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Abstract: In addition to their widespread use as an outstanding light-harvesting material,
solution-based organometallic halide perovskites have also recently emerged as a promising
material for light-emitting diode (LED) applications. However, their stability under an ambient
environment remains a challenge. Triple cation perovskites offer an appealing solution as it
reduces the sensitivity to the processing conditions and improves the purity of the perovskite
films. This work describes a facile ambient-processed thiocyanate-doped triple-cation perovskite
Csx(MA0.17FA0.83)Pb(100−x)(I0.83Br0.17)3 used for high-performance perovskite-based LEDs with
peak emission at 750 nm. Using the perovskite film tailoring technique by mixing DMF (N,N-
Dimethylmethanamide) with perovskite precursor, we are able to reduce the perovskite grain
size and optimize the film thickness while preserving its crystalline structure. With optimized
processing techniques, we achieve a ∼90% improvement of the perovskite LEDs external quantum
efficiency (EQE) from ∼3.1% to ∼5.9%. We believe this triple cation perovskite synthesis
approach and film tailoring technique yields excellent device performances and constitutes a
significant step towards low-cost and efficient LEDs.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Recently, solution-based organo-inorganic halide perovskite materials with a general chemical
formula of ABX3 have undergone remarkable developments. This is largely due to their promising
electrical and optical properties, including high charge-carrier mobility, long free-carrier diffusion
length, tunable bandgap, and high quantum yield largely used for solar energy-harvesting
applications [1–9]. After just over a decade [10], these solution-processed perovskite-based
solar cells now exceed 25% in power conversion efficiencies [11], and constitute one of the
most promising candidates for low-cost renewable energy generation for the near future. In
addition to their successful use in solar cells, these materials can also exhibit great performances
for other optoelectronic device applications including lasers [12,13], photodetectors [14–16]
and light-emitting diodes (LEDs) [17–22]. Their narrow and tunable emission, low exciton
binding energies and low-cost processing are especially appealing for new generations of LEDs
[18,23–31]. Generally, perovskite-based LEDs are fabricated using an intrinsic light-emitting
active layer sandwiched between an electron injection layer (EIL) and a hole injection layer (HIL)
[32]. When applying a forward bias, carriers are injected into the active layer, where electrons
and holes can bind and recombine radiatively [25,33]. In order to improve the performance
of these LED devices, uniform densely-packed and pinhole-free films with small crystallites
are required [24,31,34–37]. The densely-packed and pinhole-free perovskite could the current
leakage [38]. The Small crystal grain size is able to prevent the excitons or charge carriers
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from diffusing away by facilitating the spatial confinement of the excitons as well as reduce the
diffusion length; therefore, it would reduce the dissociation of the excitons [39,40]. In 2018, a
dramatic improvement in external quantum efficiency (EQE) to reach 1.2%, was first reported
using a blend of perovskite and polyimide precursor dielectric (PIP), forming a pin-hole free
perovskite nanocrystals in a thin-film matrix of PIP [41]. In the same year, 6.5% EQE LEDs
were fabricated using uniform and compact OPA-CsPbBr3 films [42]. EQEs up to 10.4% were
also achieved with ultra-small grains (10 nm) and highly-uniform films with a surface roughness
under 1 nm using a large-group ammonium halide to contain the growth of 3D perovskite grains
during the film formation [37].

