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Abstract

The fabrication of perovskite film is crucial for achieving efficient perovskite
photoelectric device. Herein, a simple and novel encapsulation growth method was
applied to prepare high-quality quasi-2D perovskite films with advantages of compact
and uniform morphology, high crystallinity with lower defect density, enhanced
photoluminescence quantum yield (PLQY) and optimized multidimensional domain
distribution and crystallite orientation for perovskite light-emitting diodes (PeLEDs).
The encapsulation growth method was found to decrease the proportion of the
low-dimensional (n=1,2,3) domains while increasing the high-dimensional domains
content with randomly-oriented crystals, which simultaneously enhanced the overall
energy landscape effect and charges transport within the quasi-2D perovskite films,
and the PLQY of the quasi-2D perovskites significantly improved from 9.2% to
60.0%. Finally, an efficient flexible green PeLEDs was obtained with a high luminous
efficiency (LE) of 47.1 cd/A, and a luminance brightness of 8,300 c¢d/m?, and an
efficient sky-blue PeLEDs was also achieved with record EQE of 12.8 % by using
encapsulation growth method. This encapsulation growth method provides a

promising strategy for boosting the efficiency of quasi-2D PeLEDs.

Keywords: quasi-2D perovskites, encapsulation growth, charges transport, energy

transfer, light-emitting diodes.



1. Introduction

Organic-inorganic halide perovskite materials have been demonstrated as a
promising candidate for light-emitting diodes (PeLEDs) owing to their excellent
optoelectronic properties, such as high photoluminescence quantum yields (PLQY5s),
color tunability over a wide-range by simply modulating the elemental composition,
and a high color purity with a narrow full width at half-maximum emission (<20 nm)
[1-8]. At present, efficient red and green PeLEDs with high external quantum
efficiencies (EQEs) of over 20% have been achieved [9-11], which is comparable
with state-of-the-art organic and quantum-dot LEDs. In contrast, the blue PeLEDs
that are important for display and lighting application exhibit much lower efficiency
with EQE around 10% [12-14]. In addition, flexible PeLEDs have gained attention in
realizing ultrathin, light weight, highly conformable and nonfragile vivid displays
[15-19]. Perovskite films can be prepared by low temperature solution-processing,
which enables solvent-processed fabrication of flexible PeLEDs with advantages of

low-cost and mass productivity [20-22].

Quasi-2D  Ruddlesden-Popper (RP) halide perovskites produced by
precursor-mixtures that contain bulky organic spacer cation and A-site cation of
halide perovskites ABX3 (X=CIl, Br, I) have been widely used as an active layer in
efficient PeLEDs. In the solvent-processed preparation of perovskite films,

anti-solvent washing methods have been proven to promote a rapid and uniform
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nucleation of perovskites crystals by immediately washing out precursor solvents,
resulting in the formation of smooth and full-coverage perovskite films [23,24],
However, the fast crystallization inevitably introduce unintended defects [25-30],
such as structural disorders, crystallographic defects, grain boundaries, and undesired
phase mixtures owing to the incomplete growth of perovskite crystals within a short
formation time. The defects create trap states, resulting in trap-mediated non-radiative
recombination loss [31-33], which deteriorates the optoelectronic performance of
PeLEDs. The quasi-2D perovskite films deposited by solvent-dropping methods
possess a mixture of multiple dimensional domains (n=1,2,3,4,5**) [3,34], and the
quasi-2D perovskite domains are found to preferentially orient parallel to the substrate
[35,36]. Therefore, an excessive content of low-dimensional (n=1,2,3) domains can
form a higher density of bulky insulating organic spacers within the charges transport
pathways, which impedes the charge transport in the quasi-2D perovskite films
[37,38]. In addition, tailoring the distribution of multiple-dimensional domains can
yield a gradient energy landscape in quasi-2D perovskites, that enables efficient
energy transfer from low-dimensional domains to high-dimensional radiative domains
[34,39], which is crucial for achieving high PLQY and LED performance. It is well
known that perovskite crystal growth is significantly influenced by deposition
methods [23,40-45], and controlling the residual solution (DMF,DMSO) evaporation
rate in perovskite precursor films during annealing is an efficient strategy to promote

perovskite crystal growth [46, 47]. However, the perovskite crystal growth usually



leads to a rough surface with a reduced film-coverage, which decreases the device
performance [48]. Therefore, the development of effective methods that enable the
control growth of highly crystalline perovskites is a promising strategy to achieve

high-quality perovskite emitting layers for improving the performance of PeLEDs.

