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Abstract

Quasi-2D perovskite has drawn considerable attention in light-emitting diodes due
to their tunable energy landscape, efficient luminescence, and structural diversity.
However, the excessive formation of low-n (n < 2) phases leads to lower carrier
injection efficiency arising from the large injection barrier. Meanwhile, inefficient
energy transfer caused by undesirable phases distribution result in multipeak emission.
In this study, we use polar anti-solvent that can interact with spacer cations via strong
hydrogen bonding, tailoring phases distribution to address the issue. The ethyl acetate
treatment induces preferential growth of large-n phases and enhances energy transfer
due to the strong hydrogen bonding energy ~ -17 kcal/mol. Leveraging these insights,
we develop efficient sky-blue and green perovskite light-emitting diodes (PeLEDs)
with improved external quantum efficiency (EQE) ranging from 4.21% to 8.77%. The
anti-solvent treatment could open up a new avenue to regulate the phase distribution

for an efficient energy funnel effect.



1. Introduction

Metal halide perovskites hold the potential for a new generation of light-emitting
materials due to their unique properties such as tunable bandgap, solution processability,
high defect tolerance, and narrow emission linewidth.'"*! Tremendous progress has
already been achieved in improving PeLEDs with different emitting colors based on
three-dimensional (3D) perovskite films by tuning the composition of cations and/or
halide anions.>®! The readily dissociated excitons stemming from inherent small
exciton binding and long diffusion length lead to inefficient radiative recombination in
3D perovskites, resulting in luminescence quenching naturally.[% 13

Quasi-two-dimensional (quasi-2D) perovskites with strong quantum confinement
offer an alternative approach for efficient PeLEDs.') Typically, the quasi-2D
perovskites have a chemical formula of Lo(APbBr13)n-1PbBrs, where L is a large organic
spacer cation, A is a monovalent cation (e.g., Cs’, methylammonium (MA") or
formamidinium (FA")), and n represents the number of lead halide octahedral layers.
Also, this unique multi quantum-well (QW) structure provides a funneling channel for
photo- or electro-generated carriers and promotes radiative recombination.!!3!”]
However, due to the lower formation energy of small-n phases (n < 2), they are the
phases in the films which are usually preferentially formed in solution-processed quasi-
2D perovskite. A lower carrier injection efficiency arising from the large injection
barrier between low n phase with high bandgap and electrode. These small-n phases
broaden the bandgap of perovskite films and induce more lattice defects, resulting in

18-20

inefficient energy transfer from small-n phases to large-n phases.['*2% In other words,
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the wide distribution of the low-n phases results in low emission efficiency and broad
multiple electroluminescence (EL) peaks owing to the inefficient internal energy
transfer.?!2! Substantial efforts have been made in component and molecular
engineering. For example, the synergistic effect of dual ligands to modulate the
crystallization of quasi-2D perovskites was proposed, allowing the growth of

[19.24-28] A self-assembling strategy with additive-

intermediate-n phases to dominate.
assisted modulates low-dimensional phases.['% 13- 29321 The phase regulation strategies,
most of which mainly focus on the composition, have been proven to enhance the
performance of quasi-2D PeLEDs effectively. Recently, toluene anti-solvent treatment
has been found to promote a fast nucleation rate and narrow the perovskite phase
distribution./*”) Normally, the anti-solvent treatment has been widely employed during
spin-coating to facilitate the removal of the host solvent(s), tuning the crystal nucleation
and grain growth.[*% It has been recognized that anti-solvent treatment helps precipitate
the perovskite crystals and suppress defects-induced nonradiative recombination.*!:32!
Nevertheless, a clear and systematic comparison of phase distribution for different anti-
solvent treatments and an understanding these perovskite phases’ crystallization
kinetics is still lacking.

