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Abstract
Because of the interesting features of the organic/inorganic halide perovskite (e.g.,  CH3NH3PbX3, X = Cl, Br) materials, such 
as long electron–hole diffusion length, high absorption coefficient and adjustable band gap, they have attracted a great deal of 
attention. In this research,  CH3NH3PbX3 (X = Br, Cl) are synthesized and perovskite-based single-layer and perovskite-based 
bilayer diodes are fabricated. Using electron beam deposition technique, thin films of  CH3NH3PbX3 (X = Br, Cl) hybrids with 
excellent homogeneity are manufactured. Absorption spectrum, X-ray spectrum and photoluminescence spectrum of organic/
inorganic halide perovskites along with electroluminescence spectra, SEM micrographs and current–voltage characteristic of 
perovskite-based light-emitting diodes are investigated. Perovskite-based bilayer diodes are evaluated for the first time. The 
difference between the emission wavelengths of single-layer and bilayer diodes is the main characteristic of bilayer diodes.
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Introduction

Organic/inorganic halide perovskites (OIHPs), a new class 
of semiconductors, have shown huge potential for opto-
electronic applications in the current decade, due to their 
long-range balanced hole-electron transport and high power 
conversion efficiency [1–5]. These interests originate from 
the high absorption coefficient, solution process capabil-
ity, long exciton diffusion length, high exciton binding 
energy, tunable optical band gap from visible to infrared 

spectrums, low-cost and low-temperature processing of 
OIHPs  (CH3NH3PbX3, X = Br, Cl, I) [6–9].

On the other hand, OIHPs have displayed wonderful 
proficiency in solar cell usage and optical gain [10–14]. 
Also, they have superb photoluminescence (PL) properties, 
which make them suitable choice for creating perovskite 
light-emitting diode (PeLED), with adjustable near-infra-
red and visible spectrum [11, 15–17]. In addition to their 
ambipolar features, these kinds of materials have been con-
firmed to be electrically light emitter [1, 18]. Very recently, 
a breakthrough in light-emitting diodes (LEDs) based on 
organic–inorganic halide perovskite has been made, which 
proves OIHPs as promising candidates in LEDs [1].

Even though numerous studies have been carried out on 
the use of perovskite structures in light-emitting diodes, 
the study of the electroluminescence properties of these 
structures, without the aid of electron and hole transmit-
ter layers, is done, for the first time, in this study. This is 
due to the higher mobility of charge carriers in perovskite 
structures [19–24]. It has been shown that by sandwiching 
a perovskite layer between the organic hole layer and the 
electron blocking layer in perovskite-based light-emitting 
diodes, a narrow emission spectrum and a high quantum 
yield can be obtained [25]. By adjusting the halide blend 
in  CH3NH3PbX3, PeLEDs can radiate from visible to near-
infrared region [26].
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Recently, color-controlled electroluminescence (EL) 
devices like PeLEDs have been promised for future dis-
plays and lightening applications [27, 28]. As a result of 
their potential for generating less twisted display modules, 
good color quality and higher resolution of color tunability, 
PeLEDs have been under a spot light.

As reported elsewhere, the photoluminescence quantum 
efficiency (PLQE) of thin-film perovskites is above 20%, 
under a low excitation intensity. Through intensifying the 
excitation density, the PLQE grows fast and reaches a maxi-
mum level of about 70% [29, 30].  CH3NH3PbBr3 perovskite 
have illustrated PLQEs of about 75% [31].

Electroluminescence of perovskite films were also 
obtained at low temperatures, while incorporation of an 
organic emitter has yielded EL at room temperature as well 
[32, 33]. Although several studies have been performed to 
explore the PL characterization of halide perovskites, there 
is a lack of report on stacked perovskite layers for tailor-
ing of the emission spectra. Many reported PeLEDs have a 
multilayer device. In cases with the minimum layers, they 
have an electron injection layer (EIL) next to the cathode, 
to simplify electron injection into the emitting layer (EML), 
and a hole-injection layer (HIL) near the anode, in order 
to simplify hole injection into the EML and the perovskite 
emissive layer [28]. The brilliant point of our work is that 
we use nothing as a hole blocking layer or electron block-
ing layer.

