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Metal halide perovskite, regarded as a potential material for
next-generation display and lighting applications, has attracted
great attention [1,2]. The development of blue perovskite light-
emitting diodes (PeLEDs) remains stagnant compared with their
green and red counterparts in recent years [3-8]. Meanwhile,
among the emitters of different blue emission regions, the devel-
opment of deep-blue PeLEDs urgently required by the display
application lagged significantly behind. Therefore, conducting
research on deep-blue PeLEDs (<460 nm) to achieve the desired
color gamut in the range of the Commission Internationale de
I'Eclairage (CIE) color coordinates approaching (0.131, 0.046) that
fulfill the Rec. 2020 specification holds paramount importance.
However, obtaining deep-blue emission in perovskites through
the straightforward implementation of the common strategies
involving excessive chloride incorporation and dimensional reduc-
tion presents a significant challenge.

Previous work has demonstrated that guanidine cation (GA)
could induce deep-blue emission through stabilizing low-
dimensional domains in quasi-two-dimensional (2D) perovskite
[9]. Herein, our work focuses on the investigation of mechanisms
regarding this. In detail, employing GA as a chelating agent, the
binding of the precursor to the surface of bulk perovskites is inhib-
ited, effectively suppressing the formation of large-n domains. As
shown in Fig. 1a, b, the PeLEDs were constructed with the widely
reported device structure of indium tin oxide (ITO)/poly(N-vinyl
carbazole) (PVK)/perovskite/TPBi/Liq/Al. As Fig. 1c-e shows, with
the introduction of chelating agent GA, the obtained deep-blue
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PeLED exhibited electroluminescence (EL) emission located at
about 458 nm with a maximum luminance of 55.16 cd cm 2 and
an external quantum efficiency (EQE) of 5.65% in the champion
device. In contrast, the PeLED without GA delivered initial pure-
blue emission at about 474 nm with a peak EQE of 9.34% and a
maximum luminance of 96.51 cd cm™ (Fig. S1 online). The
obtained deep-blue device delivered a spectrally stable deep-blue
emission with corresponding CIE coordinates of (0.140, 0.068) dis-
played in Fig. S2 (online). No apparent EL spectral shift could be
observed from Fig. 1e and the corresponding CIE coordinates
remained constant (Fig. 1f) under an increasing forward bias up
to 7.0 V, exhibiting excellent spectral stability. The EQE histogram
from 20 fabricated deep-blue devices (Fig. 1g) reflected a standard
Gaussian distribution with an average EQE of 4.64%, demonstrating
superior reproducibility of this strategy. The operational lifetime of
the target PeLEDs under a constant current density (1 mA cm~2)
was recorded in Fig. Th. A half-lifetime (Tso, time when the lumi-
nance decays to half of its initial value) of 12.35 min with an initial
luminance of 17.8 cd m~2 was realized in the deep-blue device. In
contrast to prior advances summarized in Fig. 1i, the maximum
EQE of 5.65% reported here is a considerable performance among
all types of PeLEDs in the wavelength region from 440-460 nm
[9-18].

We carried out a series of characterizations to investigate the
mechanism behind it. For the convenience of distinction, the
quasi-2D perovskite films without GA were designated as
“Pristine”. Similarly, the obtained film with deep-blue emission
was marked “With GA”. The steady-state photoluminescence (PL)
and ultraviolet-visible (UV-Vis) absorption measurement were
first employed to evaluate the optical properties (Figs. S3 and S4
online). It was preliminarily reasonable to infer that the incorpora-
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Fig. 1. Device structure and performance of the deep-blue PeLED. (a) Schematic architecture of PeLEDs. (b) Cross-sectional scanning electron microscopy (SEM) image of
PeLEDs. (c) Current density-voltage and luminance-voltage curves of the deep-blue PeLEDs. (d) EQE-current density curve of the deep-blue device. (e) EL spectra under
different bias voltages. (f) CIE coordinates under different bias voltages. Inset is the corresponding CIE coordinates. (g) Histogram of peak EQEs measured from 20 devices.
(h) Tso lifetime measurements for deep-blue devices under a constant current density of 1 mA cm~2. (i) Comparison of our work with previous deep-blue PeLED results with

emissions ranging from 440 to 460 nm.

