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Abstract

Perovskite light-emitting diodes (PeLEDs) have attracted attention because of their
high efficiencies. However, due to the sensitivity of perovskites to ambient condition,
the perovskite emitter layers are generally fabricated under an inert gas environment
(e.g., dry N»), which increases their processing complexity and cost. Here, we report
air-prepared quasi-two-dimensional perovskites for efficient PeLEDs. It is found that
the phase aggregation is the critical obstacle deteriorating the characteristics of air-
prepared perovskites. Through tailoring antisolvent engineering to modulate the
nucleation and growth characteristics of perovskite films from precursor solution, phase
aggregations are well restrained. Confocal laser scanning fluorescence microscopy
results demonstrate homogeneous perovskite films with uniform photoluminescence
distributions. Traps at grain boundaries are passivated and excitons transfer among
perovskite phases becomes effective. Finally, efficient green PeLEDs based on air-
prepared perovskites are realized with an external quantum efficiency of 15.4%. Our
work provides a promising strategy to fabricate cost-effective perovskite devices in

ambient air condition.



1. Introduction
Metal halide perovskites are emerging as promising semiconductor materials for
applications in lighting and display technologies, because of their tunable bandgap,

(131 In recent years, various approaches

high luminescence efficiency and color purity.
have been implemented to improve the performance of perovskite light-emitting diodes
(PeLEDs).*4 Decent efficiencies have been realized with the emission wavelengths
ranging from blue, green, red to near-infrared.['>2! However, perovskite films in these
PeLEDs are generally fabricated under a controlled gas atmosphere, mainly due to the
strong dependence of the quality of perovskite films on the gas species.[*!"22] The
controlled atmosphere leads to increased complexity and cost. Therefore, preparing
high-quality perovskite films in ambient air would be desirable. To achieve this aim, it
is imperative to investigate the influence of preparation conditions of perovskite emitter
layers in ambient air on the device performance of PeLEDs.

Among various approaches reported, quasi-two-dimensional (2D) phase
perovskites have shown promise for improving the stability of perovskite films against

23-24] Thus, quasi-2D perovskites may also provide a plausible way to realize

humidity.[
air-prepared perovskite emitting layers. A general composition engineering trend to
prepare quasi-2D perovskite films is to blend 3D perovskites with hydrophobic bulky
organic cations.[>) When these quasi-2D phase perovskites serve as emitter layers, a
trend of efficient PeLEDs is reported because of their quantum confinement and

25-28

morphology control (e.g., small grains, smooth films).?>-281 For instance, Lee and

coworkers explored phenylethylammonium (PEA) cations in quasi-2D PeLEDs, and



found that radiative recombination became more effective owing to the exciton
confinement and trap passivation, exhibiting a promising alternative to realize efficient
PeLEDs.[*") Sargent and coworkers used bulky organic cations to tailor quasi-2D
structure perovskites and enhanced dramatically the utilization of charges due to the
energy funneling process resulting in an external quantum efficiency (EQE) of 8.8%.[3"
Wang and coworkers chose naphthylmethylamine as organic cations to prepare quasi-
2D phase perovskites. In this case, an encouraging EQE of 11.7% was reported.3!]
Although decent results have been achieved using various quasi-2D perovskites,
fabrication of perovskite emitter layers in ambient air has rarely been reported.

The quasi-2D phase PEA-FAPbBr; (FA=formamidinium) is a representative
perovskite for realizing efficient PeLEDs.[*?] In this paper, we report the fabrication of
efficient PEA-FAPbBr3; based PeLEDs under ambient air condition. Confocal laser
scanning fluorescence microscopy (CLSFM) is applied to spatially examine the
photoluminescence (PL) emission characteristics of these perovskite films prepared in
ambient. We find that the optoelectronic characteristics of perovskite films are sensitive
to the type of antisolvent. When chlorobenzene (PhCl) and toluene (PhMe) were used
as antisolvents, perovskite films showed inferior PL properties due to poor morphology
and phase aggregation. On the other hand, with diethyl ether (DEE) as the antisolvent,
we obtained perovskite films with compact morphology and homogeneous phase
distribution, which led to reduced leakage current losses and nonradiative

recombination pathways. The photoluminescence quantum yield (PLQY) reaches

61.5%. An EQE of 15.4% is obtained in PeLEDs using air-prepared perovskites as



emitter layers.