Herein, we explore differences in phase redistribution in perovskites treated with
a series of anti-solvent, such as toluene (TO), diethyl ether (DE), chlorobenzene (CB),
anisole (AN), and ethyl acetate (EA). We demonstrated that an EA treated approach

facilitates energy transfer in the perovskite films for spectral stable PeLEDs. The strong

hydrogen bonding between EA and organic cations effectively modulates the
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crystallization kinetics and leads to [PbBrs]* cluster stacking growth. Furthermore, the
energy cascade transfer can be dramatically boosted by optimizing the donor-acceptor
ratio and desirable dimension distribution. Meanwhile, the EA-treated quasi-2D
perovskite films can facilitate radiative recombination. The resulting PeLEDs achieve
the maximum EQEs of 4.21%, 7.11%, and 8.77% for 490, 497, and 503 nm emissions,
respectively. Furthermore, the fabricated sky-blue PeLEDs at 490 nm exhibit a half-
lifetime (Tso0) of 5.58 mins defined as the time when the device brightness declines to
50% of its initial value Lo under a constant voltage of 4.5V. The EL spectra stay
unchanged without any peak shift monitored during the entire stability test.
Consequently, this work contributes to evolving approaches to realize highly performed

and spectral stable PeLEDs.

2. Result and Discussion

The precursor solution of quasi-2D PEA2Csn-1PbuBran+1 (n = 3) perovskite was
prepared by dissolving PEABr, CsBr and PbBr» in stoichiometric ratio. The dual ligand
strategy has been proposed to achieve color-stable efficient PeLEDs based on the
regulation of the ligand’s confinement and coordination.!!> 2% 33: 341 Therefore, we
introduced 80% BABTr into the as-synthesized quasi-2D PEA>Cs>PbsBrig perovskite
solution to form a BA" and PEA" mixed ligand system for easy demonstration. The
ratio of x% BABr refers to the molar ratio between BABr and PbBr,. During the spin-
coating step, the TO, DE, CB, AN, and EA were used as anti-solvents to regulate the

phase distribution in perovskites. The preparation details are discussed in the Methods.
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In this work, perovskite films prepared without any anti-solvent are considered as the
untreated samples.

Regarding the optical properties of perovskite films, Figure la shows UV-vis
absorption spectra of the 80% BABr incorporated PEA>Cs>Pb3Brig quasi-2D perovskite
films untreated and treated with different anti-solvents. All the samples show distinct
excitonic absorption peaks appearing at wavelengths of 428 nm and 454 nm
corresponding to n = 2 and n = 3 phases in the quasi-2D perovskites.[*>) However, for
the perovskite films treated with AN and EA, we observed that the absorption peak of
the n = 2 phase is significantly decreased, whereas the absorption peak of n = 3 phases
is increased. Clearly, the change of excitonic absorption indicates the phase-modulation
role happened in AN and EA anti-solvent treatments. The PL spectra in Figure 1b show
that the untreated perovskite films exhibited an intense PL peak at 473 nm and two
other peaks at 436 and 466 nm. The existence of a high fraction of low-#n phases (n <
3) results in this phenomenon because of their relatively high exciton binding energy.[**
34 In contrast, the emission peaks belonging to low-n phases become less identifiable
for AN and EA-treated samples. The redshift of the PL peak may attribute to the
recovery of the 3D nature of the emitting domains.*”! Therefore, the abovementioned
results consistently show that nucleation restricts AN and EA’s capability for low-n
phases in quasi-2D perovskites, contributing to an efficient energy transfer.

Then, time-resolved photoluminescence (TRPL) measurement of these films was
used to compare the trap passivation effect for anti-solvent treatment. The decay curves

were fitted using a biexponential function, and detailed fitting parameters were
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summarized in Table S1.81 The EA-treated film exhibited the longest average lifetime
(tavg = 11.26 ns) among these films. The inferior suppression of the low-n phases (n <
2) exerted by other anti-solvent results in a shortened lifetime because of their large
exciton binding energy.*! To further evaluate the effect of anti-solvent treatment on
the electroluminescence (EL) properties, we fabricated the PeLEDs based on the device
architecture of indium tin oxide (ITO)/ PEDOT:PSS / poly(9-vinylcarbazole) (PVK) /
Perovskite / 1,3,5-tris(N-phenylbenzimidazol-2-yl) benzene (TPBi) / lithium fluoride
(LiF)/ Al, as displayed in Figure S1. The device performance details were summarized
in Table S2. Coincidently, we found that the PeLEDs using EA and AN treated (Figure
le, f, and g) quasi-2D perovskite as an emissive layer show higher EQEs and sharper
EL peaks compared to the untreated one. This trend is also well consistent with the PL
results.