tion of GA enabled deep-blue emission by inducing the formation
of low-dimensional domains with larger band gaps. In addition,
the energy levels of both perovskite films were determined in
Fig. S5 (online) by combining ultraviolet photoelectron spec-
troscopy (UPS) results. The obtained corresponding energy level
diagram of both devices was plotted in Fig. S6 (online).

We divided the whole process into five stages for a more intu-
itive investigation (Supplementary Materials Note 1 online). It
could be seen from the X-ray diffraction (XRD) patterns in Fig. S7
(online) that both films exhibited a transition from low-
dimensional to high-dimensional structure. From the PL spectra
of pristine film (Fig. S8a online), the transformation from the
small-n (n represents the number of PbXg inorganic layers between
two organic layers) domain to the large-n domain during the crys-
tallization process was demonstrated. However, this transforma-
tion was not distinct in the film with GA (Fig. S8b online). Fig. S9
(online) extracted the specific content of the n = 2 domain at differ-
ent stages in both perovskite films. A similar trend (a less distinct
red-shift during the crystallization process in the GA sample) could
also be observed from the absorption spectra of different stages in
Fig. S10 (online). The temperature-dependent PL measurements at
the temperature region from 80 to 300 K were recorded in Fig. S11
(online). Over nearly the entire temperature range, an increased
exciton peak intensity corresponding to the n = 2 domain was
observed in the film with GA. The fitted E}, value of the perovskite
film with GA was 140 meV, which was larger than that of the pris-
tine film (Fig. S12 online). The larger exciton binding energy
revealed a stronger confinement effect, which was consistent with

the increased content of the low-dimensional domain in perovskite
film with GA. The higher content of the n = 2 domain in the
perovskite film with GA was also further substantiated by the
higher exciton peak intensity from the PL excitation spectra in
Fig. S13 (online). Transient absorption (TA) pump-probe spec-
troscopy measurements were then employed to investigate the dif-
ference of energy transfer processes (Figs. S14 and S15 online). It
was demonstrated that the film with GA displayed a relatively
slower cascade energy transfer, which would lead to charge accu-
mulation and recombination in the small-n domains (i.e., n = 3)
rather than the large-n domains (i.e., n > 4). More contribution
of the small-n domain to the luminescence facilitated the possibil-
ity to realize the deep-blue emission in the film with GA.

As the extensively reported A-site cations, GA was revealed here
for the first time to have the potential to realize deep-blue emis-
sion. In addition, formamidinium cation (FA), another A-site cation,
was employed to passivate defects in our quasi-2D system. We
prepared perovskite films with only one cation employed and per-
formed corresponding absorption and PL measurements (Fig. S16
online). From Fig. S16 (online), we suspected that both FA and
GA cations may have the ability to induce a blue-shift of emission.
It was confirmed by EL measurement of 3D perovskite devices with
different concentrations of FA/GA (Fig. S17 online), both FA and GA
can induce a significant blue-shift of the EL spectra. However, the
introduction of excess FA led to a serious disorder of the EL spectra
with the appearance of additional acromions and the abrupt
increase of full-width-at-half-maximum (FWHM) (Fig. S18 online).
We attributed it to the FA-induced wide domain distribution,
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which was consistent with the PL and absorption spectra. By
contrast, excessive GA incorporation could only lead to the slight
deterioration of the optical properties (Fig. S19 online) with no
fatal consequences concerned, demonstrating its superiority to
FA in inducing the blue-shift of EL emission.