Meanwhile, a single-, double- or triple cation doping was shown to potentially improve both
the device performance and stability into high-quality perovskite films [21,43–46]. Nevertheless,
the poor stability of the perovskite itself under ambient conditions because of the extrinsic and
intrinsic instabilities remains a major impediment towards commercialization [7,47–49]. As a
result, the ambient environment processing causes rapid decomposition of the organo-inorganic
halide perovskite material into optically-inert constituents, such as PbI2 [50]. Tremendous
efforts are underway in an attempt to address this problem and triple cation perovskite is widely
recognized as a promising approach based on their lower sensitivity to processing conditions
[51–53]. Most especially, the implementation of Cs+ as a third cation into the FA/MA perovskite
is shown to improve both the stability and purity of the perovskite films [51,54,55]. FA/MA/Cs
perovskite mixture can either crystallize into photoactive perovskite α-phase (“black phase”)
or non-photoactive non-perovskite hexagonal δ-phase (“yellow phase”) [56–58]. For example,
in FAPbI3 perovskite, its black perovskite contains a three-dimensional of corner linked PbI6
octahedra and its yellow perovskite has a linear chains of face-sharing octahedra. These chain-like
structures are likely to hinder the electron transport through the materials [59]. These yellow
phase impurities need to be avoided because they would limit the charge collection by influencing
the crystal growths and the morphology of the perovskite [54]. The success of the MA/FA
mixtures illustrates that smaller cation MA can be thought as a stabilizer for the black phase
of the FA perovskite [60]. Cs has the smallest ionic radius of 1.81Å comparing to that of
MA (2.70Å) and FA (2.79Å) [61]. Previous research had shown that incorporating Cs would
improve the perovskite structural stability which would also effectively assists black phase
crystallization in FA perovskite because of entropic stabilization [62]. Already, mixed cation
perovskite (FA(1−X)CsXPbBr3) for LEDs, led to the first improvement in EQE from 0.82% to
1.82% using Cs cations [63]. Meanwhile, mixed cation FAXMA(1−X)PbBr3 with quantum dots
were also used to reach 3.5% in EQE [64]. The synthesis of Cs-containing triple cation perovskite
nanocrystals with nominal stoichiometry Csx(MA0.17FA0.83)1−xPbBr3 (x= 0-0.15) were shown to
yield LED devices with EQEs reaching 7.4% under argon-filled glovebox-controlled fabrication
environment [21].

In this work, we demonstrate triple cation perovskite-based LED devices with the perovskite
synthesis, device fabrication and operation all entirely performed under ambient conditions. As
we show, compact triple cation perovskite films with large crystal grains are obtained using
solvent treatment methods to produce near-infrared LEDs operating at 750 nm, with a maximum
EQE reaching 3.1%± 0.3%. In turn, we optimize the perovskite crystallinity, grain size and film
thickness for LED integration using DMF (N,N-Dimethylmethanamide) added to the perovskite
precursor. In doing so, we can achieve another ∼90% improvement in EQE to reach 5.9%± 0.59%
without altering the peak emission wavelength. We believe our triple cation perovskite synthesis
and perovskite film optimization technique could significantly impact towards low-cost, stable
and efficient solution-based LEDs.
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2. Results and discussions