The reason why AN and EA anti-solvent treatments lead to a large redshift of the
PL peaks and relative high-n phase distribution in quasi-2D perovskites, while TO, DE
and CB treatments do not, is interesting. The physical properties of those anti-solvents
are listed in Table S3. According to the relative polarity of CB and AN, we found the
relative polarity of CB is 0.188 which is slightly lower than that of AN (0.198).
However, the corresponding treated films differ significantly in their phase distribution.
Solvents such as DE, AN, and EA all include oxygen-containing groups of atoms in
their molecular structures. One is the carbonyl oxygen group and another is the ester
group. In principle, the region with the largest electronegativity is located on the

carbonyl oxygen atom, which provides the possibility of forming hydrogen-bonding
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PEA" and BA" organic cations. Therefore, we suppose the intermolecular interaction
between anti-solvent and organic cations will contribute to the phase distribution
difference. We use the density functional theory (DFT) calculations to deeply uncover
the effects of different anti-solvents at the molecular level. The nature of noncovalent
interaction was studied using Independent Gradient Model (IGM) method.*"! The
visualizations of IGM shown in Figure 1h confirm that EA molecule can provide
hydrogen-bonding acceptor -O, forming hydrogen bonds C=O- - - N-H in the organic
cations; here, N-H is a donor. DE, CB, and AN can all form hydrogen bonds with PEA"
and BA" (Figure S2, S3, S4, Table S4, S5, S6). While, the hydrogen bonding energies
of CB and AN are ~ -5 and -14 kcal/mol, respectively, which are weaker compared with
EA (Figure S5, Table S7). The effects of different anti-solvents on the nucleation and
growth of quasi-2D perovskite phases was illustrated in the scheme (Figure 11). When
the EA anti-solvent was adopted during the spin coating, the low-n phases will form at
the initial stage due to the low formation energy as well as the poor solubility in the
anti-solvent. However, the resident EA anti-solvent will foster the organic cations due
to the strong hydrogen bonding. It will hinder the possibility of organic and [PbBre]*
combination. Therefore, the crystallization rate of intermedia phases slows, resulting in
a large proportion of higher-n phases formation subsequently.['®!2] Although the DE
can also form strong hydrogen bonding with the bonding energy around -17 kcal/mol
with the organic cations, the low boiling point ~ 34.6 °C determines it can be readily
volatile during the spin-coating process or the initial annealing stage. Thus, it can no

longer serve as a modifier to regulate the phase distribution. 'H nuclear magnetic
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resonance (NMR) spectra were conducted to confirm the formation of hydrogen
bonding (Figure S6). The proton resonance signal of ammonium (NH3") of BA (peak
at 0 = 7.71 ppm) shifts to low-field after incorporation of EA anti-solvent (7.76 ppm).
Similar changes were also found in the PEA and PEA-BA incorporated with EA
mixture solutions. The variation in the chemical shift indicates the formation of
hydrogen bonds between organic cations and EA anti-solvent, which leads to the de-

shielding effect. [% 10:27- 41]
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Figure 1. (a) UV-vis absorption (b) PL emission spectra (¢) TRPL curves of the 80%
BABr incorporated PEA>Cs2PbsBrio quasi-2D perovskite films with different anti-
solvents treatment. EL spectra of (d) EA (e) AN and (f) un-treated 80% BABr

incorporated PEA>Cs,Pb3Brio quasi-2D perovskite film fabricated PeLEDs operating
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under different voltages. (g) The chemical structure of different anti-solvents. (h) The
schematics diagram of the hydrogen bonding between EA and organic cations. (i)The
schematic diagram of the impacts of different anti-solvents on the nucleation and
growth of quasi-2D perovskites.