Recently, we found that a single-layer PeLEDs can pro-
duce light with no EIL or HIL, through applying a thin 
film of  CH3NH3PbBr3 perovskite and  CH3NH3PbCl3 per-
ovskite. In this research, we investigate PeLEDs with high 
spectral purity at room temperature. The device schematics 
are illustrated in Fig. 1, in which they show a thin layer of 
 CH3NH3PbBr3 and  CH3NH3PbCl3 perovskites, which are 
deposited via electron beam evaporation technique as an 
EML—on top of the ITO layer—and HIL, respectively. The 
PeLEDs were supplemented using Ag as the top electrode. 
(Devices A and B).

For PeLED, with double layers of perovskite (device C), 
shown in Fig. 1c, a thin layer of  CH3NH3PbCl3 is coated on 
the ITO by electron beam evaporation technique. Then a thin 
layer of  CH3NH3PbBr3 perovskite was evaporated through 
electron beam technique on the  CH3NH3PbCl3 layer.

Experimental

Preparation of materials

Synthesis of  CH3NH3PbBr3 perovskite: by adding 1.175 ml 
of 40 wt% methylamine to 1.536 ml of 47 wt% hydrobro-
mic acid in to a 250 mL round-bottom flask, methylammo-
nium bromide  (CH3NH3Br) was made. The mixture blend 

was stirred at 0 °C for 10 min to remove the heat of reac-
tion. Thereupon, 2.492 g of lead bromide  (PbBr2, Sigma 
Aldrich) was added to the mix. The solution was sonicated 
for 15 min and put to dry in a watch glass for 24 h, at room 
temperature. Afterward, the suspension was annealed at 
60 °C for 1 week. Ultimately, the organic/inorganic perovs-
kite  (CH3NH3PbBr3) was produced [34].

Synthesis of  CH3NH3PbCl3 perovskite: the  CH3NH3Cl 
was synthesized due to the reaction of 1.536 mL of hydro-
chloric acid fuming (HCl, 37% extra pure, Merck) and 
1.175 mL of methylamine  (CH3NH2, 40% solution in water, 
Merck) in a 250-mL round-bottom flask, for 10 min at 0 °C 
(to remove the heat of reaction) while stirring. Afterward, 
2.492 g of lead (II) chloride  (PbCl2, Merck-Schuchardt) was 
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Fig. 1  Device schematic considered for PeLED based on a 
 CH3NH3PbBr3 perovskite, b  CH3NH3PbCl3 perovskite and c 
 CH3NH3PbCl3/CH3NH3PbBr3 double perovskite
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added to the mixture and let to dry at room temperature in 
a watch glass for 24 h. Again, the mixture was annealed at 
60 °C for a week. The product of this process was organic/
inorganic perovskite  (CH3NH3PbCl3).

CH3NH3PbBr3 perovskite thin-film fabrication: ITO-
coated glass substrate was sonicated four times in soap 
water, distilled water, ethanol, and acetone, each for 20 min 
and dried in the oven. Next,  CH3NH3PbBr3 perovskite was 
coated on the substrate by electron beam evaporation tech-
nique at a base pressure of  10−5 Torr [35].

CH3NH3PbCl3 perovskite thin-film fabrication: this per-
ovskite thin film was fabricated with the same technique as 
 CH3NH3PbBr3 perovskite thin film.

CH3NH3PbCl3/CH3NH3PbBr3 double-perovskite thin-
film fabrication: ITO-coated glass substrate was cleaned 
thoroughly, as reported above. Next,  CH3NH3PbCl3 perovs-
kite was coated on the substrate by electron beam evapora-
tion technique at a base pressure of  10−5 Torr. After 72 h, 
a layer of  CH3NH3PbBr3 perovskite was coated on the pre-
pared  CH3NH3PbCl3 thin film via e-beam technique under 
the same conditions.

Characterization techniques

The structure and Bragg reflections of  CH3NH3PbX3 
(X=Br, Cl) hybrids were characterized by X-ray diffrac-
tion (XRD) (Cu Kα X-ray radiation source) at 2θ within 
the angle range of 2 to 70°, by PANalytical model X’Pert 
Pro MPD. The scanning speed and step interval are 1º/min 
and 0.02°, respectively. UV–visible optical absorption and 
emission spectra of perovskite thin film were measured using 
(Shimadzu UV-2450) spectrophotometer, in the range of 
200–800 nm, and (JASCO FP-6200) spectrofluorometer at 
room temperature, respectively. Scanning electron micros-
copy (SEM) (LEO 1430VP) was used to determine the mor-
phology of organic–inorganic perovskite thin films.

