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ABSTRACT: Quasi-two-dimensional perovskites, with 56,5 st

spectral tuning property, have opened up vast application A.AA,.( S R
prospects in the field of optoelectronic devices, especially in ,&A.&A fj%: . ey

blue perovskite light-emitting diode (PeLED). However, EArA o :ﬁg‘}‘

relatively high density of defect states usually results in -

nonradiative recombination loss due to unexpected carriers

capture at prolonged transport, which limits high-performance 2 J.uy _x,,; j%j{fi
PeLED. Here, we propose a method for preparing pure-blue J?,ﬁf;‘f ‘.g N;Q X0 44?
PeLED using bifunctional amide molecules to modulate “.&TATJ;TJ.; PSR S
crystallization kinetics. This strategy inhibits the formation of E “{Qf Jg{»g;fu

the n = 1 phase and simultaneously passivates defects with
the bifunctional groups, thereby reducing the occurrence of nonradiative recombination. The external quantum ef'f|C|ency of
the pure-blue PeLED fabricated using this strategy is significantly enhanced, reaching 9.7% at 478 nm, which is about
7 times higher than that of the control device. This work provides a novel strategy on the selection of bifunctional
passivators for perovskites.

KEYWORDS: quasi-two-dimensional (2D), perovskite, pure-blue, perovskite light-emitting diode (PeLED), crystallization

kinetics

1 Introduction

In recent years, perovskite light-emitting diode (PeLED) has been
regarded as promising candidates for the next generation of lighting
technology due to their advantages such as high color purity, low
cost, and tunable emission spectrum characteristics [1-5]. Since the
first demonstration of perovskite in 2009 for solar cell and in 2014
for LED, the performance of blue, green, red, and near-infrared
PeLED has been improved rapidly, with external quantum
efficiency (EQE) exceeding 25% [6—11]. Despite the achievement of
blue light emission, the efficiency of blue PeLED remains relatively
low, especially under operational condition [12]. The fabrication of
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efficient and stable blue PeLED remains a challenge, impeding their
commercialization in full-color display applications. As previously
reported, blue light emission from perovskites can be achieved
through two primary methods. One approach involves using
composition engineering to construct mixed Br/Cl systems to
adjust the bandgap, enabling a transition from green to blue
emission by increasing the chloride ion content in the thin film
[13-15]. Another method introduces organic spacer cations to
control the dimension of perovskites, producing a quantum
confinement effect that blue-shifts the emission spectrum [16-18].
For efficient blue PeLEDs, quasi-two-dimensional (quasi-2D)
perovskites with mixed Br/Cl have emerged, taking advantages of
their broadened bandgap and higher exciton-binding energies to
achieve excitons refined [19-21].

In fact, two factors are responsible for the compromised EQE of
blue PeLED within quasi-2D perovskite emission layer. To
elaborate, the first contributing element stems from the
characteristics of blue perovskite themselves. Their comparatively
broad bandgap, coupled with inherent structural instability, triggers
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electric-field-driven halide ion migration and phase separation
phenomenon. Under excitation conditions, halide ions exhibit a
propensity to migrate toward adjacent vacancies, inducing spectral
instability and spectral shifts that subsequently lead to degradation
in device efficiency [19, 20]. The second pivotal factor relates to the
crystallographic imperfections in quasi-2D perovskite structures.
The defect states originating from lattice distortion-induced
bandgap widening act as charge carrier traps during energy transfer
processes, thereby constraining the available carrier population and
suppressing radiative emission efficiency [21, 22]. Furthermore,
quasi-2D  perovskites with multiphase compositions exhibit
abundant microcrystalline boundaries and heterointerfaces, which
are prone to generate defect sites facilitating non-radiative
recombination. Consequently, precise control of phase alignment
and effective mitigation of intrinsic defects in quasi-2D perovskite
systems are critical for achieving high-performance blue PeLED
with superior luminous efficacy.