As mentioned above, we found EA anti-solvent is the best modifier to regulate the
high-n phase distribution and improve the EQE of the device compared to the other four
anti-solvents. Then we comprehensively investigated the phase rearrangement for EA
anti-solvent treatment for the BABr incorporated quasi-2D PEA>Cs2Pb3;Brio solution
with the tunning ratio of BABr:PbBr:. The normalized PL and UV-vis absorption
spectra for untreated and EA treated perovskite films are displayed in Figures 2a, b.
The addition of BABr progressively shifts the main PL emission from 500 to 437 nm
as the BAB1/PbBr; ratio increases from 40% to 120%. Also, the absorption peaks at ~
454 nm (n = 3) gradually fade, whereas the absorption peaks at ~ 398 nm and ~ 428 nm
increase (n = 1, 2) as the increase of BABr content. We attribute this feature to the fact
that the incorporation of BA™ cations is favorable to the formation of low n phases due
to the high solubility of BABr.** Interestingly, as the EA anti-solvent treatment is
adopted, the PL emission around 437 nm beloing to n = 2 is significantly suppressed
(Figure 2a). Meanwhile, the PL spectra of the perovskite films exhibit redshift of the
main emission compared with the untreated ones. By comparison, a significant decrease
in the intensity of excitonic absorption peaks of low n phases is observed in the UV-vis

spectra of EA-treated films.
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TRPL was also measured to analyze the recombination process of the EA treated
and untreated quasi-2D perovskite films with different amounts of BABr incorporated
(Figure 2¢). The PL decay time of the EA-treated perovskite is longer than that of the
untreated one, indicating nonradiative recombination suppression (Table S8, S9).
Moreover, compared with the untreated ones, fewer pinhole and dense films are
observed in the SEM images for the EA-treated perovskites (Figure S7). Thus, we
hypothesize that EA anti-solvent treatment helps mitigate defect formation in
perovskite films, which is crucial for the corresponding PeLEDs.!**** To support this
hypothesis, the defect density was evaluated for hole-only devices with the structures
of ITO/PEDOT:PSS/perovskite/MoQOs/Al by performing space-charge-limited current
(SCLC) measurements (Figure S8, S9). The device current is linearly proportional to
the drive voltage up to the trap-filled limit (VrrrL). Therefore, it can be seen that the EA
treated films show a lower VrrL compared to those of the untreated ones, further
confirming that the trap density in the perovskite films was reduced.

To further verify the change of phase distribution, the X-ray diffraction (XRD)
pattern was performed to explore the structural property, as shown in Figures 2d, e, and
S10. For the untreated films, the peaks at 2.9° and 15.3°, which can be assigned to the
n =3 and n = 2 phases, respectively. In contrast, the peak intensity related to the large-
n phases (n = 3) gradually increases after EA treatment, while the n = 2 specie slowly
fades out. Thus, the results unveil the evolution of the small-n (i.e., n = 2) phase to the

larger-n phase (i.e., n = 3) in the different BABr amount incorporated-perovskite films
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with the treatment of EA as further verified with the following transient absorption
(TA) spectroscopy.

X-ray photoelectron spectroscopy (XPS) measurement of these films was then
conducted to clarify the interactions of EA anti-solvent. The XPS spectra of Pb 4f are
shown in Figure 2f, and the two peaks at 138.3 eV and 143.2 eV are attributed to Pb
417/, and Pb 4fs) levels of Pb-Br, respectively. No drift is observed in the XPS spectra
of Pb 4d after the treatment of EA, which further indicates that the EA treatment does
not influence the internal structure of perovskite crystals. Moreover, after the EA anti-
solvent treatment, the ratio of N/Pb decreases obviously (Figure 2g), which could be
caused by the increase of higher-n phases.*”! This result agrees with the change of phase
distribution by EA treatment. We also studied the effect of EA treatment on the
perovskite morphology using atomic force microscopy (AFM) (Figure S10). The EA
treated film’s root-mean-square roughness (Rq) value is 1.96 nm, smaller than the
untreated (2.56 nm). Also, the low surface roughness can facilitate contact with the
electron-transport layer (ETL), thereby reducing interface resistance for accelerating

charge transport.[*’!
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ratios for as-synthesized quasi-2D perovskite films w/o and with EA anti-solvent
treatment.

