment, and the light turn-on voltage is about 5.8 V. The device
has a brightness of 583.0 cd m−2 while biased at 9.0 V and a
low LE of 0.07 cd A−1. For the device made of CH3NH3PbBr3
layer with 20 s MA treatment, the threshold voltage shifts to
2.0 V and light turn-on voltage reduces to below 4.0 V. The
device shows a markedly enhanced EL intensity with a brightness of 6670.0 cd m−2 and a LE of 3.1 cd A−1 biased at 9.0 V.
It is also noted that the performance of hybrid LEDs increases
with MA treatment time. The cell made of 60 s MA treated
CH3NH3PbBr3 layer exhibits a brightness of 16 900 cd m−2
biased at 9.0 V. For the device with 80 s MA treatment, it has
the light turn-on voltage below 4.0 V, a very high EL intensity,
larger than 70 000 cd m−2 biased at 9.0 V, and a maximal LE
of 15.9 cd A−1 biased at 8.5 V. Figure S3 (Supporting Information) presents the normalized EL spectrum of the hybrid
CH3NH3PbBr3 LED of 80 s MA treatment. EL spectrum has
the narrow FWHM around 25 nm. However, the prolonged
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Figure 6. PL spectra of CH3NH3PbBr3 films on glass/ITO/NiOx substrates with (䉱) 0 s, (䉬) 20 s, (䊏) 60 s, (䊉) 80 s, and (䉲) 100 s MA treatment. (䊊) PL spectrum of CH3NH3PbBr3 film on glass/ITO/PEDOT:PSS
substrate without MA treatment. The inset presents TRPL decay curves
for CH3NH3PbBr3 films (black dots) without treatment, (red dots) with
80 s MA treatment, and (blue dots) IRF.

Figure 5. a) The J–L–V curves for hybrid LEDs of glass/ITO/NiOx/
CH3NH3PbBr3/TPBI/LiF/Al configuration with (䉱) 0 s, (䉬) 20 s, (䊏) 60 s,
(䊉) 80 s, and (䉲) 100 s MA treatment. b) LE versus current density
curves for the hybrid LEDs in (a).

MA treatment, 100 s, decreases EL intensity and LE. As characterized by SEM and XRD measurements in Figures 2 and
3, we attribute that MA treatment induces the densely packed
morphology of CH3NH3PbBr3 polycrystalline film with the preferred crystal orientation on glass/ITO/NiOx substrate to the
enhanced LED performance. The device of 80 s MA treatment
is the optimal condition for hybrid LED, herein showing the
highest EL brightness and LE as illustrated in Figure 5.
The device performance is also associated with the optical
properties of CH3NH3PbBr3 films. Figure 6 illustrates PL
measurement of CH3NH3PbBr3 films. The PL intensity of
CH3NH3PbBr3 layer prepared on glass/ITO/PEDOT:PSS substrate is very low as shown in Figure 6.[2,13] The efficient carrier
transfer at PEDOT:PSS/CH3NH3PbBr3 interface dissociates the
excited states, suppresses the recombination of charge carriers,
and reduces PL in CH3NH3PbBr3 layer. Although PEDOT:PSS
had been successfully used as a HTL in efficient perovskitebased hybrid solar cells,[45,46] apparently PEDOT:PSS should
not be a suitable HTL material in fabricating CH3NH3PbBr3based hybrid LEDs due to the severe quenching of luminescence in CH3NH3PbBr3 perovskite layer. The maximal EL
intensity for the hybrid LED applying PEDOT:PSS as the hole
transport layer in our study is around 200 cd m−2 biased at 12 V

