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A B S T R A C T   

Organic-inorganic hybrid perovskite have recently drawn appreciable attention for applications in light-emitting 
diodes (LEDs). However, the weak exciton binding energy of the methylammonium lead iodide perovskite in-
troduces large exciton dissociation and low radiative recombination on its application as emission layer in near- 
infrared LEDs. Herein, we demonstrate the simple method by incorporating of phenethylammonium iodide 
(PEAI) into the perovskite can concurrently improve the radiative recombination rate for improving perovskite 
LED performances. Additionally, by introducing PEAI dramatically constrains the growth of perovskite crystals 
during film forming, producing crystallites with small dimensions, reducing roughness, and pin-hole free. After 
optimizing the emission layer in the perovskite LED, a high optical output power of 458.03 μW and external 
quantum efficiency of 5.25% are achieved, which represents a ~50-fold enhancement in the quantum efficiency 
compared to device without PEAI. Our work suggests a broad application prospect of perovskite materials for 
high optical output power LEDs and eventually a potential for solution-processed electrically pumped NIR laser 
diodes.   

1. Introduction 

The class of organic-inorganic hybrid perovskite has attracted a lot of 
attention due to their outstanding optical and electrical properties. High 
performance solar cell devices (SCs) with excellent power conversion 
efficiencies (>25%) and high-performance light emitting diodes (LEDs) 
have been reported recently [1–4]. Side by side with their impressive 
solar cells performance, perovskite materials exhibit strong photo-
luminescence (PL) properties and its emission color can be easily tuned 
by modifying the precursor solutions, making them very attractive 
candidate in the low-cost light emitting diodes and lasers. Particularly, 
MAPbI3 (MA = CH3NH3

+) perovskites exhibit near infrared (NIR) 
emission with narrow spectra in the range of 740–800 nm, which makes 
them irresistible for prospective applications in night-vision devices, 
photodynamic therapeutics, security authentication technologies 
exploiting biometrics, and so on [5–8]. 

In the past few years, appreciable progress involving optimization of 
device structures and thin film depositions has been made in perovskite 
LEDs, especially the improvements in surface morphology, coverage 
rate, and crystal size of perovskite films due to they are the key factors 
influencing LED performance. Precisely controlling the growth condi-
tions and parameters for perovskite films is the important way to pursue 
high quality perovskite LEDs and investigate its basic properties. Many 
treatment processes have been developed on improving the quality of 
the perovskite film including anti-solvent assisted one-step spin coating, 
two-step sequential deposition, and additive controlled crystallization 
[9–14]. An improved film quality and improved electrical properties 
were obtained by introducing non-ionic and dielectric polymers into 
perovskite. However, the performance of the devices showed an external 
quantum efficiency (EQE) of only below 1% [15]. 

Here, by simple method through introducing the bulky cation phe-
nylethylammonium iodide (PEAI = C8H12IN) into perovskite precursors 
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of methylammonium iodide (MAI) and lead iodide (PbI2), we have ob-
tained perovskite films with a controllable surface roughness and crystal 
size. This can happen because The PEAI molecules hindered crystal 
growth during crystal pinning and suppressed the exciton diffusion in 
the perovskite film [16]. Furthermore, the PEAI molecules passivated 
the exciton dissociation at crystal boundaries that reduced the recom-
bination by trapping sites and enhanced the emission properties of the 
MAPbI3 perovskite. In particular, the turn on voltage of perovskite LEDs 
decreased from 3.8 to 2.4 V followed by an increase in EQE and optical 
output power from 0.1 to 5.25% and 6.71 to 458.03 μW, respectively, 
which represents more than 50-fold enhancement in the quantum effi-
ciency due to the incorporation of PEAI. The electroluminescence (EL) 
spectra of perovskite LED devices are matching to their corresponding 
PL spectra and remain stable at different bias voltages, which is crucial 
for practical LED applications. 

2. Materials and methods 

2.1. Materials 

Methylammonium iodide (MAI, 99.99%) and Poly(N,N′-bis-4- 
butylphenyl-N,N′-bisphenyl)benzidine (Poly-TPD) were purchased from 
STAREK scientific Co., Ltd. Lead iodide (PbI2, 99.99%) was purchased 
from Alfa aesar. Phenethyl ammonium iodide (PEAI, >99%) was pur-
chased from Greatcell Solar Material Pty Ltd. 3′,3′′′,3′′′΄΄-(1,3,5-triazine- 
2,4,6-triyl) tris(([1,1′-biphenyl]-3-carbonitrile (CN-T2T) was synthe-
sized in the laboratory. Dimethyl sulfoxide (DMSO), N,N-dime-
thylformamide (DMF) and Chlorobenzene (CB) were purchased from 
Sigma-Aldrich. All the chemicals were used without further purification. 