To investigate the dynamic details of recombination and transfer for
photogenerated carriers, TA spectra measurement is carried out for the 80% BABr
quasi-2D perovskite films with and without EA treatment. As shown in Figure 3a, three
ground-state photobleaching (GSB, photoinduced absorption AA<0) bands located at ~
435 nm, ~ 465 nm, and ~ 487 nm can be distinguished, which originate from the n = 2,
n =13, and large-n (n > 3) phases in the untreated perovskite film. Their GSB intensities
at 0.5 ps are depicted in Figure 3c, d to display the relative exciton contributions.
Notably, the extracted phase distribution is dominated by » = 2 phase for the untreated
perovskite film (Figure 3c). Furthermore, the intensity evolution of the GSB peaks
corresponds to the evolution of excited-states populations in the corresponding
phases.!'®! The exciton resonance at GSB,, = 2 persists with a long delay time (10 ps),
suggesting the incomplete energy transfer from excited excitons accumulated in the n
= 2 phase to the lower n-phases.

On the contrary, a stronger GSB peak at around 465 nm is observed (Figure 3b,
d), indicating the dominant n = 3 phase QWs exist in the EA-treated perovskite films.
The kinetics of each GSB peak (Figure 3e, f) can be well-fitted by a multiexponential
function with fitting parameters listed in Table S10. The fast decay components for n =
2 and n = 3 QWs bleaching are ascribed to the exciton energy transfer from low-n
phases to the emitting phase (n > 3). While the slow decay component shall be due to

complex decay processes such as trap-assisted recombination.l*®) The fast decay
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components with time constants (t1) of 0.55 ps (n = 2) and 0.40 ps (n = 3) match well
with the lifetime (1et) of the rising component for GSB,, > 3, indicating the efficient and
fast energy transfer to the large-n phase QWs. Consequently, these results confirm that
the phases in our quasi-2D perovskites film are mixed, and the low-n phase can be
efficiently suppressed by EA treatment. Also, the excitons funneled from the lower
dimensional QWs eventually recombine in the n > 3 phases (Figure 3g). As discussed

later, it is the main reason for the enhanced device performance.
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Figure 3. Controlling the energy landscape for quasi-2D perovskite film through EA
anti-solvent treatment. (a)(b) Time—wavelength-dependent TA color maps. (c)(d)
Exciton contributions from different phases according to intensity of GSB at 0.5 ps in
TA spectra. (e)(f) TA kinetics traces probed at a different wavelength for the untreated
(a, ¢, e) and EA treated perovskite films (b, d, f), respectively (excited at 400 nm). (g)
Schematic diagrams demonstrating how the EA antisolvent influence the exciton
energy transfer in the films.

Encouraged by the above studies, we fabricated the PeLEDs to investigate the
phase redistribution effect of EA treatment on the EL properties of the quasi-2D
perovskites. The device structure and corresponding energy alignment are shown in
Figures 4a, and b, respectively. Luminescence (L) and current density (J) curves as a
function of voltage (V), EQE-J curves for untreated and EA treated quasi-2D perovskite
films based PeLEDs are shown in Figures 4c-f. The PeLEDs based on the untreated
perovskite exhibit low performance and broad multiple EL peaks emission (Figure S11,
Table S11). Compared with the EA treated quasi-2D perovskite films based PeLEDs,
the current density of untreated one exhibit negligible difference which is expected to
decrease as the BABr increases. For the untreated perovskite films, the formation of
different phases and phase orientation are both uncontrollable. Thus, the electron/hole
injection environment at the interface will be quite different. Whereas, for EA treated
films, the main phase orientation will not change as BABr additive increases.
Meanwhile, the proportion of large n phases used for light emission increased. Thus,

the difference in the injection of electrons and holes would not be too great due to the
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similar energy level. In addition, for this type I 2D/3D perovskite, charge carriers will
funnel from small n phases through energy transfer to large n phases. Therefore, the
main limitation of charge injection is still small n phases.