In this study, we report an encapsulation growth method to fabricate
high-quality quasi-2D perovskite film, which is produced by simply shielding a scotch
tape on perovskite precursor film during annealing. The top scotch tape can contain
the residual solution in perovskite precursor film, thus promoting the growth of
quasi-2D (PMA)>Csn-1PbyBr3n+1(n=3) perovskites with low crystal defects, and its
PLQY significantly improved from 9.2% to 60.0%. Moreover, due to the space
limitation between the substrate and the top scotch tape during the film formation, the
resulting perovskite film exhibits a uniform and compact morphology. More
interestingly, the encapsulation growth was found able to decrease the proportion of
low-dimensional (n=1,2,3) domains, while increasing the proportion of
high-dimensional domains with randomly crystal orientation, and thereby tailoring the
energy landscape in the quasi-2D perovskites, that yields an efficient charge transport
and energy transfer to the lowest-bandgap perovskite radiative domains. Using the
encapsulation growth of quasi-2D (PMA)2Csn-1PbuBrin+1(n=3) perovskite films, an
efficient flexible green PeLEDs was achieved with a high luminous efficiency of 47.1
cd/A, and luminance of 8,300 cd/m? and an ITO-free flexible PeLEDs with a

PEDOT:PSS anode was also fabricated with a luminous efficiency of 20.6 cd/A, and



luminance of 1,900 cd/m?, and their flexibility was studied by empirical cyclic
bending test with various bending radii. Moreover, an efficient flexible sky-blue
PeLEDs based on quasi-2D perovskites (PEACI:CsPbBr;=1:1, YCls 2%), emitting at
493 nm, was also achieved with a record EQE of 12.8% by using the encapsulation
growth method. The encapsulation growth of quasi-2D perovskite films is an effective

method for boosting the efficiency of PeLEDs.

2. Results and Discussion

In the solvent-based fabrication of perovskite film, a fast crystallization is
essential for achieving a compact and uniform film morphology. However, the fast
crystallization inevitably creates detrimental defects and undesired phase mixtures in
perovskites. According to our previous study, controlling the evaporation speed of
residual solvent in perovskite precursor film is an efficient strategy to facilitate the
perovskite crystal growth with a reduced defects density [46,49,50]. Base on this,
herein, an encapsulation growth method was used to deposit high-quality quasi-2D
perovskite films for efficient PeLEDs as shown in Figure 1(a). A scotch tape was
tightly pasted on top of a quasi-2D (PMA)>Csp-1PbyBr3n+1(n=3) perovskite precursor
film on a flexible PEN substrate during annealing. The scotch tape can encapsulate
the quasi-2D perovskite precursor film and contain the residual DMSO solution for a
long time, thus providing enough time for high-quality growth of quasi-2D
perovskites. In addition, due to an excellent flexibility of both the PEN substrate and

scotch tape, the scotch tape is able to fully attach to the top surface of the perovskite



film sandwiched between the flexible substrate and scotch tape. Due to the
space-confined growth process, the perovskite material growth occurs parallel to the
substrate, leading to a uniform and compact film morphology with a low RMS value

of 3.34 nm as shown in Figure S1.