2.2. Film and device fabrication 

ITO-coated glass substrates were cleaned successively with deter-
gent, acetone and isopropanol, followed by drying and 20 min UV-ozone 
treatment. Poly-TPD was dissolved in chlorobenzene at a concentration 
of 8 mg mL–1. Poly-TPD was spin-coated on ITO at 1000 rpm. for 50 s, 
followed by thermal annealing at 150 ◦C for 10 min. The poly-TPD layer 
was treated by UV-ozone for 120 s to improve wetting before transfer 
into glovebox. The perovskite films were obtained from PEAI, MAI and 
PbI2 blend solution in a binary solvent mixture of DMF and DMSO with a 
volume ratio of 4:1, then stirred at room temperature for overnight to 
attain clear light-yellow solution. The molar ratio of MAI:PbI2 was fixed 
at 1:1 while varying the PEAI molar ratios in the powder blend (see 
details in Supplementary Table S4). Then, 50 μL perovskite precursor 
solution was deposited onto the substrates of ITO/poly-TPD with single 
step spin-coating procedure: 4000 rpm for 30 s, and the substrate was 
treated with 200 μL chlorobenzene after delay time of 10 s from the start 
of spinning. After thermal annealing and crystallization of the perovskite 
at 90 ◦C for 10 min, the perovskite films were post-treated with 100 μL 
phenethyl ammonium iodide solution (1 mg in 1 mL of isopropanol) 
using spin-coating method. Subsequently, LiF (1 nm), CN-T2T (60 nm), 
LiF (1.2 nm) and an Al (100 nm) anode were deposited by thermal 
evaporation under high vacuum (2 × 10-6 Torr). The active area of the 
devices was 4 mm2. 

2.3. Characterization and measurement of devices 

X-ray diffraction was performed using a Bruker D8 Advance 
diffractometer employing Cu-Kα radiation. Scanning electron micro-
scopy images were taken with a JEOL JSM-7610FPlus Field Emission 
Scanning Electron Microscope, while the surface roughness was per-
formed using a Bruker Innova AFM. Steady-state absorption was carried 
out using a JASCO V-770 UV–visible spectrophotometer. Steady-state PL 
and time-resolved photoluminescence (TRPL) spectra were conducted 
with a HORIBA FluoroMax Plus. In the steady-state PL, the thin film 
sample was studied at an excitation wavelength of 305 nm using an 

ozone-free Xe arc lamp under ambient condition. In the TRPL mea-
surement, all photo-luminescence decays were measured using a 
NanoLED pulsed diode controller HORIBA N-320 at an excitation 
wavelength of 320 nm with a pulse frequency of 50 kHz. 

The perovskite LEDs were characterized after encapsulation using 
epoxy glue and a glass cover. The EL spectra and current-voltage-output 
power characteristics were measured in air using a Keysight Technolo-
gies B2901A Sourcemeter in conjunction with an EnliTech LQ-100R. 
The voltage range of 0–6 V was swept with an interval step of 0.2 V. 
The C–V characteristics were measured at a fixed frequency of 1 kHz 
with a voltage range of 0–5 V under dark conditions using an XM 
Solartron. 