Adv. Mater. 2016, 28, 8687–8694

and the LE is very low (data not shown here). When to prepare CH3NH3PbBr3 on glass/ITO/NiOx substrate, the energy
barrier between CB edge levels of CH3NH3PbBr3 with NiOx,
as depicted in Figure 4b, blocks the electron transfer and the
recombination of opposite charge carriers in the electrode. As
a result, PL intensity relatively increases for CH3NH3PbBr3
layer prepared on glass/ITO/NiOx in comparison with that of
film on glass/ITO/PEDOT:PSS substrate. The difference in
PL intensity can be seen by the naked eye under the UV lamp
irradiation. Additionally, as illustrated in Figure 6, the magnitude of PL constantly increases with MA treatment time from
0 to 80 s. CH3NH3PbBr3 film of 80 s MA treatment exhibits
a maximal PL intensity, about a tenfold increase than that of
the film without MA treatment (0 s). This can be attributed to
a better crystal morphology of CH3NH3PbBr3 film. However,
it is noted that PL intensity is decreased for the film of 100 s
MA treatment. We are aware that the film of 100 s MA treatment exhibits a weaker PL, but a better EL intensity and efficiency than those of devices made of perovskite films with 20
and 60 s MA treatment as shown in Figure 5a,b. There are several parameters to modulate the output performance of LEDs,
including the balanced injection of opposite charge carriers, the
confinement of excited states in the active layer, PL quantum
efficiency, number density of defects and voids, the crystal
morphology, the film quality of CH3NH3PbBr3, etc. We are still
studying the fundamental mechanisms, resulting in the modulation of the device performance by MA treatment time. This
part of our work is currently under intensive investigation.
The inset of Figure 6 presents the time-resolved PL (TRPL)
decay curves for CH3NH3PbBr3 films without (0 s) and with
80 s MA treatment. The PL decay curves can be fitted with
the biexponential decay model, composed of a fast and a slow
decay component corresponding to a short and long lifetime,
t1, t2, respectively. The t1 and t2 are 2.67 ns (parameter A1:
166.3) and 13.0 ns (A1: 60.2) for CH3NH3PbBr3 film without
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MA treatment. After 80 s MA treatment, both t1 and t2 increase
to 4.97 ns (A1: 132.1) and 18.54 ns (A1: 72.2), respectively. The
extended TRPL lifetime of the MA-treated sample indicates the
suppression of nonradiative decay process, which can be attributed to the reduced defect densities by MA vapor healing processing. The observation in TRPL decay curves might be correlated with the increased PL intensity by MA treatment as illustrated in Figure 6. However, as shown in Figure 5b, LE of the
hybrid LEDs gradually increases with the current density and
achieves a maximum at the high current regime. The result
suggests that the efficiency of the device is still limited by the
traps and defects at the grain boundaries and grains/electrode
interfaces. The MA treatment method developed in this work
is an effective process to improve the quality of CH3NH3PbBr3
polycrystalline film (reduce the defect sites). Other than the
modifications of thin film microstructures, this facile approach
showed a pronounced increase on the performances of the light
emitting device. We believe further advances are expected with
delicate control on the regrowth process of CH3NH3PbBr3 crystallites during MA treatment, such as temperature, atmosphere,
flow rate, etc. Currently, optimizations on the aforementioned
parameters are under intensive investigations in our group.
In conclusion, the merits of the methods we developed in
the paper represent a new paradigm for hybrid perovskitebased LED of a conventional OLED architecture. We report that
the commonly used PEDOT:PSS HTL needs to be substituted
by a more suitable electrode interlayer, such as a compact NiOx
layer herein. More importantly, we had developed a process to
moderately generate MA gas to treat CH3NH3PbBr3 film in a
relatively slow reaction way through the unique gas–solid reaction. MA treatment promotes the regrowth of CH3NH3PbBr3
crystallites on NiOx layer following the preferred orientations
and significantly enhances the film quality and PL properties. We are aware that the quality of the perovskite active
layer would still be the key component to advance the development of perovskite-based hybrid LEDs and could be further
improved by the delicate control on the equilibrium condition
between a liquid-phase CH3NH3PbBr3•xMA intermediate with
solid-phase CH3NH3PbBr3. Currently, we present a hybrid perovskite-based LED exhibits a peak LE of 15.9 cd A−1 biased at
8.5 V, 407.65 mA cm−2, 65 300 cd m−2. The brightness of our
result significantly outperforms the state-of-the-art value, which
demonstrates the great potential of the approaches we developed in this communication. Such a high brightness implies
that the device configuration and the quality of our treated
perovskite film can sustain high injection of carriers without
failing the device. It is worth noted that our approach can be
considered as a feasible fabrication procedure for real application. We believe the NiOx electrode interlayer and MA treatment method proposed in this manuscript are of the distinctive
impact for the future advances in perovskite-based light-emitting diodes, for both stability and efficiency point of view.