Results and discussion

The X-ray diffraction (XRD) patterns of  CH3NH3PbBr3 and 
 CH3NH3PbCl3 perovskite thin films and  CH3NH3PbCl3/
CH3NH3PbBr3 bilayer perovskite thin film are presented in 
Fig. 2. To avoid the possible interferences in the XRD pat-
tern, glass substrate was used instead of quartz substrate. The 
XRD pattern of  CH3NH3PbBr3 perovskite thin film (Fig. 2a) 
presents keen peaks at 14.77°, 20.97°, 29.95°, 33.8°, 42.9°, 
45.74°, which correlate well with <100>, <110>, <200>, 
<210>, <220> and <300> planes, respectively [35]. The 
sharp peaks shown in XRD pattern of  CH3NH3PbCl3 per-
ovskite thin film (Fig. 2b) correspond with <100>, <110>, 
<111>, <200>, <210>, <211>, <220>, <300>, <222> 
and <321> planes, respectively. These results are in accord 

with other similar reports [36]. Also, the XRD pattern of 
 CH3NH3PbCl3/CH3NH3PbBr3 bilayer perovskite thin film 
is presented in Fig. 2c, and it confirms that  CH3NH3PbCl3/
CH3NH3PbBr3 crystals are well fabricated and highly ori-
ented with α-axis self-assembly.

The UV–visible absorption spectra of  CH3NH3PbBr3 (A: 
blue line) and  CH3NH3PbCl3 (B: red line) perovskite thin 
films, at room temperature, show that the exciton absorption 
is located at ~ 522 nm and ~ 405 nm, respectively (Fig. 3a). 
The UV–visible absorption spectrum of  CH3NH3PbCl3/
CH3NH3PbBr3 double perovskite thin film is also shown 
in Fig. 3b.

The PL spectrum of  CH3NH3PbBr3 perovskite thin film, 
at room temperature, at various excitation wavelengths indi-
cates that the high emission intensity happens at excitation 
wavelength of 370 nm (Fig. 4a). According to the absorp-
tion spectrum of this thin film (Fig. 3), absorption at the 
wavelength of 370 nm is more intense than 420 nm; hence, 
the number of electron–holes at 370 nm is much more than 
420 nm. Thus, more recombination at this wavelength is 
possible. The PL spectrum of  CH3NH3PbCl3 perovskite 
thin film at different excitation wavelengths presents that 
this perovskite has a high emission intensity at excitation 
wavelength of 390 nm (Fig. 4b). As expected, at lower 
wavelengths the energy level is high, so electrons and holes 
receive enough energy to move to upper level. Since the pos-
sibility of recombination is decreased, the emission inten-
sity is reduced in turn. The PL spectrum of  CH3NH3PbCl3/
CH3NH3PbBr3 bilayer perovskite thin film shows that the 
high emission intensity is at the excitation wavelength of 
390 nm (Fig. 4c).

Figure  5 shows the normalized photoluminescence 
(PL) spectra of thin perovskite films of  CH3NH3PbBr3, 
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Fig. 2  X-ray diffraction pattern for a  CH3NH3PbBr3 perovskite thin 
film, b  CH3NH3PbCl3 perovskite thin film and c  CH3NH3PbCl3/
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 CH3NH3PbCl3 and  CH3NH3PbCl3/CH3NH3PbBr3 bilayer 
perovskite thin film, at room temperature, at λex = 390 nm. 
As expected, the PL peaks’ position shifts to shorter wave-
lengths (green to blue), through replacing Br with Cl. In 
order to fabricate PeLEDs, we need to introduce charge 
injection/transport layers, adjacent to these semiconduc-
tor films. Therefore, we studied the PL wavelength of 
perovskites due to the presence of double layer of per-
ovskite thin films. It can be seen that the emission band 
of  CH3NH3PbCl3/CH3NH3PbBr3 bilayer perovskite thin 
films is in between the emission band of  CH3NH3PbBr3 and 
 CH3NH3PbCl3 perovskites.

SEM micrographs of the  CH3NH3PbBr3 hybrid and thin 
film of  CH3NH3PbBr3 hybrids are shown in Fig. 6a and 
b. Figure 6a shows that nanoparticles are formed without 
agglomeration. To investigate further, extracted histogram 
from SEM micrograph for the size distributions of hybrids 
shows that the mean diameter of halide perovskite is around 

57 nm. Moreover, SEM micrograph of the thin films of 
 CH3NH3PbBr3 hybrids (Fig. 6b) shows that the perovskite 
material forms a connected network with uniform and homo-
geneous particles.