2. Results and Discussion

Perovskite films are prepared in air with a controlled relative humidity of 15~20% and
temperature of 15~20 °C. Quasi-2D perovskites have been proven to be promising
emitters in PeLEDs. Among these quasi-2D perovskites, PEA-FAPbBr; and PEA-

32-33] Therefore,

CsPbBrs; are representative and widely used to realize efficient PeLEDs.!
PEA-FAPbBr3; and PEA-CsPbBr; are chosen as the model systems to study perovskite
emitters prepared in air condition accordingly. However, as shown in Figure Sla of
PEA-CsPbBr3 perovskite films under ultraviolet excitation, air-prepared PEA-CsPbBr3
perovskite films demonstrated non-uniform PL as the growth condition changed from
dry N> gas to air condition. Hence, quasi-2D PEA-FAPbBr3 perovskite is chosen to
study the topic. Quasi-2D phase PEA-FAPbBr; perovskites are prepared by depositing
the perovskite precursor solution containing FABr, PbBr, and PEABr in dimethyl
sulfoxide (DMSO). Three types of solvents, including PhCI (perovskite-PhCl), PhMe
(perovskite-PhMe), and DEE (perovskite-DEE), are used as antisolvents to control the
growth of perovskites. Figure S1b displays the photographs of perovskite films under
365 nm ultraviolet excitation. The perovskite-DEE film has much stronger PL emission
than perovskite-PhCl and perovskite-PhMe films. Figure 1 shows the CLSFM images
of perovskite films. As shown in Figure 1a and b, the perovskite-PhCl films show poor

PL characteristics with domain aggregations. The PL intensity in the central area of

each perovskite grain is much stronger than that from the boundary region, which



indicates the presence of traps at the grain boundaries.*#! In addition to the poor quality
of perovskite grains, the whole perovskite film displays discontinuous morphology. Its
corresponding PL intensity distribution (Figure S2a) exhibits a non-uniform status.
Similarly, poor PL characteristics are observed in the case of perovskite-PhMe films
(Figure lc, d and Figure S2b). On the other hand, with DEE as the antisolvent, the
aggregation is suppressed. The perovskite-DEE film possesses a considerably
homogeneous distribution with uniform PL intensity, as evidenced by the CLSFM

images (Figure 1e and f) and the corresponding PL intensity distribution (Figure S2c).

Figure 1. CLSFM mapping images of perovskite films using different antisolvents. a,

b) PhCL ¢, d) PhMe. e, f) DEE.

Scanning electron microscopy (SEM) measurements were conducted to observe
the morphology of perovskite films. The SEM images of the perovskite-PhCl and

perovskite-PhMe films in Figure S3a-d clearly show different domains (the dendritic
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one of the upper layer and the other one of the lower layer) within the perovskite films,
which is detrimental for forming uniform PL distribution. On the contrary, with DEE
as the antisolvent (Figure S3e and f), perovskite-DEE films display compact
morphology and homogeneous domain distribution. The SEM characteristics
correspond well with the PL intensity distribution in Figure 1. Several straight lines are
observed on the perovskite films prepared under ambient air condition using DEE as
the antisolvent. A plausible reason is the preferential growth of perovskites.*>! Quasi-
2D phase structure could serve as a template during the formation of perovskite films,
which results in preferred orientation growth of perovskite films. As a consequence,
there are several straight lines in perovskite films.

Figure 2a shows the UV-Vis absorption spectra of perovskite films prepared with
different antisolvents. The perovskite-DEE film presents a slight blueshift in
comparison to the perovskite-PhCl and perovskite-PhMe films. Meanwhile, as shown
in the absorption spectra from 425 to 500 nm (Figure S4), both perovskite-PhCl and
perovskite-PhMe films have extra excitonic absorption peaks corresponding to quasi-
2D perovskites. However, these excitonic peaks do not show in the perovskite-DEE
film. According to the steady-state PL spectra in Figure S5, perovskite-PhCl and
perovskite-PhMe films show similar 3D perovskite peak positions at 535 nm and 532
nm, respectively. The PL peak blue shifts to 523 nm when using DEE as the antisolvent.
The PL intensity of the perovskite-DEE film is much stronger than that of the
perovskite-PhCl and perovskite-PhMe films. The stronger PL intensity indicates a more

effective radiative recombination.



It is desirable for excitons to transfer from small layer number phases to large layer
number phases in quasi-2D perovskites, followed by radiative recombination in these
confined 3D perovskites. Under this condition, there is only one steady PL peak.¢!
However, as shown in Figure 2b of the steady-state PL spectra on a semi-log scale,
when PhCl is used as the antisolvent, there are four PL peaks at 409 nm, 441 nm, 472
nm, and 488 nm corresponding to 1-layer pure-2D, 2-layer, 3-layers, and 4-layer quasi-
2D perovskites, respectively. The extra peaks from perovskite-PhCl and perovskite-
PhMe films indicate a large number of excitons were captured and recombined at the
small layer number pure-2D or quasi-2D phase perovskites during their transfer

processes.!?!! In the case of perovskite-DEE films, the single PL peak proves more

desirable excitons transfer.
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Figure 2. Characteristics of the perovskite films prepared in ambient air with different

antisolvents. a) UV-vis absorption spectra. b) Semi-log scale steady-state PL spectra. c)
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Time-resolved PL spectra. d) PLQY values.