Figure 1 (b) shows an image of (PMA):Csn.1PbnBr3a+1(n=3) perovskite film
with a half of the film made by the encapsulation growth method (right) and the other
half with the conventional method (left). The right side was covered by a scotch tape
during annealing at 100 °C for 10 min, in order to induce the encapsulation growth of
the crystals. As we can see, the region of the film made by the encapsulation growth
method clearly appears to exhibit a brighter green emission than the region of the film
deposited by the conventional method when illuminated under UV light, and its
PLQY was increased from 9.2% to 60.0% by using the encapsulation growth method
as shown in Figure 1 (c), which would contribute to efficient PeLEDs, as discussed
later. For further investigating the effect of the encapsulation growth method on the
PL intensity of the quasi-2D perovskite films, we used para-film and glass sheet to
shield the perovskite film, respectively, as shown Figure S2, the para-film and glass
sheet assisted encapsulation growth of perovskite films also results in an enhanced PL

compared to the reference film.

The UV-Visible absorption spectrum of quasi-2D (PMA )2Csy-1PbnBr3n+1(n=3)
perovskite films made by conventional method (denoted as “conventional perovskites”

from here) exhibits several peaks that correspond to multiple dimensional domains
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(n=1,2,3...) as shown in Figure 1 (d), which is consistent with previous reports [2],
and the quasi-2D  multilayered perovskite films actually comprised
multiple-dimensional perovskite domains (with various n values from 1,2,3 and 4 to
near < ) centered on an average value n [51,52], and it creates bandgap alignment
between perovskite domains with various n values, resulting in the internal energy
transfer from wide-bandgap low-dimensional domains to low-bandgap
high-dimensional domains in quasi-2D perovskite films [2,3]. Spectacularly, the peak
intensities that correspond to n=1,2,3 low-dimensional domains decreased in the film
made by the encapsulation growth method (denoted as “encapsulation growth
perovskites” from here), which indicates the decreased proportion of the
low-dimensional domains (n=1,2,3), while exhibiting an enhanced absorbance at a
near band-edge with a noticeable red-shift, which indicates an increased proportion of
low-bandgap, high-dimensional domains in the encapsulation growth quasi-2D
perovskites. This would be beneficial for the charge transport in the quasi-2D
perovskites. The observed changes of multiple dimensional domain distribution in the
encapsulation growth quasi-2D perovskite films might be tentatively assigned to the
shielding effect of the top scotch tape, which is able to hold the residual DMSO
solution for a long time, thus promoting the 3D perovskites phase growth [53,54],
which results in an increased proportion of high-dimensional domains and
simultaneously decreased low-dimensional domains in quasi-2D perovskite film. In

addition, according to previous reports, the nucleating position of crystal domains



within the solution phase during the film deposition is important for crystal
orientation [55]. Therefore, the top scotch tape may also affect the quasi-2D

perovskite crystal nucleation position and orientation.
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Figure 1. (a) Schematic diagrams for the encapsulation growth method of quasi-2D
(PMA)>Csn-1PbyBr3n+1(n=3) perovskite films, (b) images of conventional and
encapsulation growth perovskite films without (left) and with (right) UV lamp
excitation, (c) Photoluminescence quantum yield (PLQY) and (d) UV-Visible
absorption of conventional and encapsulation growth perovskites.

The effect of the encapsulation growth method on the quasi-2D
(PMA)Csn-1PbyBr3n+1(n=3)  perovskite crystal was investigated by using
grazing-incidence wide-angle X-ray scattering (GIWAXs). Figure 2 (a) exhibits the