We first produce the perovskite films under ambient conditions by incorporating Pb(SCN)2 (lead
thiocyanate), and using solvent-antisolvent engineering technique to obtain the triple-cation
perovskite (Csx(MA0.17FA0.83)Pb(100−x)(I0.83Br0.17)3) precursor solution [65]. Solvent treatment
using ethanol and chlorobenzene is known to promote the crystallization of the perovskite film
[65,66]. The addition of thiocyanate (SCN-) does not alter the crystallographic structure since
the ionic radius of SCN- (∼0.217 nm) is akin to iodine ions (0.220 nm) [67]. The SCN− addition
also results in more stable pseudo-halide perovskite formation due to the enhanced chemical
bonding in the lattice [68]. The perovskite film synthesis is entirely described in the experimental
section. Compared to photovoltaic devices, LED performances are greatly dependent on the
characterizations of the active layer film including film thickness, film homogeneity and surface
roughness. For thin perovskite layer, surface morphology is especially critical to avoid the current
leakage. In addition, if the perovskite layer is too thin, the lack of active material would also
limit the LED’s emission. For thick films, none-radiative carrier recombination would be the
major factor limiting the LED’s emission. [69]. To reach optimal LED performances, we used
DMF solvent into the perovskite precursor in order to achieve smaller grain sizes and thinner
densely-packed perovskite films. The films morphology and crystalline structure are investigated
using scanning electron microscope (SEM) and X-ray diffraction (XRD). SEM micrographs
shown in Fig. 1(a-d) reveal the morphology of the perovskite films with different DMF volumes,
namely: pristine (100% perovskite concentration), perovskite:DMF at 7:1 (87.5% perovskite
concentration), 4:1 (80% perovskite concentration) and 2:1 (66.6% perovskite concentration)
volume ratio respectively. All these precursor solutions are deposited atop a PEDOT: PSS
(poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) coated fluorine-doped tin oxide (FTO)
substrate to mimic the final LED device architecture. Overall, the SEM micrographs in Fig. 1(a-d)
reveal a complete and homogeneous coverage. The grain size ranging from ∼90 nm to ∼1.23
µm is measured by using ImageJ from the SEM images (detailed measurements and methods
are provided in the Supplement 1). The average grain size and film thickness achieved for each
precursor concentration are shown in Fig. 2, where 100%, 87.5%, 80% and 66.6% -rich precursors
yield average crystallite grain diameters (and corresponding film thicknesses) of 674± 67.4
nm (290± 29 nm), 616± 61.6 nm (190± 19 nm), 537± 53.7 nm (160± 16 nm) and 402± 40.2
nm (100± 10 nm) respectively. These average grain size values are measured and calculated
based on 50 randomly selected grain sizes for each sample. Because all the spin-coating and
annealing parameters are the same for all the sample, the grain size variation could be caused by
the difference in the solution concentration. The crystallite size estimated from XRD (Table 1)
revealed that the 66.6% film has the largest crystallite size of 41.49 nm compared to that of 33.65
nm, 28.14 nm and 33.04 nm for the 100%, 87.5% and 80% samples respectively. Grain is either
a single crystalline or polycrystalline material, and is presented either in bulk or thin film form.
During the processing, smaller crystallites come closer and grow to become larger due to kinetics.
Therefore, 66.6% sample has the smallest average gain size.

The XRD patterns in Fig. 3(a) indicate highly crystallized films. The perovskite materials
crystallized in the tetragonal phase with space group I4cm(108) and lattice parameters a= b= 8.86
Å and c= 12.65 Å respectively [70,71]. The specific peaks at 14.15° (110) plane and 28.55° (220)
plane are consistent for all the samples. Therefore, we can conclude that DMF additive shows no
clear consequences on the XRD peaks shifting. Table.1 summarizes the FWHM (full width at
half maximum) values and the crystallite size in nm for all the samples at both 110 and 220. The
full width at half-maximum (FWHM) of the (110) peak is estimated using Scherrer’s equation.
The FWHM of the (110) plane varied between 0.19° to 0.24°. Hence, the crystallinity of the
perovskite films was evident even upon dilution and all the samples maintained the perovskite
crystalline structure. The peak at 26.5° (marked as # in Fig. 3(a))corresponds to FTO substrate
which is more pronounced in the 66.6% films due to the low thickness of the film. As the
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Fig. 1. SEM images of the perovskite surface with the scale bar at 3µm for films produced
using a) 100%, b) 87.5%, c) 80%, and d) 66.6% precursor concentration, in volume
percentage.

Fig. 2. Film thickness and average plots for each sample batch. The error bars for average
grain size and thickness are 10% of their original values.
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Table 1. The details about the FWHM and their calculated crystallite size are summarized in the
table below:

thickness increases the intensity of this peak decreases. Tauc plots obtained by UV-visible optical
absorption spectroscopy in Fig. 3(b) show that pristine perovskite has a bandgap at 1.68± 0.01
eV, while the DMF addition always yields the same bandgap within the margin of error.

Fig. 3. a) X-ray diffraction patterns b) Tauc plot of the perovskite thin films with the
different precursor concentrations. The inset highlights the band-gap assessments from the
linear extrapolation.