Currently, defect passivation has proven to be an effective
strategy for enhancing the photoelectric performance of perovskites,
which can be implemented by adding additives to the perovskite
precursor solution [23, 24]. Long-chain organic ammonium with
better thermal stability is used to replace volatile methylammonium
(MA*, CH;NHj;") or formamidinium (FA*, HC(NH,),") to suppress
the formation of organic ammonium vacancies, thereby passivating
halide defects [25]. Small molecules with functional groups (C=0,
P=0 S=0, -NH,) [26-29] were also introduced into perovskite
layer, as these functional groups can form strong bonds with Pb to
reduce the density of Pb defects. Indeed, the defects persistence of
halide and uncoordinated lead ions within quasi-2D perovskite,
derived from intrinsic soft crystal lattice feature and unexpected n =
1 phase, which owns more trap state and strong exciton-phonon
coupling, result in nonradiative recombination losses [30, 31].
Actually, both organic ammonium and small molecules play roles
in modulating crystallization kinetics and suppressing defects
formation, which determines quality of desired perovskite,
specifically, lessening the deviation from expected ion orders in
quasi-2D perovskite. One can expect that modulating the
crystallization process will produce high-quality perovskite, since
controlled crystal growth exhibits ordered lattice arrangement than
nonintervention. The additives with multifunctional groups will
provide such opportunity, owing to their multi-roles endowed by
functional groups. Currently, strategies for modulating
crystallization process by multifunctional groups, which suppresses
unexpected #n = 1 phase and the formation of defects, are the
promising focus, enabling high-performance PeLED.

In this work, we introduced amide additives to manipulate
crystallization kinetics and thus the distribution of n-phases in
perovskites. Specifically, upon the incorporation of medium-chain-
length malonamide as an additive, crystallization kinetics of quasi-
2D perovskite was regulated by the double-hydrogen bond between
perovskite layers, and the n = 1 phase was markedly suppressed,
thereby reducing the occurrence of nonradiative recombination.
We observed that the C=O groups in malonamide formed
C=0--Pb interactions with the uncoordinated Pb ions in
perovskites at suitable angles, while the double -NH, groups
formed N-H--Br/Cl" hydrogen bonds. These interactions
collectively contributed to manipulating small-n phases and
passivating defects. The medium-chain-length amide additive,
malonamide, demonstrated notable advantages in this context, and
these synergistic effects allow to achieve high-performance pure-
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blue PeLED with EQE increasing from 1.4% at 473 nm to 9.7% at
478 nm.

2 Experimental

2.1 Materials

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS, AI 4083), phenethylamine bromide (PEABr, 99.5%),
butylamine bromide (BABr, 99.5%), formamidinium bromide
(FABEr, 99.9%), cesium chloride (CsCl, 99.9%), lead bromide (PbBr,,
99.9%), and 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi, 99.9%) were purchased from Xian Yuri
Solar Co., Ltd. Dimethyl sulfoxide (DMSO, 99.9%) was purchased
from Aladdin. LiF (99.98%) was purchased from Sigma-Aldrich.
Oxamide, malonamide, and succinamide were purchased from
Meryer Biochemical Technology Co., Ltd., and aluminum was
purchased from ZhongNuo Advanced Material Technology Co.
Ltd. All the materials were used as received without any
purification.

2.2 Preparation of perovskite precursor

The perovskite precursor solution was prepared by dissolving
PEABTr, BABr, CsCl, FABr, and PbBr, in 1 mL DMSO in the N,-
filled glovebox. Perovskite solutions were prepared using a
concentration of 0.20 M based on PbBr,, and the molar ratio was
0.6:0.4:1.1:0.075:1.0 for PEABr:BABr:CsCLFABr:PbBr,. After
stirring for 4 h at 30 °C, amides were added into the perovskite
precursor separately, then stirring for 2 h. All precursor solutions
were filtered through 0.22 pm filter before use.