The EL spectra of PeLEDs are shown in Fig. 7, at sev-
eral voltages, at room temperature.  CH3NH3PbBr3 perovs-
kite thin film has a high emission at the voltage of 18 V 
(Fig. 7a). EL spectrum of  CH3NH3PbCl3 perovskite thin film 
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has a green peak at 520–540 nm, at 18 V (Fig. 7b). Figure 7c 
presents the sharp peak for EL spectrum of  CH3NH3PbCl3/
CH3NH3PbBr3 bilayer perovskite thin film at 550–575 nm, 
at the voltage of 15 V. Using these structures of perovskite 
and bilayer perovskite thin films, green light can be created. 
This double PeLEDs display a strong green electrolumi-
nescence at 556 nm and a high color purity with a narrow 
full width at half-maximum (FWHM) of 8.5 nm. In Figs. 7 
and 8, we demonstrate the ability to tune the bandgap and 
emission wavelength of LEDs based on different halide, 
organic–inorganic perovskite films, which were measured at 
room temperatures. The EL emission wavelength monotoni-
cally changes from 530 nm for  CH3NH3PbCl3-based LED to 
556 nm for bilayer perovskite  CH3NH3PbCl3/CH3NH3PbBr3-
based LED. One notable observation is the narrow 8.5 nm 
EL FWHM for the  CH3NH3PbCl3/CH3NH3PbBr3 bilayer 
perovskite-based LED, which to our knowledge is one of the 
lowest FWHM observed for any solution processed material, 
at room temperature, to this date.

The phenomenal performance of hybrid perovskites 
arises from the substantial characteristic properties they pos-
sess. Studies on the electronic structures of perovskites have 
shown that the electronic states are affected by substituting 
the halide component, such that a valence band transition 
from 3p → 4p → 5p occurs for substitutions Cl → Br → I. 
Accordingly, this lowers the ionization potential (binding 
energy) [37]. Furthermore, the energy level diagram of the 
devices is shown in Fig. 8. Electrons and holes are injected 
from the cathode (Al) and the anode (ITO), respectively. So, 
carriers’ recombination, excitons formation and emission 
occur in the thin film of perovskites.

The current versus voltage curves for  CH3NH3PbBr3, 
 CH3NH3PbCl3 perovskite thin films and  CH3NH3PbCl3/
CH3NH3PbBr3 bilayer perovskite thin film (Fig. 9) reveal 
that these thin films behave like LED. All three of diodes 
show reasonably good diode characteristics with their knee 
voltages in the range of ~ 1 V. Also, the current–voltage dia-
gram for the light-emitting diodes in Fig. 9 indicates that for 
a light-emitting diode fabricated by a double layer perovskite 
thin films the threshold voltage for light emission is about 
7 volts, and this voltage is higher than the threshold voltage 
for  CH3NH3PbBr3 and  CH3NH3PbCl3 structures.

Conclusion

In summary, we expanded a modern construction method 
that permits PeLED devices to be created easily in 
ambient condition. Moreover, we illustrated multicolor 
organic/inorganic hybrid PeLED, using  CH3NH3PbCl3/
CH3NH3PbBr3 bilayer perovskite thin film as EML. 
We detected a very peculiar set of specifications for 
organic/inorganic hybrid perovskites  CH3NH3PbBr3 
and  CH3NH3PbCl3 that display phenomenal semicon-
ducting behavior and exhibit superior PV performance. 
The wonderful optical properties of these three dimen-
sional organic/inorganic materials show their potential 
to be utilized in light-emitting devices. We found that 
our new structure used as the active layer, presented 
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several advantages. The electron injection barrier with 
the perovskite could be reduced using bilayer perovskite 
thin film as EML, which decreases the electron affinity 
relative to the vacuum level and reduces the PeLEDs’ 
turn-on voltage. The full width half maximum (FWHM) 
of the electroluminescence peak from  CH3NH3PbCl3/
CH3NH3PbBr3 bilayer perovskite is 8.5  nm, which is 
a quarter of the FWHM from industry standard green 

InGaN LEDs [38], and less than half the FWHM of the 
peak from the  CH3NH3PbBr3 PLED (Fig. 6a, d), at room 
temperature. Application of organometal halide per-
ovskites in LEDs is currently in its outset, but if their 
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development in the field of solar cells can be taken as an 
example, these materials promise surplus discoveries that 
will lead to rapid efficiency developments.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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