GIWAXSs patterns of the convention quasi-2D perovskites, and it shows discrete



Bragg spots with crystal diffractions (100) and (200) at 1.05 and 2.10 A, which
indicates a preferential oriented crystal [56]. According to a previous study, the
conventional quasi-2D perovskites with small n values (n<3) mainly grew in
in-plane orientation to the substrate and consequently formed multilayered RP-phase
nanoplatelets as shown in the schematic illustration [36], which severely hinders the
charge transport in the quasi-2D perovskite films. In contrast, the encapsulation
growth quasi-2D perovskites exhibit a ring-like Debye Scherer pattern, indicating a
randomly oriented crystal as shown in Figure 2 (b). The random orientation of the
quasi-2D perovskites can effectively accelerate the charge transport in perovskite
films through enhancing the contact between neighbouring perovskite crystals as
shown in the schematic illustration of the encapsulation growth quasi-2D perovskites
[37]. Moreover, the long-range lateral charge carrier mobility of quasi-2D perovskites
was investigated by a horizontal transient photo-conductivity (TPC) measurement
shown in Figure 2 (c) [57]. The conventional quasi-2D perovskites exhibited a higher
lateral charge carrier mobility than the encapsulation growth quasi-2D perovskite,
which is attributed to a in-plane crystal orientation of the conventional films. In
contrast, as expected, the encapsulation growth quasi-2D perovskite shows enhanced
electron and hole transport properties compared with the convention sample, which is
beneficial for efficient PeLEDs. In particular, the encapsulation growth quasi-2D
perovskites exhibits well-grown crystal grains that contain multiple dimensional

domains as shown in the HR-TEM images in Figure S3, which enables the efficient
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energy transfer form low dimensional domains to high dimensional domains in

quasi-2D perovskites.
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Figure 2. GIWAXs patterns and corresponding schematic illustrations of quasi-2D
(PMA)>Csn-1Pb,Br3n+1(n=3) perovskite films fabricated by (a) conventional and (b)
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encapsulation growth method, (c) horizontal transient photo-conductivity of quasi-2D
perovskite films and (d) J-V characteristics of electron-only and hole-only devices.

The ultrafast transient absorption (TA) measurement was conducted to monitor
the energy transfer dynamics of photogenerated carriers in the conventional and
encapsulation growth quasi-2D (PMA)>Cs;.1PbnBr3s+1(n=3) perovskites. As shown in
Figure 3 (a),(b), several distinctive ground-state bleach (GSB) peaks are observed,
which is consistent with the UV-Visible absorption spectra of quasi-2D perovskites in
Figure 1 (d). According the time-dependent TA spectra of quasi-2D perovskites in
Figure 3 (a),(b), the low-dimensional (n=1,2,3) GSB peaks are firstly formed at 0.4 ps,
after that, the high-dimensional GSB peak emerges at 1 ps, meanwhile the
low-dimensional GSB peaks reduce. That indicates an energy transfer from the
low-dimensional domains to dominated high-dimensional domains in quasi-2D
perovskites as shown in Figure 3 (d). The energy migration completed in the first 5 ps
while the high-dimension GSB peaks reached the maximum value. For further
investigating the energy transfer in the conventional and encapsulation growth
perovskites, we made the TA spectra of high-dimensional GSB peaks as a function of
the delay time as shown in Figure 3(c). The encapsulation growth quasi-2D
perovskites exhibits a faster improvement of GSB peak intensity than the
conventional perovskites, indicating that an enhanced energy transfer, which may
attribute to more-graded energy landscape due to the optimized multidimensional
domain distribution in the encapsulation growth quasi-2D perovskites. The enhanced

energy transfer is beneficial for outpacing the trapping and non-radiative
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recombination losses in perovskites, resulting in the high PLQY of perovskites and

improved PeLEDs device performance [39].

-0.010

-0.007

-0.004

-0.001

Time (ps)

0.002

: T T 101

400 450 500 550 600 400 450 500 550

b Wavelength (nm) Wavelength (nm)
2

-0.010
Encapsulation growth

-0.007

-0.004

-0.001

Time (ps)

0.002

-6 T T T 10"
400 450 500 550 600 400 450 500 550
C Wavelength (nm) d Wavelength (nm)
I
1.0 4 P
2 A7 TR o
% 0.8 i
£ 0.6 19 @ 510nm ™, - Energy transfer
T g ® ° >
[T c Conventional ﬁ.
g w Ei lation growth
g 041 Conventional neapsu 9
5 Encapsulation growth s
So.2 .
0.0 S T T
10" 10° 10" 102 1 2 3 4 oo
Time (ps) Domain (n)

Figure 3. TA measurements for quasi-2D (PMA)2Csx.1PbuBr3n+1(n=3) perovskite film,
(a), (b) TA spectra at selected timescales and time-wavelength-dependent TA color
maps for the conventional and encapsulation growth quasi-2D perovskite films, (c)
TA spectra at high-dimensional GSB peak as a function of delay time for the quasi-2D

perovskite film, (d) Schematic illustration of energy transfer process in quasi-2D
perovskites.