2.3 Device fabrication

The indium tin oxide (ITO) substrates were ultrasonically cleaned
in deionized water with detergent, ethanol, acetone, iso-propanol,
and ethanol solution for 20 min. Prior to the spin-coating of the
PEDOT:PSS, the cleaned ITO substrates were treated with
ultraviolet O; for 15 min. The PEDOT:PSS was spin-coated onto
the ITO substrates at 4000 rpm for 40 s, followed by annealing on a
hot plate at 150 °C for 20 min in air. Then, the PEDOT:PSS films
were modified by spin-coating the LiF aqueous solutions
(2.0 mg-mL™) at 5000 rpm for 40 s followed by annealing at 150 °C
for 20 min in air [32, 33]. The precursor solution was spin-coated at
4000 rpm for 120 s and annealed at 80 °C for 5 min in glovebox.
Finally, TPBi (50 nm), LiF (1 nm), and Al (113 nm) were
successively thermal evaporated onto the substrate in the vacuum
evaporator chamber under a pressure of 5 x 10 Pa. The active area
of each separating device was 8 mm’ and it was tested in
atmospheric environments after encapsulation by epoxy resins.

24 Characterizations

Ultraviolet-visible (UV-vis) absorption spectra were measured by
using a SHIMADZU UV-1800. Grazing incidence X-ray diffraction
(GIXRD) patterns of the prepared samples were recorded with
Bruker D8 advance X-ray diffractometer with graphite
monochromatized Cu K& (A = 1.5405 A) radiation. The steady-state
photoluminescence (PL) and time-resolved PL (TRPL) spectra, and
photoluminescence quantum yield (PLQY) were obtained by an
FLS980 spectrofluorometer (Edinburgh Instruments, Ltd.). The
excitation source was 365 nm from a Xe lamp for PL, and the time-
resolved luminescence decay was measured using time-correlated
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single photon counting with a 375 nm laser. X-ray photoelectron
spectroscopy (XPS) was performed by Thermo Fisher ESCALAB
250Xi, and the curves were corrected based on the C 1s peak at
284.8 eV. 'H nuclear magnetic resonance (NMR) measurements
were performed with a Quantum-I-Plus 400 NMR spectrometer
(FT, 400 MHz for 'H) using deuterated DMSO-d6 as the solvent.
The Fourier transform infrared spectroscopy (FTIR) spectra were
recorded with a Thermo Fisher iS50 FTIR. For the FTIR samples,
powder mixed with perovskite solution was prepared before drying.
space-charge-limited ~current (SCLC) measurements were
conducted using hole-only devices, and the resultant curves were
fitted with the Mott-Gurney law given by ] = 9§&uV?/8L’, where |
is the current density. The current density—voltage—luminance
(J-V-L) characteristics and EQE—J curves of the device were tested
by spectrometers equipped with Keithley 2400 fiber integrating
spheres and an Ocean Optics QE65 Pro spectrometer. The transient
absorption spectroscopy (TAS) was performed with a femtosecond
transient absorption spectrometer (TA-100) using 350 nm pump
pulses as the excitation wavelength.

2.5 Computational methods

The quantum chemistry calculations were carried out with the
ORCA 5.04 [34] software. The RIJCOSX technique [35] was
enabled to significantly accelerate the calculation. The B3LYP [36]
functional and the basis set of def2-SVP [37] were adopted for the
geometry optimization and frequency calculations in combination
with the density functional theory (DFT)-D4 [38, 39] dispersion
correction. The geometries were fully optimized without any
structural constraints. The frequency calculations were carried out
at the same level of theory to verify that all structures have no
imaginary frequency. The single point energy was calculated at the
B3LYP-D4/ma-def2-TZVP [37, 40] level of theory. The electrostatic
potential (ESP) and input files of ORCA program were prepared
with the help of Multiwfn [41-43] code. The geometric structure
figures and ESP figures were rendered by means of the VMD [44]
visualization program.