Meanwhile, the corresponding turn-on voltages are reduced from 3.6 V to 3.0 V
for both the devices with 60% and 80% BABr after EA treatment, resulting from the
improvement of energy level alignment because of the low-n phase suppression.
Strikingly, the luminance for the EA treated devices are enhanced remarkably, yielding
a maximum brightness of 3194.7, 1007.9, and 603.0 cd m™ for the devices with 40%,
60%, and 80% BABT, respectively. In addition, the improved EQEs of 8.77%, 7.11%,
and 4.21% of the corresponding devices are achieved. This enhancement is mainly
attributed to suppressing the low-n phase induced efficient energy transfer. However,
further increasing the BABr ratio to 100% and 120% exhibited inferior EQE and
luminance (Figure S12). The introduction of a large amount of insulating organic
spacing molecules in the film can disrupt and degrade the charge carrier transport and
decrease radiative excitons in the emissive layers.!'*) Moreover, an additional parasitic
emission at 465 nm can be observed, which originates from the layered perovskite of
= 3, suggesting the deterioration of energy transfer.

The EA treated 80% BABr PeLEDs show a narrow band emission with the full
width at half-maximum (FWHM) of around 27 nm and thus a good color purity with
Commission Internationale de L’Eclairage (CIE) chromaticity coordinate at (0.071,
0.307) (Figure 4g). Also, the CIE coordinates of (0.048, 0.584) and (0.053, 0.451) are

obtained for the 40% and 60% BABr PeLEDs, respectively. Furthermore, we recorded
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the device stability of EA-treated and untreated 80% BABr films under continuous
operation at a constant voltage of 4.5 V. The EA-treated sky-blue PeLEDs have a Tso
of 5.58 mins at an initial luminance of 37 cd m™, which is six times longer than that of

the untreated device (Figure 4h).

(@) (c) (d)

10° 108 102
40% BABr| With EA as Anti-solvent |==-40% BABI With EA as Anti-solvent
& 102 60% BAB| 105 60% BAB|
£ 80% BAB| - 80% BABI|
S & 10"
< 10 £
£ 10* 3
> 100 g8
= 10° 8 [y 10°
=
@ 107 § O
S g o
2 40
g 10 ERER
3 10° 10°
104 10° 102
2 3 4 5 6 7 8 10" 10° 10" 10? 10°
(b) ( ) Voltage (V) 1) Current Density (mA cm2)
104 107 10'
-2.30 o—-40%BAB] /O EA as Anti-solvent e oaml  WIO EAas Anti-solvent
-2.70 . & 103 e 108 £ 80% BAB]
-2.77 LiF/Al g 7 JEemeessl o cooo0e
% < 290 S 10 105
& = £ 0 ot g =1
S o) £ 10 e B8 &
2 z z 100 S 8
g z % 100 g u
2 - B S o sE O
1TO N B 8 107 10 S
-4.70 s = A 102 € 107
* o -2 Lo =1
520 £ 10 3
O 103 10"
-6.20 10 — 10° 102 -
2 3 4 5 6 7 8 10° 10’ 10? 10%
Voltage (V. Current Denstiy (mA cm™
y
0.9 . n
520 With EA as Anti-solvent
540
1.0 1 —&— 80% BABr With EA L,= 37 cd m*?
—~—80% BABr W/O EA L,=5 cd m?
0.8
o
)
=
= 0.6
0.4 1
0.2 T T T T
0 100 200 300 400 500

Time (s)

Figure 4. (a) Structure and (b) energy band alignment of the different layers of the
fabricated PeLEDs. J-V-L and EQE-current density curves of the device based on
various BABr with (c, d) and w/o EA (e, f) antisolvent treatment. (¢) The CIE

coordinates devices fabricated with various BABr%. (f) Operation lifetime of PeLEDs
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devices with different initial luminance (Lo) (at a constant voltage of 4.5V, ambient
condition, with encapsulation).