To study  the  photo-physical  properties of  the quas-2D

(PMA)2Csn-1PbnBr3n+1(n=3) perovskite films, the steady-state photoluminescence (PL)
13



and time-resolved photoluminescence (TR-PL) of the conventional and encapsulation
growth quasi-2D perovskite films on quartz substrate were measured as shown in
Figure 4 (a) and (b). The encapsulation growth perovskite film exhibits a significantly
higher PL intensity than the conventional sample. In normal condition, the crystal
defects in perovskite materials can act as charges trap sites, resulting in a decreased
PL intensity. Therefore, the higher PL intensity indicates a lower defect density in the
encapsulation growth perovskites in contrast to the conventional sample. Moreover,
the full width at half maximum (FWHM) of PL spectrum of quasi-2D perovskite
films obviously decreased from 23.6 nm to 21.4 nm by using the encapsulation
growth method, that can also be attributed to the reduced defect density in perovskite
crystals [58,59]. In addition, the encapsulation growth perovskite film exhibits a
red-shifted maximum PL peak, that may be attributed to a change in the distribution
of different n domains (i.e. an increased proportion of low bandgap high-n domains
and a decreased proportion of high-bandgap low-n domains in the encapsulation
growth quasi-2D perovskites, which is consistent with the UV-Visible absorption

spectra in Figure 1 (d)).

The TR-PL of quasi-2D (PMA)>Csn-1PbaBr3n+1(n=3) perovskites was fitted with
a bi-exponential decay, where the A; and A» are the fractional contributions of the PL
decay lifetime, and short lifetime (t1) corresponds to a fast decay process related to
quenching (including charge transfer) and defects, and the long lifetime (t2)

corresponds to the slower decay related to recombination, as shown in Figure 4 (b).
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The conventional quasi-2D perovskites exhibit a short lifetime 11 =1.00 ns and a long
lifetime t2=10.87 ns, in contrast, the encapsulation growth quasi-2D perovskites
shows a significantly improved short lifetime t1=5.91 ns and long lifetime
12 =159.22 ns. The tave of quasi-2D perovskite films obviously improved form 7.92 ns
to 47.55 ns by using the encapsulation growth method, which indicates a reduced
defect density and enhanced carrier transport. The PL decay parameters are
summarized in Table S1. The confocal PL images of the encapsulation growth
perovskite films exhibit a brighter PL emission with significantly reduced dark spots
that may act as charges trap site compared with the conventional perovskite film, as
shown in figure 4 (c), which is consistent with the PL and TR-PL results. This result
indicates that the encapsulation growth method can effectively improve the crystal

quality and optical properties of quasi-2D perovskite materials.
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confocal PL images of the conventional and encapsulation growth quasi-2D
perovskite films.

We  fabricated  flexible green  PeLEDs  with  the  quasi-2D
(PMA)>Csn-1PbyBr3n+1(n=3) perovskite films deposited by the conventional and
encapsulation growth method with the device configuration of PEN/ITO/PEDOT:PSS
(A14083)/quasi-2D perovskites/TPBi/LiF/Al, and examined their device performance.
The current density-voltage (J-V), Iluminance-voltage (L-V), luminous
efficiency-voltage (LE-V) and electroluminescence (EL) curves of the conventional
and encapsulation growth PeLEDs are shown in Figure 5 (a-d), respectively. The
summarized device performance parameters are displayed in Table 1. The
encapsulation growth PeLEDs shows a smaller leakage current at a low bias voltage
form 0 to 3V, as shown in Figure 5 (a), which may be attribute to the compact and
uniform morphology of encapsulation growth perovskite film. As shown in Figure 5
(b), the encapsulation growth PeLEDs exhibit a lower operating voltage and higher
luminance, that may correspond to the enhanced charges transport properties and an
efficient radiative recombination of electrons and holes due to a lower defect intensity
and higher quality quasi-2D perovskite films. The encapsulation growth flexible
PeLEDs shows an excellent device performance with the maximum luminance of
8,300 cd/m?, and a high luminous efficiency of 47.1 c¢d/A. The encapsulation growth
PeLEDs exhibits a significantly higher EL intensity than the conventional device with
a slightly red shifted luminescence peak, which is consistent with the PL spectra of