3 Result and discussion

3.1 Manipulation on crystallization kinetics

The precursor solution was prepared by dissolving CsCl, PEABr,
BABr, FABr, and PbBr, into DMSO with precisely controlled molar
ratio to form quasi-2D perovskite films for blue emission. To
investigate the crystallization kinetics of quasi-2D perovskite films,
we conducted in-situ PL measurements during the spin-coating

process. During spin-coating, following the evaporation of the
DMSO solvent, quasi-2D perovskite continuously crystallizes from
a precursor solution dominated by ionic interactions between metal
cations and halide anions [45]. In the control, the perovskite
emitters form at approximately 15 s from the initiation of the spin-
coating process, subsequently exhibiting a strong PL signal
attributed to the rapid growth of perovskite crystals (Fig. 1(a)).
After about 70 s, this signal displays a slow and continuous decline,
indicating PL quenching. This quenching phenomenon can be
ascribed to the rapid crystallization of perovskite emitters, during
which irregular arrangement of nanoparticles leads to the
formation of numerous defect-rich regions [46, 47]. By
incorporating malonamide additive, the perovskite exhibits a
detectable fluorescent signal only after 36 s of spin-coating
(Figs. 1(b) and 1(c)). The fluorescent signal gradually increases
during the whole spin-coating process and the continuous PL drop
completely disappears, suggesting that the addition of malonamide
induces delayed crystallization in the perovskite film and effectively
suppresses the luminescence quenching phenomenon [48]. In
addition to malonamide, the inclusion of oxamide or succinamide
displays the similar trend on the PL evolution (Fig. Sl in the
Electronic Supplementary Material (ESM)). Sequential annealing
process for perovskite films exhibits red shift peak of PL at all
samples (Fig. S2 in the ESM), which results from the grains growth
in the coarsening process.

To reveal why the amide-treated perovskites have distinct
crystallization process, we performed DFT calculations to show the
ESP for understanding the electronic structures of three amide
molecules, as depicted in Fig. 2(a). The C=O and -NH, groups
exhibit obviously negative (blue region) and positive (red region)
potential, respectively, suggesting that the amide can serve as a
Lewis acid and base [49]. Nucleophilic C=O possesses
electronegativity, enabling it to serve as a Lewis base for passivating
uncoordinated Pb ions through Lewis acid-base interactions.
Besides, nucleophilic C=0O possesses the possibility to form
hydrogen bonds with ammonium group of PEA/BA". Conversely,
the electrophilic -NH, group exhibits electropositivity, functioning
as Lewis acid forming hydrogen bonds with Pb(Br/Cl)s" octahedra
in perovskite crystals [50]. FTIR was utilized to investigate the
interaction between malonamide and perovskite. The FTIR spectra
of malonamide and the mixture of malonamide and perovskite are
depicted in Fig. 2(b). The peaks located at 1694, 1668, 1632 cm™ can
be identified as the C=0, and the peaks at 3389 and 3160 cm™ are
two characteristic peaks of -NH, in malonamide. After being added
into perovskite, the peaks attributed to C=0O group shift from 1694,
1668 to 1664 cm™, and enhanced intensity at 1632 cm™ indicating
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that C=O of malonamide interacts with uncoordinated Pb* in
perovskite. Additionally, the stretching vibration peaks of -NH,
shift from 3389 and 3160 to 3416 and 3182 cm’, respectively,
implying the N-H--Br/Cl" hydrogen bonds were formed. The
interaction between malonamide and perovskite was further
confirmed by analyzing mixtures of malonamide using liquid
NMR spectroscopy. As depicted in Fig. 2(c), the chemical shift at
743 ppm corresponds to the -NH, in malonamide. After
introduced into perovskite, the chemical shift of -NH, in
malonamide moves to 7.48 ppm due to the deshielding effect
resulting from their interactions between nucleophilic C=0
ammonium group in perovskite, confirmed by the same shift
trends with PEABr/BABr (Fig. S3 in the ESM) and FABr (Fig. $4 in
the ESM). Further, the broadened peaks at 7.88/7.72 ppm,
attributed to -NH;* of PEA*/BA‘, verified the formation of
hydrogen bonds. It is worth noting that the hydrogen bonding is
enhanced by the interactions of N-H--Br/CI- when the perovskites
begin to nucleate and crystallize as solid state, since abundant
Pb(Br/Cl)¢" octahedra appears in perovskite crystal with the
solution consumed [51, 52].