According to the aforementioned characteristics, perovskite-PhCl and perovskite-
PhMe films separate into two different domains (SEM images in Figure S3), and these
domains tend to grow individually, leading to uneven PL intensity distribution (CLSFM
images in Figure la-d). Meanwhile, phase aggregation of low dimensional phase
perovskites was observed in perovskite-PhCl or perovskite-PhMe films (absorption
spectra and PL spectra in Figure 2a and b). Effective exciton transfer among different
perovskite phases is one of the preconditions for realizing high efficiency in quasi-2D
PeLEDs.I*7) As for the perovskite-PhCl or perovskite-PhMe films, a considerable part
of excitons are lost in their transfer pathways, because the severe phase aggregation
blocks their transfer. Additionally, the large number of traps around 1 layer pure-2D
perovskite surfaces quench charges significantly. On the contrary, the homogeneous
phase distribution and uniform morphology of the perovskite-DEE film facilitate the
exciton transfer.

The average PL lifetimes (Figure 2c) of the perovskite-PhCl and perovskite-PhMe
films are 13.4 ns and 16.6 ns, respectively. The PL lifetime increases to 24.0 ns when
DEE is used as the antisolvent. The PL lifetime of the perovskite-DEE film is improved
by over 40% than that of the perovskite-PhMe film. The PLQY displays a similar trend,
i.e., the PLQY value (Figure 2d) of the perovskite-DEE film (61.5%) is also much
higher than that of perovskite-PhCl (4.4%) or perovskite-PhMe (8.1%) films. Two

reasons are responsible for the improved PL quality when using the DEE as antisolvent.



The first reason is related to the lower trap concentration at perovskite grain boundaries.
The lower trap concentration is favorable to reduce trap-assisted nonradiative
recombination losses and utilize charges efficiently.*8-3°1 The second reason is that the
phase aggregation is suppressed. The schematic drawing in Figure 3 depicts how the
phase aggregation causes charge losses. PEA cations result in the formation of quasi-
2D phase perovskites with different layer numbers.[>*-3%1 As shown in Figure 3a,
excitons can effectively transfer from small layer number phases to large layer number
phases, when the quasi-2D phase arrangement is uniform.(*3] However, the transfer
efficiency can be restricted within aggregated quasi-2D perovskite domains, as shown
in Figure 3b. These aggregated domains block and quench charges in the transfer
pathways, which enlarges the probability of nonradiative recombination.l*’l Meanwhile,
part of charges recombines within small layer number phases, resulting in the PL peaks
at 409 nm, 441 nm, 472 nm, and 488 nm (Figure 2b). Therefore, the perovskite

possesses more effective radiative recombination when DEE is used as the antisolvent.

Figure 3. Schematic drawing depicting the influence of phase aggregations. a) Charge
transfer processes from small layer number phase to large layer number phase

perovskites. b) Charge recombination or quenching during their transfer processes
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caused by phase aggregations.

To understand the perovskite growth mechanism with different antisolvents, the
phase formation of perovskites was explored without as well as with different
antisolvents. Figure 4a shows the semi-log scale XRD patterns of fresh perovskite
before the annealing process. The fresh perovskite film without antisolvents (reference)
showed strong 2-layered quasi-2D phase diffraction peaks at 4.0° and 7.9°. The strong
intensity peaks at 5.3° and 10.6° belong to the 1-layered pure-2D phase. The diffraction
peak at 14.8° corresponds to the 3D phase perovskite. The corresponding SEM image
(Figure 4b, reference) shows a typical quasi-2D perovskite morphology with unclear

40-411 It indicates phase segregation into

grain boundaries and needle-like 3D crystals.!
quasi-2D and 3D domains in the perovskite films without antisolvents. After the
antisolvent process, the diffraction peaks of both quasi-2D and 3D perovskites decrease
markedly as shown in Figure S6. Especially, the perovskite-DEE film possesses fewer
quasi-2D diffraction peaks than other films (Figure 4a). On the other hand, two different
types of domains appear in fresh perovskite-PhCl and perovskite-PhMe films as shown
in the SEM images (Figure 4b, PhCl and PhMe). Meanwhile, each of the domains tends
to be aggregated leading to heterogeneous perovskite films, instead of mixing uniformly.