In order to produce near-infrared perovskite-based LED devices, we use a simple three-layer
architecture shown in Fig. 4(a) with the PEDOT:PSS/Perovskite/Poly(9,9-di-n-octylfluorenyl-2,7-
diyl) (F8) conjugated polymer sandwiched between the FTO cathode and the MoO3/Ag anode
respectively. MoO3/Ag has a high-workfunction and is used to provide ohmic hole injection into
the device [72]. F8 is a polyfluorene conjugated polymer chosen to form a type-I heterojunction
with the perovskite. This type-I heterojunction is able to be used as carrier-blocking material
in order to prevent electrical shorts through the perovskite layer and emission-quenching at the
contact interfaces [43,73]. Figure 4(b) shows the band diagram of the designed perovskite LED
architecture.

Figure 5 presents a comparative statistical analysis of the electroluminescence intensity for
multiple (over 50) LED devices produced using the different precursor concentrations (100%,
87.5%, 80% and 66.6%) in order to show the improvements of the fabricated devices are not the
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Fig. 4. (a) Schematic of the LED device structure. (b) Band-diagram of this LED
architecture.

particular cases. At least 10 samples are analyzed for each precursor concentration, while all other
operation parameters remain the same (active surface area, applied voltage applied, spectrometer
slit and integration time). The grey boxes indicate the emission intensity range covering the
2nd and 3rd quartile (25%∼75%), while the top and bottom bars present the extremums. This
statistical analysis together combined with the thickness and grain distribution measurements
from Fig. 2 suggest that 80% precursor concentration in DMF yields the best trade-off between
the quality and thickness of the perovskite emitting layer. As the perovskite concentration is
being further reduced by addition of DMF, their performance decreases significantly because
of the decreased perovskite film crystallinity coupled with insufficient perovskite materials for
light emission. However, the lower film thickness compared to the undiluted (100%) precursor
concentration helps reduce carrier losses and provide a better carrier balance to favor the exciton
formation and radiative emission.

Fig. 5. Statistical analysis of the electroluminescence intensity for more than 50 devices in
total. At least 10 devices are included for each perovskite precursor concentration. The grey
box indicates the devices emitting within the 2nd and 3rd quartile (25%∼75%) range. The
solid line within the box represents the median for each device group.
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The electroluminescence spectra under applied voltage of 4V in Fig. 6(a) are obtained for LEDs
produced with perovskite films using the 100%, 87.5%, 80% and 66.6% precursor concentrations.
Their emission peaks are respectively at 750, 751, 753 and 751+/- 2 nm, which is consistent with
the bandgap values within the margins of error. Among these four different LEDs, the devices
with the 80% precursor concentration yield a very significantly (3X) stronger emission compared
with all others. This can be explained by the optimal trade-off between a better carrier delivery
(a thinner film) compared with the 100% and 87.5% precursor concentrations, and a significantly
better perovskite crystallinity than the 66.6% films. In addition, lower leakage current of the 80%
device comparing to the rest as shown in Fig. 6(b) could also be another reason. The emission’s
FWHM for LEDs using the 80% precursor concentration is 40 nm.

Fig. 6. Device characterizations for perovskite LEDs with different precursor concentrations
100%, 87.5%, 80% and 66.6%. a) Electroluminescence spectrum under a 4.5 V bias.
b) Current density-voltage (J-V) device characteristics. c) External quantum efficiency
(EQE)-voltage characteristics. d) Luminance-voltage characteristics.