To gain a deeper understanding of the roles of amides in
perovskite, the XPS was conducted. The Pb 4f;, and Pb 4f,,
binding energy peaks of control film were located at 142.96 and
138.11 eV, respectively (Fig. 2(d)). Upon amide treatment, these
peaks experienced an upshift to higher binding energy; specifically,
for malonamide-modified sample, the binding energies had an
upshift of 0.46 eV for Pb 4f;;, and 0.41 eV for Pb 4f,,. The increase
in binding energy indicates that the C=O functional group in
malonamide and the uncoordinated Pb* in the perovskite are
coordinated, thus diminishing the defects. The specific value of Br
3d binding energy change after different amide modification is
summarized in Table S1 in the ESM. Clearly, the peaks of Br 3d all
moved towards lower binding energy (Fig. 2(e)). It is worth noting
that the most obvious shift of Br 3d peak was observed in
malonamide-treated film, indicating the most powerful interaction
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with bromine. Accordingly, we speculate that more hydrogen
bonds, N-H--Br/Cl, formed between -NH, on the two sides of
malonamide and perovskite than other amides. The XPS results are
consistent with the findings from FTIR and NMR spectra.

3.2 Phase distribution of perovskite

To probe the influences of additives on phase distribution of
perovskite, we performed structural and optoelectronic
characterization of films. GIXRD patterns indicate that alterations
in the crystal structure of perovskite occur upon the introduction of
malonamide additive (Figs. 3(a) and 3(b)). All quasi-2D perovskites
display dominated (002) crystal planes at 3.8° for n = 2 phases,
except for malonamide-treated perovskite, which shows shifts
towards high angles. According to the Bragg’s diffraction equation
of d = mA/(2sinf), n = 2 phases of malonamide-treated and
malonamide-free perovskites have 214 and 242 A interlayer
distance, respectively. The reduced interplanar spacing d implies
tighter layer-to-layer interactions in 2D perovskite, which are
achieved by double-hydrogen bonds between hydrogen atoms of
each terminal -NH, in malonamide and halogen atoms in
octahedra Pb(Br/Cl)s". A schematic diagram illustrates the
interaction of n = 2 phase of 2D perovskite constructed from
PEA"/BA* and malonamide (Fig. S5 in the ESM). When
malonamide molecule combined with perovskite, double-hydrogen
bonds between -NH, in two sides of malonamide and octahedra
Pb(Br/Cl)¢" in perovskite effectively reduce the van der Waals gap
and enhance the interaction within perovskite layers, beneficial to
the energy transfer efficiency [53]. Furthermore, the perovskite film
with the addition of malonamide exhibits significantly enhanced
diffraction peaks, indicating an improvement in the crystallinity
upon the incorporation of the additive.

As shown in Fig. 3(c), three absorption peaks at 387, 414, and
440 nm appear in the perovskite film, corresponding to n = 1, 2,
and 3 phases in the quasi-2D perovskites, respectively. Upon the
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spectra, (e) TRPL spectra, and (f) calculated recombination rate constants of perovskite.

introduction of different additives, the n-phase contribution in the
perovskite films was modulated in a controlled manner. The n =1
phase has been identified as the center for nonradiative
recombination losses, which quenches effective exciton and restricts
the transfer [30, 31]. Therefore, it is necessary to reduce the n =1
phase for inhibiting nonradiative recombination. Encouragingly,
upon the incorporation of malonamide additive, the relative
proportion of the n = 1 phase experiences a substantial decrease
and becomes almost negligible, indicating the promising
application of malonamide-modified perovskite in PeLED.