But the DEE processed fresh film still maintains a homogenous morphology with small

grain sizes (Figure 4b, DEE).
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Figure 4. Characteristics of the perovskite films before annealing processes. a) XRD
patterns of the fresh perovskite films. b) SEM images of the perovskite films prior to

annealing. ¢) LaMer diagram of nucleation and growth of perovskites.

Furthermore, we dropped different antisolvents into the perovskite precursor
solution respectively to explore the difference induced by these different antisolvents.
As shown in Figure S7, when DEE was dropped into the precursor, the solution turned
into a layered structure quickly. However, after dropping PhCI or PhMe, the solution
became turbid and after several seconds became layered. In other words, the extraction
rate of DEE to DMSO is much faster than that of PhCl or PhMe. The nucleation and
growth dynamics in these cases can be depicted by the Lamer curve as shown in Figure

4¢.*21 In general, there are three portions in the LaMer diagram: (i) monomers
12



accumulation in the solution, (ii) nucleation burst once the monomer concentration over
the minimum supersaturation limit, and (ii1) subsequent nuclei growth controlled by
growing species diffusion. Based on the LaMer mechanism, the faster volatilization of
host solvents contributes to the faster nucleation of perovskites, and thus more
homogeneous films can be obtained.[*}] The DEE antisolvent is favorable to remove the
DMSO quickly, which increases the supersaturation instantaneously and produces
plenty of smaller nuclei, suppresses the growth of quasi-2D perovskite phases, and thus
contributes to homogenous morphology. In this case, the disturbance of ambient water
to perovskite growth is also eliminated effectively. The weak extraction ability of PhCl
and PhMe solvents leads to a large number of DMSO-contained intermediate phases.
These phases cannot be successfully converted into perovskite grains uniformly due to
the disturbance of ambient water.[?'! The fast growth of quasi-2D phases further causes
poor morphology with obvious phase aggregation in perovskite-PhCl and perovskite-
PhMe films. These morphologies are almost unchanged even after thermal annealing
processes (Figure S3).

The PeLED devices are fabricated on indium tin oxide (ITO) glass substrates with
a structure of ITO/poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:
PSS)/perovskites/2,2°,2°-(1,3,5-benzenetriyl) tris-(1-phenyl-1Hbenzimidazole)
(TPBi)/8-hydroxyquinolinolato-lithium (Liq)/aluminum (Al). The conduction band and
valence band (Figure Sa) of perovskite films are calculated based on the ultraviolet
photoemission spectroscopy (UPS) results (Figure S8) and the bandgap information

determined by UV-vis absorption experiments (Figure 2a). Because of the poor quality
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of perovskite-PhCl and perovskite-PhMe films, injected charges lose through leakage
current and traps quenching. Hence, the corresponding PeLEDs display inferior diode
characteristics without electroluminescence (EL) emission, as shown in Figure S9 of
the current density-voltage curves. The better electrical properties of devices are
obtained in the case of perovskite-DEE films. Figure 5b is the EL spectra of devices
under different voltages. The EL peaks are located at 525 nm with a Commission
Internationale de 1’Eclairage (CIE) color coordinate of (0.16, 0.77) in Figure S10.
Meanwhile, there is no obvious shift of EL peaks with increasing the applied voltages.
The turn-on voltage of devices is 3 V, according to the current density-luminance-
voltage curves in Figure 5c. The highest luminance reaches 11765 cd/m? at the applied
voltage of 6.0 V. The EQE curve is presented in Figure 5d. The maximum EQE reaches
15.4% that is comparable with the previous PeLEDs fabricated in a controlled nitrogen
atmosphere.?! Figure S11 is the corresponding EQE-brightness curve of devices. The
operational stability is also measured, as shown in Figure S12. When the initial

luminance is 100 cd/m?, the half-lifetime of devices reaches 19 minutes.
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Figure 5. Optoelectronic performance characterization. a) Band energy diagram of
PeLEDs with different perovskite emitter layers. b) EL spectra of PeLEDs with DEE
as the antisolvent. The photograph is a device under 5 V bias. c¢) Current density-

luminance-voltage curves and d) EQE-voltage curves of PeLEDs with DEE as the

antisolvent.

3. Conclusion

In summary, we report air-prepared quasi-2D perovskite films with good optoelectronic
properties, through controlling the nucleation and growth processes of perovskite films
by antisolvent engineering. The phase distribution is of importance to the properties of
perovskite films. Homogeneous phase distributions are realized in perovskites when a
suitable antisolvent is used. Excitons transfer becomes effective and nonradiative

recombination losses are suppressed. Consequently, efficient green PeLEDs with an
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EQE of 15.4% are achieved with the air-prepared perovskite films as emitter layers.
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