the conventional and encapsulation growth quasi-2D perovskite materials in Figure 4
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(a). The EL intensity of the encapsulation growth PeLEDs gradually increases as the
bias voltage is increased without any changes in the peak position as shown in Figure
5 (e). Figure 5 (f) shows the impedance spectra (Nyquist plots) of the conventional
and encapsulation growth PeLEDs, which was used to extract the internal resistance
of the devices. The encapsulation growth PeLEDs exhibits a smaller semicircle than
the conventional device, representing the decreased device internal resistance. That
results in the lower operating voltage of the encapsulation growth PeLEDs compared

to the conventional PeLEDs.

It is well known that ITO film is brittle, and therefore it is not readily applicable
in highly flexible PeLEDs. For further improving the flexibility of PeLEDs, an
ITO-free flexible PeLEDs were fabricated with the device configuration of
PEN/PEDOT:PSS(Ph1000) /quasi-2D perovskites/TPBi/LiF/Al. The
PEDOT:PSS(Ph1000) instead of ITO works as an anode in PeLEDs, and it has an
excellent transmittance of 89.7% at 516 nm as show in Figure S4. The ITO-free
encapsulation growth PeLEDs also exhibits a high device performance with the
maximum brightness of 1,900 cd/m?, and an excellent LE of 20.6 cd/A, and it also
shows a smaller leakage current and lower operating voltage compared to the
conventional device as shown in Figure 5 (g-i). In addition, the flexibility of the
ITO-based and ITO-free encapsulation growth PeLEDs were measured through an
empirical cyclic bending test. Figure S5 shows the device configuration and
photographs of ITO-free PeLEDs under various bending radii (Rp) (values of 10, 5, 1

17



mm ) to confirm the cyclic bending condition. The ITO-based PeLEDs exhibits a fast
decrease of luminance in the Ry of 10 mm in the cyclic bending test. In contrast, the
luminance of ITO-free PeLEDs with Ry of 10 and 5 mm bending conditions maintain
90 % and 64 % percent of their initial luminance after 400 bending cycles, while the
device with the bending Ry of 1 mm losses 85 % percent of its initial luminance after
only 100 bending cycles. The sharp reduction of luminance of PeLEDs may be caused
by the mechanical breakdown of perovskites materials due to its brittle crystal
structure [15], and the critical bending radius of flexible PeLEDs is around on the

order of 1 mm.
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Figure 5. (a) J-V, (b) L-V, (c¢) LE-J and (d) EL spectrum, curves of conventional and

encapsulation growth flexible green PeLEDs. (e) EL spectrum of encapsulation
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growth PeLEDs at various applying voltage. (f) impedance spectra of PeLEDs. (g) J-V,
(h) L-V, (i) LE-J curves of ITO-free flexible green PeLEDs

Table 1. Device performance of flexible PeLEDs.