The PL spectra (Fig. 3(d)) indicate that the film exhibits the
strongest fluorescence intensity for malonamide-modified
perovskite. In contrast, the perovskite films modified with oxamide
and succinamide display weaker intensities. Furthermore, the
perovskite films incorporating malonamide exhibit excellent
stability, with minimal degradation in intensity after being exposed
to air humidity for 100 min (Fig. S6 in the ESM). The PL intensity
evolution aligns with the PLQY results. Control sample exhibits the
smallest PLQY (29.57%), and oxamide-, malonamide-, and
succinimide-modified samples demonstrate 38.00%, 68.82%, and
41.84%, PLQY, respectively (Fig. 3(d) and Fig. S7 in the ESM). This
improvement is likely attributed to passivation and reduction of
trap-assisted nonradiative losses. The TRPL decay curves (Fig. 3(e))
were modeled using a triexponential decay function. The physical
interpretation of these decay components suggests that the fast
decay (1) is associated with nonradiative recombination processes
stemming from crystal defects, whereas the slow decay (7, and 1)
components are attributed to radiative recombination events. As
demonstrated in Table S2 in the ESM, the control film exhibits an
average decay lifetime (z,,,) of 11.55 ns. Subsequent to additives
treatment, the 7, values of the perovskite films based on oxamide,
malonamide, and succinamide increase to 1228, 14.72, and
12.12 ns, respectively. Additionally, we calculated the rate constants
for radiative (k,) and nonradiative (k) recombination in perovskite
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films, with a focus on control and additives-treated films. These
values were obtained through the application of relevant formulas:
Tag = U(ktk,) and PLQY = k/(k+k,), in which k and k,
represent the radiative and nonradiative recombination rate
constants, respectively. The calculated k, and k. were summarized
in Fig. 3(f) and Table S3 in the ESM. These fitting calculation results
corroborate each other, indicating that the perovskite films treated
with malonamide additives exhibit exceptional stability, resulting in
a reduction of nonradiative recombination losses and an
improvement in radiative recombination efficiency.

For the control films, the integration with the perovskite crystals
occurs through PEA*/BA*. When malonamide was introduced into
the precursor solution, hydrogen bonds originated from amide and
ammonium (-H,N--H-NH,"-) retarded the diffusion of PEA*/BA",
which restricted the nucleation rates of perovskite and the
formation of n = 1 phase. At crystallization process, hydrogen
bonding between amide and Pb(Br/Cl)s~ octahedra performed
stronger binding force, together with PEA"/BA* that were originally
bound to the perovskite crystals. It should be noted that
malonamide molecule possesses two separate C=0 and -NH,. We
deduce that C=0 and another -NH, groups in malonamide bind to
the uncoordinated Pb* and Br/Cl in perovskite at appropriate
angles and bond length, respectively, thereby passivating the defects
within the perovskite crystals. Furthermore, we evaluated the
distance between two hydrogen ions in two -NH, groups situated
at two sides of malonamide, which extended from 5.7 A at free
status to 7.2 A at stretched condition. In consideration of intrinsic
nature of hydrogen bond, the bond length is usually within 2.0 and
2.9 A. Theoretically, two halide ions in adjacent Pb(Br/Cl)s"
octahedron are at distances of 5.8, 9.2, and 11.6 A, if the bond
length of Pb-Br/Cl" in Pb(Br/Cl)¢* is determined as around 2.9 A
(JCPDS no. 18-0364). Ideally, the duty regions of hydrogen bonds
at two sides of malonamide match well with the distance of halide
ions in adjacent Pb(Br/Cl);~ octahedra, which providing
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interactions with a high possibility. Accordingly, two hydrogen
bonds, N-H--Br7/CI, formed between malonamide and perovskite,
together with the interaction of C=O and uncoordinated Pb*,
retarded the crystallization process with anchoring halide ions, and
passivated the defects. Based on the exceptional performance of the
perovskite films, we schematically illustrate the fundamental
mechanisms of crystallization kinetics modulated by malonamide
(Fig. 4). The negligible modulation effect of other amide, oxamide
and succinamide, is originated from the difference in molecular
structure. For oxamide, limited molecular chain length restricts its
interaction regions and defect sites. For succinamide, required by
multifunctional groups work simultaneously, the U-fold of
succinamide is optimal in accessing desired defect sites, which is
prohibited by its chain rigidity. Even if succinamide is U-folded as
expected, it may not persist in the long term.