3. Results and discussion 

XRD analysis was carried out to understand the effect of phenethy-
lammonium iodide (PEAI) as an additive on the structural properties of 
the perovskite films. XRD patterns of the perovskite films prepared with 
different molar ratios of PEAI:MAPbI3 are shown in Fig. 1a. Both 
perovskite films with and without PEAI show strong peaks at 14.2◦, 
28.2◦, and 28.6◦, which are corresponding to (110), (004) and (220) 
planes of tetragonal perovskite structure, respectively [17–19]. With 
increasing the concentration of PEAI in the perovskite films, the XRD 
peaks were slightly broadens, and slightly shifted toward higher angles, 
indicating that the lattice constant of MAPbI3 is reduced, likely be due to 
the strain effect, which can be evidenced from the estimated microstrain 
value by using Wilson formula (Supplementary Equation 1) [20]. 
Microstrain in the corresponding perovskite films with and without PEAI 
is shown in Table S1 (Supplementary Information). As seen in Table S1, 
with PEAI, presents a higher microstrain compared to the without PEAI. 
We assume that the cation (phenthylammonium:PEA) incorporation 
results in increased microstrain due to the higher degree of lattice 
distortion [21]. This may occur because of the rearrangement of atoms 
in perovskite when incorporating PEAI, and this induces isotropic lattice 
shrinkage along multiple directions [22]. Moreover, the full-width at 
half-maximum (FWHM) of the diffraction peaks increases after adding 
PEAI (Fig. 1b), indicating that crystallite size decreases. The average 
crystallite sizes of the MAPbI3 estimated from the prominent (110) facet 
by applying a Scherrer analysis on the assumption of spherical perov-
skite crystals are reducing from ~37 to ~27 nm for PEAI:MAPbI3 
loadings of 0:10 to 3:10, respectively (see details in Supplementary 
Table S1). At the moment we speculate that this is due to the 
inter-diffusion of the alkylammonium cation (PEA) into the perovskite, 
which affect the growth of perovskite crystals and quality of the film in 
finally [23]. These results confirm that our solution processing relying 
on the mixing of PEAI in the perovskite precursor can effectively reduce 
the size of the perovskite crystals. The smaller crystallite size can limit 
the exciton diffusion, which can improve the performance of the cor-
responding perovskite LED [15]. 

The absorption and PL spectra of perovskite films with different 
molar ratios of PEAI:MAPbI3 in the precursor solution are shown in 
Fig. 1c. By adding the PEAI contents to the MAPbI3 caused a narrowing 
in the band gap and caused an increase in the excitonic absorption peak 
(the details band gap in Supplementary Fig. S2). Increase in excitonic 
absorption intensity as the PEAI content increased may be due to the 
increase in the number of excitons. We assume that the increasing of the 
number of excitons dependent on the crystals dimension, where the 
excitonic absorption intensity can be increased with the reduction of 
size, in line with our findings from XRD as discussed previous. These 
results are in agreement with the reference [24]. In turn, the PL peaks of 
perovskite films gradually blue-shift with increasing PEAI content from 
0:10 to 3:10. The blue-shifted PL emission is due to the reduced 
perovskite crystallite size, which is consistent with previous work by 
Xiao et al. Without being normalized, the PL intensity of the perovskite 
film increases consistently when the PEAI content increases (Supple-
mentary Fig. S1). From the estimated PL lifetimes, it is observed that 
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with increasing the molar ratio of PEAI from 0:10 to 2:10, average decay 
time (τavg) gradually increases from 16.47 to 20.94 ns. Such a prolonged 
radiative lifetime and increased PL intensity indicate a gradual reduc-
tion of nonradiative recombination rates in perovskite film with the 
increasing PEAI content. This also demonstrates that the PEAI can pre-
vent the excitons from diffusing into trapping sites located between 
perovskite crystal [15]. However, after increasing the PEAI molar ratio 
to 3:10, the PL intensity and τavg is slightly lower than that champion 
device, this may be due to the higher content of PEAI can hinders the 
electron generation and is detrimental to the performance of perovskite 
LED. 

To further understand the morphology influence on the performance 

of perovskite LED, the atomic force microscope (AFM) images of 
perovskite films were obtained, as shown in Fig. 2. As the PEAI con-
centration increases, the MAPbI3 films become smoother, with rms 
roughness of 15.4, 8.15, 6.54 and 7.81 nm for PEAI molar ratio of 0:10, 
1:10, 2:10 and 3:10, respectively. The smoother surface could be 
attributable to the reduced mean free path of perovskite film, due to a 
decrease in the crystallite size and a shrink in the size distribution [25, 
26]. The smooth surface of the perovskite layer is a crucial factor for 
perovskite LED since it can prevent the undesired electrical shunting 
path by direct contact of the perovskite layer and Al cathode, which can 
inhibit the recombination occurring at the perovskite/ETL interface and 
thus contribute to the enhancement of perovskite LED [27–29]. In 

Fig. 1. Properties of perovskite films with different PEAI concentrations on quartz/poly-TPD substrates, (a) x-ray diffraction of all perovskite film, (b) enlarged XRD 
pattern of all perovskite film at (110) facet. (c) Normalized absorbance and photoluminescence spectra of all perovskite film (d) the TRPL decay curve of all 
perovskite film on glass/poly-TPD substrate. 