Device CEmax [cd/A]@bias Operating Voltage
Lmax [cd/m*]|@bias vl
Conventional 5000@4.8 19.8@4.2 32
Encapsulation growth 8300@4.4 47.1@3.6 3.0
Conventional (ITO-free) 1910@1 1.4 13.0@10.5 34
Encapsulation growth 20.6@5.1 3.2
1900@7.8
(ITO-free)

For further investigating the effect of encapsulation growth method on quasi-2D
perovskites crystal growth, a sky-blue emission (PEACIL:CsPbBr=1:1, YCI3 2%)
quasi-2D perovskite film was also fabricated as shown in Figure 6 (a). The
encapsulation growth perovskite film exhibits a clearly enhanced blue emission with
the main PL emission peak located at 495 nm. In contrast, the conventional perovskite
film shows a low PL emission with multiple emission peaks, which indicates a
multiple dimensional domain distribution and inefficient energy transfer in the
conventional quasi-2D perovskite film. The encapsulation growth perovskite film also
exhibits a significantly longer PL lifetime than the conventional sample as shown in

Figure 6 (b), which is consistent with a preceding (PMA)>Csn-1PbyBrin+1 (n=3)
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quasi-2D perovskite film prepared by the encapsulation growth method. Subsequently,
an efficient sky-blue PeLEDs based on (PEACI:CsPbBrs=1:1, YCl3 2%) quasi-2D
perovskite film with the device configuration of
glass-ITO/PEDOT:PSS/PVK/quasi-2D perovskites/TPBi/LiF/Al was fabricated as
shown in Figure S6. Figure 6 (c-f) show the J-V, LE-V, EL and EQE-V curves of the
the sky-blue PeLEDs. The encapsulation growth sky-blue PeLEDs shows a reduced
leakage current and improved device efficiency with the maximum luminance of
6,600 cd/m?, which is almost the same with the preceding flexible green PeLEDs. The
device exhibits a stable sky-blue emission with 493 nm emission peak at various
applied voltages. The EQE of the sky-blue PeLEDs significantly improved from 4.5%
to 12.8% by using the encapsulation growth method. In summary, the encapsulation
growth method can be extended to fabricate various high-quality quasi-2D perovskite
fsilm with different precursor compositions and emission light wavelengths for

improving the device performance of quasi-2D PeLEDs.
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Figure 6. (a) Steady-state PL (insert: images of conventional (left) and encapsulation
growth (right) quasi-2D (PEACIL:CsPbBr3=1:1, YCls 2%) perovskite film under UV
lamp excitation) and (b) time-resolved PL spectra of the conventional and
encapsulation growth quasi-2D perovskite films, (c¢) J-V, (d) L-V, (e) EL and (f)
EQE-V curves of sky-blue PeLEDs.

3. Conclusion

In conclusion, we demonstrated an encapsulation growth method to prepare
high-quality quasi-2D perovskite films for PeLED application, and it provides an
excellent combination of structural and photophysical properties of quasi-2D
(PMA)>Csn-1PbyBr3n+1(n=3) perovskite films, including a compact and uniform film
morphology with a low RMS value of 3.34 nm, enhanced crystallinity with a low
density defects, a high photoluminescence quantum yield (PLQY) and optimized
multidimensional domain distribution. The encapsulation growth method provides

enough time for the quasi-2D perovskite crystal growth to occur and the PLQY of
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quasi-2D perovskites significantly improved from 9.2% to 60.0%. More interestingly,
the encapsulation growth method was found to tailor the distribution of the
multi-dimensional domains with a reduced proportion of low-dimensional domains
and an increased proportion of high-dimensional domains, leading to a more-graded
energy landscape in the quasi-2D perovskite films, that facilitate an efficient charge
transport and energy transfer to the lowest-bandgap perovskite radiative domains.
Finally, efficient flexible green PeLEDs based on the encapsulation growth quasi-2D
(PMA)>Csn-1PbyBr3n+1(n=3) perovskite emission layer was achieved with a high
luminous efficiency of 47.1 ¢d/A, and a luminance of 8,300 cd/m?, and an ITO-free
flexible green PeLEDs with a PEDOT:PSS anode was also fabricated with a luminous
efficiency of 20.6 cd/A, and a high luminance of 1,900 cd/m?, and their flexibility
were studied by empirical cyclic bending test. In addition, an efficient sky-blue
PeLEDs based on (PEACIL:CsPbBrs=1:1, YCls 2%) quasi-2D perovskite films
prepared by the encapsulation growth method also achieved a record EQE of 12.8 %.
Therefore, we believe that the encapsulation growth technique developed in this work
can be a tool for forming high-quality quasi-2D perovskite films with various
compositions, and therefore leading to the development of high-performance

quasi-2D PeLEDs.