Experimental Section
Materials and Sample Preparation: CH3NH3Br was synthesized by
adding the hydrobromic acid (47%–49%, Alfa Aesar) with the methyl
amine (40% aq. solution, Alfa Aesar) in a 250 mL flask with stirring at
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0 °C for 2 h. After removing the solvent in a rotary evaporator, CH3NH3
Br powder was dissolved in ethanol. Later, the diethyl ether was added into
the ethanol solution to precipitate CH3NH3Br. This process was repeated
for three times. CH3NH3Br powder was dried in a vacuum oven at 50 °C
for 6 h. PbBr2 was synthesized by slowly dropping the sodium bromide
(J.T. Baker) aq. solution (0.6 M) into the lead (II) nitrate (J.T. Baker)
aq. solution (0.3 M) in a beaker with stirring at room temperature for
1 h. PbBr2 precipitate was washed with ethanol and dried in a vacuum
oven at 150 °C for 3 h. CH3NH3PbBr3 solution was prepared by mixing
0.306 g of CH3NH3Br with 0.963 g of PbBr2 at 1.05:1 ratio in a dimethyl
sulfoxide solution (1.7 mL) at 60 °C, stirring for 12 h inside the nitrogenfilled glove box with oxygen and moisture levels <1 ppm.[13]
Device Fabrication: Prior to the device fabrication, the precleaned and
-patterned transparent glass/ITO (Ritck Corp., 15 Ω 䊐−1) substrates
were sequentially cleaned by ultrasonic treatment in detergent,
deionized water, acetone, and isopropyl alcohol. After drying, the cleaned
substrates were further treated with UV-ozone (Model: 42, Jelight, USA)
for 25 min. For the preparation of NiOx electrode interlayer, the ethylene
glycol solution containing 0.5 M nickel formate dihydrate (Alfa Aesar)
with 1 molar equivalents of ethylenediamine (Aldrich) was filtered with
0.45 µm nylon filters.[38,40] The solution was spun-cast on glass/ITO
substrate at 4500 rpm for 90 s. Then, the substrate was annealed in O2
atmosphere at 400 °C for 10 min to form the NiOx electrode interlayer
on glass/ITO substrate. NiOx exhibited an energy level of 5.30–5.40 eV
as determined by a scanning Kelvin probe microscopy (Park Systems
XE-100). This result agreed with the previous work applying NiOx
electrode interlayer in fabricating perovskite-based hybrid solar cells[40–42]
and the observation published elsewhere.[37–39] The conduction band
edge levels of NiOx electrode interlayer were found about 1.70–2.10 eV,
respectively, based on the literatures.[37–39] It should be mentioned that
the energy levels of NiOx highly depended on the preparation route.
Since NiOx was a wide band gap semiconductor, there was a big energy
barrier in the conduction band edge level (1.70–2.10 eV) of NiOx with
that of CH3NH3PbBr3 (3.60 eV) as depicted in Figure 4b to effectively
block the transport of electrons reaching the electrode and increase
the probabilities for the recombination of opposite charge carriers in
CH3NH3PbBr3 active layer.
CH3NH3PbBr3 perovskite thin film was cast on glass/ITO/NiOx or
glass/ITO/PEDOT:PSS (Baytron P, Bayer AG) substrate by a consecutive
two-step spin-coating process at 500 and 3000 rpm for 7 and 90 s,
respectively, as illustrated in Figure 1, Step 1. Additionally, 500 µL
chloroform solvent was dropped on surface of the precursor film at 60 s
during the spin coating.[13] The CH3NH3PbBr3 perovskite film was then
annealed at 90 °C on a hotplate for 10 min. Afterward, the sample was
transferred to the glass vial, containing MA atmosphere. The Step 2 in
Figure 1 depicted the process to generate MA gas for MA-CH3NH3PbBr3
gas–solid reaction. A solid reaction was adopted to directly blend
CH3NH3Cl (1.0 g) with KOH (1.0 g) powders in a small vial (4 mL).
CH3NH3Cl(s) reacted slowly with KOH(s) to generate MA(g), KCl(s), and
H2O(l) at room temperature. Another big vial (50 mL) contained CaO(s)
desiccant to absorb H2O in the above reaction. The glass/ITO/NiOx/
CH3NH3PbBr3 substrate was placed upside down in the big vial to react
with MA gas coming out from the bottom at room temperature. The
MA treatment time was varied from 20 to 100 s. After the treatment,
the substrate was removed from the vial (MA atmosphere) to ambient
at room temperature. The color or apparent change of the surface
morphologies on CH3NH3PbBr3 film was not observed by naked eyes
during the treatment (0–100 s). Then, the substrate was transferred
into a thermal evaporator to deposit TPBI (500 Å, 0.3–0.5 Å s−1), LiF
(10 Å, 0.1 Å s−1), and Al electrode (1000 Å, 2 Å s−1) in sequence under
a vacuum of 6 × 10−6 Torr. The active area of the device was 0.06 cm2.
Figure 4a depicted the device configuration, composed of glass/ITO/
NiOx/CH3NH3PbBr3/TPBI/LiF/Al and Figure 4b diagramed the energy
levels of each layer. The CH3NH3PbBr3 film had an average thickness of
390 nm, determined by the SEM cross-section image of CH3NH3PbBr3
film on the substrate (data not shown here).
Characterization: The SEM images were performed by a S-4700
(Hitachi, Japan) field-emission scanning electron microscope. The
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