Fig. 2. AFM images of PEAI:MAPbI3 film with molar ratio of (a) 0:10, (b) 1:10, (c) 2:10 and (d) 3:10.  
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agreement with the XRD and AFM results, the small crystallite size of the 
perovskite film after incorporation of PEAI is verified by scanning 
electron microscopy (SEM) (Supplementary Fig. S3). SEM images ex-
hibits the morphology transformation of the perovskite film with the 
increasing PEAI content. In perovskite film without PEAI, it can be found 
that a number of large pin-holes are distributed, that will create elec-
trical shunting paths and increase the leakage current. With increasing 
the PEAI concentration, these voids are may filled by the PEAI which 
results in pin-hole free thin films where the electrical shunting paths are 
reduced. 

In our perovskite LED structure, we added a thin layer of LiF between 
perovskites and CN-T2T because it can improve the performance of the 
devices significantly (see details in Supplementary Table S2). As shown 
in Fig. 3a, a perovskite LED with the structure ITO/poly-TPD/ 
perovskite/LiF/CN-T2T/LiF/Al was fabricated by solution processing. 
The perovskite and PEAI was used as the emission layer (EML) and 
additive, respectively. The other layers are typical constituents of a 
perovskite LED, poly-TPD [Poly(N,N′-bis-4-butylphenyl-N,N′-bisphenyl) 
benzidine], lithium fluoride (LiF), CN-T2T [3′,3′′′,3′′′΄΄-(1,3,5-triazine- 
2,4,6-triyl)tris(([1,1′-biphenyl]-3-carbonitrile) act as the hole transport 
layer (HTL), interlayer, and electron transport layer (ETL), respectively, 
while ITO and LiF/Al are the anode and cathode, respectively. In this 
study we used the unpopular ETL CN-T2T instead of the common ETL 
TPBi (the molecular structures illustrated in Supplementary Fig. S5). All 
energy level values (in Fig. 3b) are from the literature [30–34]. In this 
section we add the spectrum of absorbance and photoluminescence of 
the perovskite solution to further study the effect of PEAI on the 
perovskite precursor. In Fig. 3d, the absorption spectrum of the perov-
skite solutions with and without PEAI exhibits different features than the 
thin films, with no exciton peaks clearly observed. The photo-
luminescence spectrum of the perovskite solution with and without PEAI 
shows a similar peak at 763 nm. The intensity of photoluminescence 
spectra of the perovskite solution increase with introducing PEAI, which 
is in agreement with perovskite thin film. Fig. 3c shows the photograph 
of perovskite LED at an operating voltage of 4 V. Perovskite LED with 
PEAI exhibits uniform and bright emission compared to the device 
without PEAI. This is similar to that shown by the EL spectra which will 
be discussed in the next section. 

The EL spectra of the perovskite LEDs are shown in Fig. 4a, together 

with a normalized EL spectra (inset) are affixed to clearly observe and 
compare the changes of light emission of the devices with different PEAI 
concentrations. A gradual blue shift of EL from 767 to 756 nm was 
observed as the PEAI ratio increased (see Table 1), which correlated well 
with the blue shift of PL spectra due to the decreasing in bandgap 
(Supplementary Fig. S2). This phenomenon is in good agreement to that 
observed in the energy level tuning in colloidal quantum dot by Jasie-
niak et al. [35]. With the blue shift of EL spectra, the corresponding 
Commission Internationale de l’Eclairage (CIE) value also changed from 
(0.709, 0.290) to (0.725, 0.274) as shown in Fig. 4b and Table 1. These 
coordinates are close to the red-NIR emission coordinate in previous 
finding by OLED group [36]. In addition, without being normalized, the 
EL of perovskite LEDs with molar ratio of 0:10 has the weakest inte-
grated EL intensity and becomes stronger with increasing additive 
concentration. However, when the molar ratio is increased to 3:10, the 
EL performance starts to deteriorate. It may be attributed to the fact that 
the direct charge carrier well-captured at low additive concentrations. 
This occurrence indicates that direct charge carrier trapping at the PEAI 
molecule has a substantial position to the energy transfer in the devices 
and that charge carrier trapping process is significant in perovskite LED 
with molar ratio of 2:10 [37]. 