4. Experimental Section
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Materials: All solvents purchased from Sigma-Aldrich were used without further
purification. n-butylammine bromide (PMABr), phenethylammonium chloride
(PEACI), lead bromide (PbBr2, 99.99%) and Cesium bromide (CsBr, 99.99%) were
purchased from Tokyo Chemical Industry (TCI).

Device Fabrication: The flexible green PeLEDs were fabricated on an ITO-PEN
substrate with device architecture of PEN/ITO/PEDOT:PSS(A14083)/quasi-2D
perovskites/TPBi/LiF/ Al. The ITO-glass substrate was cleaned and dried at 70 °C
overnight. The PEDOT:PSS film was spin-casted on ITO at 4500 rpm for 40s and
dried for 10 min at 140 °C in air, and then transferred into a glove box. The perovskite
precursor (0.25M with PbBr;, CsBr, and PMABr at a molar ratio of 1.5:1:1 in DMSO)
solution was deposited on the substrate by spin-coating at speed of 5000 rpm for 15 s
with instant chlorobenzene (CB) solvent cleaning during spinning. In conventional
case, the perovskite precursor film was annealed at 100 °C for 10 min. In
encapsulation growth, a scotch tape (3M) was closely pasted on perovskite precursor
film, then, the sample was annealing at 100 °C for 10 min. After annealing, the scotch
tape was peeled off from the sample, and the perovskite film was further annealed at
100 °C for 2 min to completely remove the remaining solvent. Finally, the TPBi (60
nm), LiF (1 nm) and Al (100 nm) was sequentially thermal deposited in 5x10-7 Torr
vacuum. In the fabrication of ITO-free flexible green PeLEDs, a PEDOT:PSS(Ph1000)
layer was spin-casted on PEN substrate at 5000 rpm for 40s and dried at 140 °C for 10

min in air. In the fabrication of sky-blue PeLEDs, the perovskite precursor (0.15M
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PEACI:CsPbBr3=1:1, YCl3 2% in DMSO) solution was deposited on the substrate by
spin-coating at speed of 5000 rpm for 15 s with instant chlorobenzene (CB) solvent
cleaning during spinning, and the remaining fabrication steps is same with preceding
flexible green PeLEDs.

Characterization: The XRD spectra, SEM image, AFM image, PL and TR-PL spectra
of the quasi-2D perovskite films were characterized with our previously reported
method [46,50]. The GIWAXS results were observed using X-rays (E = 19.0 keV and
L = 0.6530 A). A 2D charge-coupled device (CCD) detector (MX225-HS, Rayonix
L.L.C., USA) was used at a distance of 240.4 mm from the sample with a grazing
incident angle of 0.128° and an exposure time of 60 s. The TEM images were
performed on a Hitachi H-7500. The transient photo-conductivity of quasi-2D
perovskite films was test according to previous study The confocal PL images were
measured using an LSM 780 NLO laser scanning confocal microscope (Carl Zeiss)
with a 100x oil immersion objective (a Plan-APO, NA = 1.46) with a 405 nm
excitation diode laser. The EL spectra of the PeLEDs were measured using an
SR-3AR spectrophotometer. The current J-V-L curves of the PeLEDs were measured
using a Keithley 2450 source measure unit combined with a UVIS-50 spot
photodetector. An impedance analyzer (1260 Impedance/Gain-Phase Analyzer,
Solartron) was used to confirm the existence of the trap state of various samples. The
EQE of the perovskite LED were recorded simultaneously by a commercialized

system (XPQY-EQE, Guangzhou Xi Pu Optoelectronics Technology Co., Ltd.) that
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was equipped with an integrated sphere (GPS-4P-SL, Labsphere) and a photodetector

array (S7031-1006, Hamamatsu Photonics).
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