3.3 Defect passivation

Additionally, for investigating the trap density of perovskite films,
we employed the SCLC method and fabricated hole-only devices
with the structure of ITO/PEDOT:PSS/LiF/perovskite/MoO,/Ag.
The values of trap-filled limited voltage (Vig) serve as a pivotal
parameter for assessing the density and concentration of defects
within perovskite films. Through the SCLC measurement, it can be
observed that the Vi of perovskite films with additives is lower
than that of the control perovskite films (Fig. S6 in the ESM).
Furthermore, we calculated the trap density of states (IN;) using the
formula of Vi = eNL*/2¢,, and observed a decrease from 4.65 x
107 cm? (control) to 4.50 x 107 cm™ (oxamide), 3.46 x 107 cm™
(malonamide), and 4.02 x 107 cm™ (succinamide). We calculated
the Urbach energy (E,), which is utilized as a metric to evaluate the
defects introduced by localized states within the bandgap. As
depicted in Fig. S7 in the ESM, the E, of the perovskite films
modified with amide decreases from 10.24 meV (control) to
9.74 meV (oxamide), 547 meV (malonamide), and 10.07 meV
(succinamide). Notably, the E, of perovskite films modified with
malonamide exhibits a significant decrease compared to other
amides, indicating a high crystallinity of the films and a reduction
in defect density.

We conducted an analysis of the trend in variations pertaining to
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the exciton binding energy (E,), derived from temperature-
dependent PL spectroscopy data. The E values for the control and
malonamide-treated perovskite films were calculated to be 135.67
and 26647 meV (Fig. S8 in the ESM), respectively, using the
equation I(T) = I/(1+Aexp(-E/kyT)). An exciton is an electrically
neutral quasi-particle consisting of an electron-hole pair bound by
Coulombic force, with perovskite films possessing high E, that is
particularly advantageous for luminescent applications [54]. The
enhancement of E exerts an influence on the concentration of free
carriers in perovskites, reducing the likelihood of exciton
dissociation into free carriers and enhancing radiative
recombination through excitons, which indicates a decrease in
nonradiative recombination. Our experimental results demonstrate
that perovskite films with additives do exhibit high Ej, suggesting
that the incorporation of additives is an effective strategy for
suppressing nonradiative recombination.

34 Carrier transfer dynamics

The photogenerated carrier recombination and transfer dynamics
of control and malonamide-treated perovskite films on the
picosecond (ps) timescale were investigated using TAS. As shown
in Figs. 5(a) and 5(b), for both quasi-2D perovskite films, three
ground-state bleach (GSB) signals were observed at approximately
417, 446, and 462 nm, assigned to the n = 2, 3, and > 4 phases,
respectively. Within 0.1 ps, the pump light rapidly accumulated at
the n = 2 and 3 GSB peaks, indicating that at the initial stage,
photogenerated carriers were primarily excited in the small-n
phases (n = 2 and 3). Due to the quantum confinement effect, in
quasi-2D perovskite structures, larger #n values correspond to
smaller bandgaps. Therefore, when multiple phases coexist, energy
transfer can be anticipated, which is confirmed by the TA signals.
As shown in Figs. 5(c) and 5(d), the evolution of the TA spectra
from 0 to 5 ps clearly demonstrates the migration of carriers from
the small-n phases to the large-n phases [55, 56]. Within a relatively
short decay time, the signals associated with the small-n phases (n =
2 and 3) decreased, while the peak intensities in the large-n phases
(n = 4) gradually increased. This carrier transfer from phases with
larger bandgaps to those with smaller bandgaps indicates an
efficient energy transfer process from the small-» phases to the large-
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Figure4 Schematic illustration of crystallization kinetic of perovskite modulated by malonamide.
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n phases. The intensity evolution of the GSB peaks corresponds to
the evolution of the excited-state population in the respective
phases [57]. Here, the variation of GSB intensities within 5 ps
illustrates the relative exciton contributions (Figs. 5(e) and 5(f)).
Notably, at 0.5 ps, the extracted phase distribution for the control
film is dominated by the n = 3 phase (Fig. 5(e)), whereas the phase
distribution for the perovskite film with the malonamide additive is
dominated by the n > 4 phase (Fig. 5(f)). This suggests that the
carriers transfer from the n = 2 phase to the n > 4 phase occurs
more rapidly and efficiently in malonamide-treated perovskite film.