The current density–voltage (J-V) characteristics in log scale of the best devices from each
batch are shown in Fig. 6(b). Under applied voltage less than 1V, the 80% device exhibits the
lowest current density comparing to the rest three devices suggesting 80% device has the lowest
leakage current. The 100% device stops working at 4.2V and the 80% device has the highest
working voltage of 5.7V. It may because 100% device has the highest perovskite layer thickness
preventing carriers from drifting resulting reduced radiative recombination of the carriers. As it
is for 66.6% device, number of carriers are greatly reduced because the dilution rate is too high.
Figure 6(c) represents the device luminance and current efficiency as a function of applied voltage.
The luminance of the 100% device drops dramatically after voltage exceeding 4V comparing to
those of 87.5% and 66.6% at 4.8V. Perovskite LED with 80% precursor concentration exhibits
the highest performance of 986 cd/m2 in luminance and 1.26 cd/A in current efficiency, and
continuing emitting until 5.7V. Figure 6(d) shows the EQE-voltage characteristics for all devices.
The maximum EQE of these devices are 3.1% (100%), 2.4% (87.5%), 5.9% (80%) and 1.5%
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(66.6%) with 10% data error values. The peak EQE of 5.9%± 0.59% achieved with the 80%
precursor concentration represents a 90% increase in EQE comparing to that of the pristine 100%
precursor concentration. It should be noticed that the device efficiency drops significantly at a
higher perovskite volume ratio.

We have also use Table 2 to compare our results with the state-of-the-art literature using other
mixed cation or triple cation perovskite-based LEDs.

Table 2. Comaparision of the present work with the recent mixed cation or triple
cation perovskite-based LEDs.

Device Structure Perovskite Emitter Von
(V)

(nm) Max
EQE
(%)

Ref.

FTO/PEDOT:PSS/Perovskite/
F8/MoO3/Ag

(Csx(MA0.17FA0.83)
Pb(100−x)(I0.83Br0.17)3)

3 750 5.4
∼6.5

This
work

ITO/PEDOT:PSS/
Poly-TPD/Perovskite/

POT-2 T/LiF/Al

Csx(MA0.17FA0.83)1−xPbBr3
(x= 0–0.05).

1.98 523 7.36 [21]

ITO/PEDOT:PSS/TFB/
Perovskite/TPBi/LiF/Al

FA0.8Cs0.2PbBr3 3.5 520
∼

535

∼2.8 [63]

ITO/PEODOT:PSS/TFB/
Perovskite/TPBi/LiF/Al

MA0.8Cs0.2PbBr3 3.0 523 1.3 [74]

ITO/PEDOT:PSS/poly-
TPD/Perovskite
/TPBi/LiF/Al

CsPb1−xSnxBr3 5.0 508 N/A [75]

ITO/AZO/AZO:Cs/Perovskite/
CuS-GaSnO/WO3/Au

Cs10(MA0.17FA0.83)(100−x)
Pb(BrxI1−x)3

2.5
2.7
3.1

569
650
475

12.98
8.21
2.58

[76]

ITO/ZnO/PVA/Perovskite/
PVK/MoO3/Al

Cs0.76FA0.24PbBr3. 2.6 ∼535 3.8 [77]

3. Experimental methods

The precursor solutions were prepared from chemicals purchased from Sigma Aldrich and Ossila
unless stated otherwise. The complete perovskite synthesis and device fabrication steps are
performed in ambient conditions (in air) at 22°C and 50% relative humidity. The triple-cation
perovskite is prepared by adding lead thiocyanate to make it more stable under ambient conditions
[78]. 0.6M-MAI, 0.2M-MABr, 1M-FAI, 0.8 M-PbI2 and 0.5M-PbBr2 are all dissolved in 4:1
DMF:DMSO (volume ratio) [78]. This is followed by the addition of a 70 µl cesium iodide
solution to the perovskite solution and stirring slowly for 60 minutes without heating. During
the thin-film deposition, we optimize the morphology and grain size using solvent-anti-solvent
(ethanol and chlorobenzene) treatment previously reported [65]. For the fabrication of the
LEDs, the perovskite solution is further modified by adding different volume ratios of anhydrous
DMF (N,N-Dimethylformamide) to obtain perovskite precursors : DMF at 7:1 (87.5%), 4:1
(80%) and 2:1 (66.6%) volume ratio (dilution). These solutions are used to fabricate all the
devices presented in this work.