The current density–voltage–output power (J–V–P) curves and cor-
responding external quantum efficiency (EQE) curves are shown in 
Fig. 4c and d, respectively. We can see that the perovskite LED with 
molar ratio of 0:10 possesses the highest current density compared with 
the other three devices at low applied voltages (<1.5 V). The larger 
current in the device relevant to the shunt paths due to the incomplete 
surface coverage or pinholes, which is consistent with the SEM image 
(Supplementary Fig. S3a), thereby resulting in poor EL emission and 
EQE is 0.1% for device without PEAI. This may be due to the high 
number of non-radiative recombination in perovskite film, leading to its 
higher Von than perovskite film with PEAI [38]. On the contrary, the 
lower pinholes in perovskite film contains PEAI, the EQE of the perov-
skite LEDs increased to 5.25% for molar ratio of 2:10. Moreover, in 
Fig. 4d shows when the EQE reaches a maximum value, the value is 
relatively stable at higher voltages for all perovskite LEDs with PEAI, 
indicating that excellent stability compare with the perovskite LED 
without PEAI. We propose this result is attributable to either of two 
causes: (1) the existence of PEAI reduces the joule heating or (2) more 

Fig. 3. (a) Device structure of perovskite LED, (b) energy level diagram of perovskite LED, (c) real photograph of perovskite LED, (d) normalized absorbance and PL 
spectra of perovskite solution. 
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balanced charge injection derived from improved current efficiency 
(Supplementary Fig. S4a) [15,39]. For comparison, we have fabricated 
the devices using common ETL TPBi, we obtained that the highest EQE 
of 3.10% owned by perovskite LED 2:10 (see details in Supplementary 
Fig. S6 and Table S3). 

Apart from the impressive EQE, to our greater surprise is the 
reduction of turn-on voltage (Von) and outstanding improvement of 
maximum output power (Pmax). The perovskite LED with molar ratio of 
0:10 has a turn-on voltage of 3.8 V (defined as the voltage at which 
output power of 1 μW was measured) and a maximum output power of 
6.71 μW. After employing the PEAI as additive, the device has an 
obviously reduced turn-voltage of 2.4 V and maximum output power of 
458.03 μW for devices with molar ratio of 2:10. We suggest that the 
improved performance of perovskite LEDs may originate from the 
improvement of perovskite film quality because of the existence of PEAI 
as discussed earlier, thus significantly demoted the Von and elevated the 
Pmax. 

For a multi-layered perovskite LED structure, radiative recombina-
tion processes might happen at the interfaces, which commonly alter the 
EL spectrum and restrict device performances. As observed in Supple-
mentary Fig. S4b, stable and bright EL spectra from the perovskite LED 

under different biases demonstrate that unwanted radiative recombi-
nation pathways are effectively removed. As a result, strong EL signals 
without any additional peaks are obtained, which is crucial for practical 
LED applications. The luminance and power conversion efficiency (PCE) 
curves of perovskite LEDs are shown in Supplementary Figs. S4c and 
S4d, respectively. The peak luminance and PCE of the devices are 
relatively low due to the near-infrared light emission. 

The capacitance–voltage (C–V) analysis is one of the most efficient 
methods to evaluate the electronic properties of the perovskite LEDs 
[40]. The C–V characteristics were measured at a fixed frequency of 
1000 Hz under dark conditions. Fig. 5 shows the C–V characteristics of 
the four devices, we divide the C–V curves into three regions, (I) below 

Fig. 4. The performance of perovskite LEDs with different PEAI ratios (a) electroluminescence spectra, (b) Commission Internationale de l’Eclairage (CIE) values of 
the EL spectra (c) voltage – output power – current density plots (d) external quantum efficiency. 

Table 1 
Summary of device performance with different molar ratios of PEAI.  

PEAI: 
MAPbI3 

PL/EL peak 
(nm) 

Von 

(V) 
Pmax 

(uW) 
EQEmax 

(%) 
CIE (x, y) 

0:10 772/767 3.8 6.71 0.1 (0.709, 
0.290) 

1:10 771/766 3.2 29.28 1.1 (0.711, 
0.289) 

2:10 770/764 2.4 458.03 5.25 (0.722, 
0.277) 

3:10 764/756 2.4 206.72 2.29 (0.725, 
0.274) 

Turn-on voltage Von, maximum output power Pmax, maximum external quantum 
efficiency EQEmax, Commission Internationale de l’Eclairage CIE. 