It is noteworthy that spectral stability is an important index to evaluate the PeLEDs
performance. Finally, we compared the spectral stabilities of the EA treated (Figure Sa,
b, ¢) and untreated (Figure 5d, e, f) quasi-2D perovskite films based PeLEDs under
different operating voltages. It is found that only one single EL peak at the lowest
energy belonging to the high-n perovskite phase is detected in the EA treated films with
different BABr ratios, suggesting the highly efficient energy transfer from the low-n to
large-n the phase in such EA-treated quasi-2D system. Also, the EL peak wavelength
remains unchanged under different biases. Therefore, it implies that the EA anti-solvent
treated PeLEDs have good spectral stability.

On the contrary, the untreated counterpart demonstrates an additional parasitic
emission at 465 nm belonging to n = 3 phases and wider FWHMs, indicating the
insufficient energy transfer between different phases. Moreover, even the emission 437
nm attributed n = 2 phase is observed from the broad multiple EL spectra for the high
BABE- ratio quasi-2D PeLEDs without EA treatment (Figure S11). Hence, the above
comparison results demonstrated the superior phase distribution rearrangement ability

and energy funneling effect facilitation for EA anti-solvent treatment.
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EA treated. EL spectra of (a, d) 40% BABTI, (b, €) 60% BABr and (c, f) 80% BABr

incorporated PeLEDs operating under different voltage.
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3. Conclusion

In summary, we investigated the effects of TO, DE, CB, AN, and EA anti-solvent
treatment on the crystallization process of different perovskite phases. We have
demonstrated a unique strategy by EA treatment to decrease the low-n phases
distribution in multiphases quasi-2D perovskite films. As a result, the proportion of
higher-n phases with narrow bandgap has increased due to strong hydrogen bond
between organic spacer cations and EA. The desirable phase distribution enables an
efficient energy transfer process from donor to acceptor phases. Besides, the EA anti-
solvent treatment can passivate the nonradiative defect, facilitating radiative
recombination. Based on this synergistic effect, the maximum EQE of 4.21%, 7.11%,
and 8.77% were obtained for PeLED with a stable emission peak at 490, 497, and 503
nm, respectively. Also, the fabricated EA treated sky-blue PeLEDs at 490 nm exhibit a
Tso lifetime of 5.58 mins, which is six times that of the pristine one. This work provides
a promising approach and inspiration for anti-solvent selection to modulate phase

distribution for fabricating spectral stable and efficient PeLEDs.

22



4. Experimental Section

Materials: All chemicals used in this work are commercially available without further
purification. CsBr (99.99%) and PbBr; (99.99%) were purchased from Xi’an Polymer
Light Technology Corp. PEABr (99%) and BABr (99%) were purchased from Greatcell
Solar Materials. TPBi, PVK (My=20000), and LiF were purchased from Luminescence
Technology Corp. Toluene, diethyl ether, chlorobenzene, anisole, ethyl acetate, and
DMSO were purchased from Sigma-Aldrich.

Perovskite precursor solutions: The precursor solution of quasi-2D PEA>Cs,.1PbnBr3n+1
(n = 3) perovskite was prepared by dissolving PEABr, CsBr, and PbBr; according to
the molar ratio 2:2:3. And the concentration of Pb was kept at 0.2M. The ratio of x%
BABT refers to the molar ratio between BABr and PbBr: (i.e., mpap/mpbr2 = X%). The
solution was stirred at 60°C for overnight.