For deposition, the fluorine doped-tin oxide (FTO) substrates (Ossila S304, 12∼14 Ω/sq) are
ultrasonically cleaned in sequence using acetone and isopropanol for 10 minutes each. PEDOT:
PSS (CleviosTM P VP AI 4083) diluted with isopropanol (1:3 volume ratio) is spin-coated
directly atop of the FTO substrate at 3000 rpm for 40s and annealed at 200°C for 15 minutes in
air. The thickness of the PEDOT:PSS layer is ∼150nm. Before perovskite deposition, the FTO
glasses coated with PEDOT: PSS are exposed under a UV-lamp (405nm, 6W) for 15 minutes
to improve the wettability for perovskite deposition. After the UV treatment, the perovskite
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precursor solution is spin-coated atop the PEDOT: PSS in dynamic mode at 2000 rpm for 20s,
followed by the solvent-anti-solvent (ethanol and chlorobenzene) treatment at 5000 rpm for
20s to achieve a compact and well crystallized thin film [65]. The samples are subsequently
annealed at 125°C for 15 minutes on a hotplate in air for the perovskite conversion. After cooling-
down, poly(9,9-di-n-octylfluorenyl-2,7-diyl (F8) (Sigma-Aldrich) is diluted at a concentration of
10mg/ml in chlorobenzene before spin-coating atop the perovskite layer at 4000 rpm for 30s. The
samples are subsequently annealed at 80°C for 15 minutes and cooled-down to room temperature.
Finally, a 5-nm MoO3 layer is thermally evaporated atop the F8 conjugated polymer layer at
0.2Å/s, followed by a 150-nm thick thermally evaporated silver electrode deposition through a
0.025 cm2 round-shaped shadow mask at 0.2 Å/s.

The SEM images are acquired using a Hitachi SU 8230 ultra-high-resolution field emission
scanning electron microscope. XRD patterns were obtained using a Bruker-AXS D8 Advance
X-ray diffractometer with CuKα1 source (λ= 1.5406 Å). UV–vis optical absorption spectrum is
measured using a UV–vis–NIR, PerkinElmer Lamba 750 spectrophotometer. An Ambios XP200
profilometer is used to measure the thickness of the perovskite films, using a scanning speed of
0.03mm/s and a 0.03mg stylus force.

Steady-state electroluminescence (EL) spectra are recorded using a Jobin-Yvon iHR320
triple-grating spectrometer equipped with a Synapse silicon CCD array. The perovskite LED
emitting power is measured using a photodetector (Thorlabs, S120VC, 200-1100nm, 50mW)
connected through a power and energy meter module (Thorlabs, model PM100USB), and the
current-voltage (IV) characteristics are measured using a Keithley 2400 source-measure unit
(SMU) controlled with LabVIEW. The power and IV measurements are performed at the same
time, so that the external quantum efficiency (EQE) could be directly calculated from the equation
below:

EQE =
n(photon)
n(electron)

=
P/E(photon)

I/q
where P is measured power, I is measured corresponding current, q is electron charge and
E(photon) is calculated by 1.2398/λ(um) which λ is the peak wavelength.

4. Conclusions

In summary, we describe a triple cation perovskite synthesis method customized for the fabrication
of efficient near-infrared LEDs. All the devices are produced in air at room-temperature by
incorporating thiocyanate ions and using a solvent-antisolvent treatment method. Because this
precursor chemistry is much more commonly used for photovoltaic devices, we demonstrate that
we can significantly improve the EQE of our LED devices from 3.1% to 5.9% by diluting this
precursor with DMF. This can allow us to optimize the key characteristics of the perovskite films
for LED applications, by reducing both the grain size and the film thickness, while preserving a
sound crystalline structure consistent with the tetragonal halide perovskite polymorph. By far,
the best LED devices are fabricated with using a 80% perovskite precursor concentration in DMF
to achieve a maximum EQE of 5.9%. As such, we believe that this paper represents an important
step towards new low-cost perovskite-based LED devices and technologies for a wide range of
applications including energy-efficient lighting, biosensing and displays
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