These results indicate that the addition of malonamide optimizes
the phase distribution and facilitates efficient and rapid energy
transfer to the large-n phase in 2D perovskite.

3.5 Device performance

We introduced malonamide into quasi-2D perovskite precursor
solution as an additive to verify the advantages and fabricated
PeLED to evaluate the performance of the device with structure of
ITO/PEDOT:PSS/LiF/perovskite/TPBi/LiF/Al ~ (Fig. 6(a)). The
optimal concentration of malonamide (5 mg/500 pL) is selected for
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subsequent device fabrication (Fig. S11 in the ESM). The J-V-L
characteristics of the typical devices are shown in Fig. 6(b). The
improvement of the current efficiency in the amide-modified
devices is due to the leakage current arising from the reduction of
the trap defects. Particularly, the device inserted with malonamide
exhibited the highest EQE (9.7%) and brightest luminance (2063
cd'm™) at a wavelength of 478 nm (Fig. 6(c)), which partially
originated from the reduction of nonradiative recombination loss
due to the passivation of perovskite defects and the optimized n-
phase distribution. Additionally, EL spectra indicate a red shift to
478 nm for the malonamide-treated devices (Fig. 6(d)), which is
consistent with the PL results in Fig. 3(d). We demonstrated the
performance data of amide-modified devices in Table $4 in the
ESM. We characterized the stability of PeLED, as shown in
Fig. 6(e): The half-lifetime (T5,) of the PeLED increases from 87 s
for the control device to 128 s for the malonamide-additive device.
The EL spectra under increasing voltages and a constant current
density are shown in Figs. S12 and S13 in the ESM, which
demonstrated the enhanced color stability of malonamide based
PeLED. The reproducibility of devices performance is
demonstrated by the box plot in Fig. 6(f), which presents EQE data
for 15 devices. To highlight the role of malonamide as an additive,
we fabricated a device with malonamide as the buried interface
(Device  structure:  ITO/PEDOT:PSS/Malonamide/perovskite/
TPBi/LiF/Al as depicted in Fig. S14 in the ESM). The experiment
results show that the performance of the device made by adding
malonamide to perovskite is significantly better than that with the
malonamide buried modification. (Fig. S15 and Table S5 in the
ESM).

4 Conclusion

In this work, we propose amide as additives to modulate
crystallization kinetics of perovskite films. Among them,
malonamide exhibits the most effective roles. The functional groups
of malonamide act as Lewis acids/bases, binding to uncoordinated
lead ions in adjacent perovskite crystals at appropriate angles and
bond lengths, while simultaneously forming hydrogen bonds with
halogen ions. The incorporation of malonamide additives enhances
the PLQY and TRPL of perovskite films. The hydrogen bonds
induce the redistribution of n-phase and reduce the formation of n
= 1 phase, thereby suppressing nonradiative recombination and
elevating the carrier transport, which enables rapid and efficient
energy transfer across various phases. High-performance pure-blue
PeLED incorporating malonamide were achieved with EQE of 9.7%
at478 nm.

Electronic Supplementary Material: Supplementary material (in-
situ PL measurements, PLQY, SCLC, temperature-dependent PL
measurements, Urbach energy and device characteristics) is
available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907920.
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