Fig. 5. Capacitance–voltage curve of perovskite LEDs with different 
PEAI ratios. 
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threshold voltage (Vt), (II) within Vt and built-in voltage (Vbi) and (III) 
above Vbi. In region I, no charge recombination or light emission was 
observed for all devices. In other words, charges are not injected into the 
perovskite layers because at this region only the charge process occurs at 
both electrodes ITO and Al [32,41]. Therefore, at this region there is no 
significant difference in their capacitance values due to similar electrode 
parameters and materials. An incisive capacitance increases in region II, 
the capacitances of all of the devices start rising with the increase of bias 
voltage, which corresponds to the charge injection and diffusion in the 
transport layer [42,43]. As a consequence, a peak in the voltage 
dependence of the capacitance is created. Furthermore, we observe the 
capacitance peak in perovskite LED with molar ratio of 0:10 is stable at 
2 nF, from a voltage of 2–3 V, indicating that no recombination is 
occurring at this range, likely be due to the charge-carrier trapping [44]. 
From our point of view, the possibly reason is prior to the arrival of 
subsequent supplied voltage (>3 V), carriers will remain as trapped 
charge-carrier until the commencement of the next excitation cycle, 
then a light begin to be emitted [45,46]. For the device with molar ratio 
of 1:10, the peak capacitance further increases to 3 nF which indicate the 
significant charge accumulation owing inefficient charge transport, by 
way of explanation, the carrier’s injection rate is faster than the con-
sumption rate [47]. In contrast, perovskite LED with molar ratio of 2:10 
exhibits balance charge injection and recombination thus lead a signif-
icant improvement to its performance. To support our argument, in 
(Supplementary Fig. S1) we compare the PL intensity for all devices that 
can be attributed to the recombination rate in the active layer. The PL 
intensity of perovskite film with molar ratio of 2:10 is higher than other 
three devices, the high PL intensity of the device corresponds to the high 
recombination rate of electrons and holes [48]. However, when the 
additive ratio enlarges to 3:10, the C–V curve showed a very weak 
increase. 

Thus, we speculate that one of the main reasons for the weak increase 
in capacitance is carriers may possibly head across the device without 
trapping, following in little contribution to capacitance [49]. Further-
more, there are two peaks appear for perovskite LED with molar ratio of 
3:10 as depicted in Fig. 5 inset. The minor and major peaks appear which 
refers to the injection of charges into the device. At the minor peak, the 
capacitance increases at threshold voltage Vt1 (1.35 V) due to the in-
jection of holes, where at built-in voltage Vbi1 (1.65 V) some electrons 
can be injected. Hereinafter, the capacitance decreases until the 
threshold voltage Vt2 of the major peak. For the major peak, holes are 
injected into the poly-TPD layer at Vt2 (1.81 V) later at Vbi2 (3.03 V), 
electrons start to inject from the cathode into the device. Henceforward, 
electrons and holes recombine to emit the light. In region III, the bias at 
which capacitance starts to decrease sharply marks the occurrence of 
efficient radiative recombination. In other words, the electron-hole pairs 
annihilate each other which causes a decrease in capacitance and get 
negative at certain bias voltage. The negative capacitances can be 
caused by self-heating or over injection of charge carriers into the 
perovskite layer, leading to an enhanced nonradiative recombination 
[50,51]. 

4. Conclusions 

In summary, we demonstrate that the crystallite size of the perov-
skite can be decreased to about 20–30 nm by introducing the PEAI into 
MAPbI3 perovskite precursors. With the control of the crystallite size, we 
experimentally proved the enhancement in the charge recombination in 
the perovskite films thus resulting more efficient radiative rate by sup-
pression of the exciton diffusion. Meanwhile, the pin-hole free perov-
skite film with the surface roughness greatly reduced approximately by 
40% compared to perovskite films without PEAI is realized. The 
reduction of the pin-holes and surface roughness of the perovskite films 
reduces the leakage current and facilitates the formation of films on top 
that aids the device fabrication. As a direct result, the optimized NIR 
perovskite LED with molar ratio of 2:10 exhibited a high optical output 

power (458.03 μW) and an EQE of 5.25%, which represents a ~50-fold 
increment in the quantum efficiency compared to the control device 
with molar ratio of 0:10. The concept can be applied in visible LEDs and 
laser by adjusting the composition of the perovskites. 
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