Fabrication of perovskite LED: Pattern ITO-coated glasses were ultrasonically cleaned
with deionized water, acetone, and isopropyl alcohol for 15 mins each, and treated with
Oxygen Plasma for 15 mins before depositing the PEDOT:PSS films. Afterward, the
PEDOT:PSS was spin-coated on the substrate at 3000 rpm for 40 s, then annealing at
140°C for 60 mins in air. Then, the substrates were transferred into an N»-filled
glovebox. PVK (6.0 mg ml! in chlorobenzene) was spin-coated at 4500rpm for 45s on
the top of the PEDOT:PSS layer, annealing at 120°C for 30mins. Next, the precursor
solution was spin-coated onto the substrate via a one-step process at 4500 rpm for 60 s.
For anti-solvent treated perpvskite films, the 150 ul of anti-solvent were poured onto

the substrate after spin coating for 32s. During the spin coating process of the untreated
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perovskite film, any anti-solvent will not be used. The resulting films were then
annealed at 80 °C for 10 mins to remove the residual solvent. Finally, the device was
completed by sequential vacuum deposition of TPBi, LiF, and Al under a high-vacuum
atmosphere (<10°® Torr). The thicknesses of TPBi, LiF, and Al are 40, 1, and 120 nm,
respectively. The device area is 4.5 mm? by the overlapping area of the ITO and Al
electrodes.

Characterization Measurement: Grazing incidence X-ray diffraction (GIXRD) analysis
for the crystal structure was obtained by Cu Ka radiation (45 KV, 200 mA, Rigaku
SmartLab 9kW), and the incident angle was 0.02°. The ultraviolet-visible absorbance
spectra (UV-Abs) of the perovskite film were measured using a Perkin Elmer UV-vis-
NIR spectrometer. The photoluminescence spectra (PL) were measured using an
Edinburgh Photoluminescence FLS 920. Time-resolved photoluminescence (TRPL)
was collected using time-correlated single-photon counting for 10000 counts.
Excitation was provided by an Edinburgh EPL-375 nanosecond pulsed diode laser. The
morphology was measured from field scanning electron microscopy (FESEM) images
obtained from TESCAN MAIA3. X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS) were measured on a Thermo Fisher Nexsa.
The source was a monochromatic Al Ka (Ephoton = 1486.6 €V) with a 10 mA filament
current and a 12 keV filament voltage. XPS and UPS samples were prepared by spin-
coating the perovskite precursor solution onto full ITO glass. UPS measurements
utilized the He (I) photo line (21.22 V) from a He discharge lamp, and the high-binding

energy secondary electron cutoff (Ecuwofr), and the HOMO region data were extracted
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from the UPS spectra. The HOMO levels could be expressed as HOMO=21.22-(Ecutofs-
Ea) (where Ea is the gap between the HOMO level and the Fermi level (Er). The
transient absorption (TA) measurements were performed on a femtosecond (fs) pump-
probe system (Helios, Ultrafast System LLC) under ambient conditions. The pump

pulses (wavelength: 400 nm, pump fluence: 0.2pJ cm™ pulse ™!

at the sample surface,
spot size: 2 mm) were generated by frequency doubling the 800 nm fs laser from a Ti:
sapphire regenerative amplifier (Coherent Libra; 800 nm, 35 fs pulse width, 1 kHz)
with a BBO crystal. The white-light probe continuum was generated by focusing the
fundamental 800 nm beam from Ti: sapphire laser onto a sapphire plate (2 mm thick).
The time delay between the pump and probe pulses was varied by a motorized optical
delay line (maximum =8 ns).

PeLED characterization: A Keithley 2400 source-meter and a fiber integration sphere
(FOIS-1) coupled with a QE Pro spectrometer (Ocean Optics) were utilized. The
absolute radiance was calibrated by a standard Vis—NIR light source (HL-3P-INT-CAL
plus, Ocean Optics). The EQE and spectral evolution with time was measured using the

same system. All the measurements were conducted in an air ambience at room

temperature and with encapsulation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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The low-n phase is commonly formed in solution-processed quasi-2D perovskite films
due to the low formation energy, leading to the inefficient energy transfer. Anti-solvent
treatment induced hydrogen bonding with organic spacer cations can modulate the

crystallization kinetics and lead to PbBre* cluster stacking growth.
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