We seek to give a reasonable explanation for the mechanism. It
was demonstrated that GA and FA cations were confined in the
vicinity of perovskite (just like the p-F-PEA cations) rather than
occupying the A-site in the perovskite lattice since no extra diffrac-
tion peaks and lattice strains were observed from the XRD patterns
(Fig. S20 online). To further confirm this conclusion, we conducted
the XRD measurements of 3D perovskite with different concentra-
tions of FA added (Fig. S21 online). We speculated that GA, as a
chelating agent, had a chelation interaction with the precursor to
control the growth dynamics of the quantum well during crystal-
lization. The chelation between the precursor (PbBr,) and the
chelating agent was directly confirmed by liquid-state 'H nuclear
magnetic resonance ('"H NMR) as shown in Fig. S22 (online). In
addition, the shift of absorption feature from 1565 to 1549 cm™!
corresponding to the in-plane bending vibration (§(N—H)) in Four-
ier transform infrared spectroscopy (FTIR) also contributed to the
demonstration of chelation (Fig. S23 online). Combined with the
experimental results mentioned above, we believed that GA
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chelating agent stabilized the low-dimensional domain through
the chelation with the lead precursor. The mechanism diagram of
GA chelating agent stabilizing low-dimensional domains during
crystallization was illustrated in Fig. 2a. In the initial stage of
nucleation, the formation of n = 1 low-dimensional domain was
much more favorable due to the strong van der Waals interaction
between the spacer cations. In the pristine perovskite film, the
low-soluble Cs cation could easily occupy the A-site due to the
higher tendency to reach supersaturation and induce the subse-
quent attachment of lead precursors on the bulk perovskite struc-
ture, accounting for the transformation from the small-n domain to
the large-n domain as shown in PL spectra. While in the film with
GA, the tendency of lead precursors to be chelated by the GA
chelating agent in the vicinity of bulk perovskite inhibited its bind-
ing to the perovskite surface, thereby suppressing the growth of
large-n domains. Therefore, no evident domain transformation
was observed in the film with GA.

We expected to explore similar alternative chelating agents to
realize deep-blue emission in the quasi-2D perovskite. To demon-
strate the universality of this chelate-assisted strategy, another
widely reported ethylamine cation (EA) anticipated to be a new
alternative chelating agent was proposed (Fig. 2b). They differed
in the number of hydrogen bonds they could generate with lead
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Fig. 2. The universality of chelate-assisted strategy for efficient domain distribution management. (a) The schematic diagram of chelate-assisted strategy for stabilized low-
dimensional domains to realize deep-blue emission. (b) Molecular structure of the EA/FA/GA chelating agents. (c) Schematic of the binding of PbBr, on the surface of
perovskite under the influence of different chelating agents nearby. (d) DFT-calculated relative binding energy of PbBr, on the surface of perovskite. As a control, the binding
energy of PbBr, on the perovskite surface was defined as 0 eV when p-F-PEA cations were nearby. (e) PL spectra of pristine perovskite film and perovskite films with the same
amount of different chelating agents. Inset is the photograph of the perovskite films under external photoexcitation.
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precursors, which had a direct impact on the chelation tendency.
Corresponding absorption and PL measurements of the EA only
perovskite film were supplemented in Fig. S24 (online). Density
functional theory (DFT) calculations were employed to further
quantify the chelation magnitude. We calculated the relative bind-
ing energy of PbBr, on the surface of bulk perovskite under the
influence of different chelating agents nearby (Fig. 2c and Supple-
mentary materials Note 2 online). The calculated relative binding
energies were 0.55, 1.03, and 1.36 eV for EA, FA, and GA system
respectively as shown in Fig. 2d. The increased relative binding
energy from EA to FA to GA stood for the gradually weaker binding
of PbBr; to the surface of bulk perovskite, so attachment of the
excess PbBr, became less likely. The gradual increase in the exciton
peak intensity corresponding to the n = 2 domain was observed in
the PL spectra (Fig. 2e), further validating our conclusion. The EL
spectra of the corresponding devices we fabricated in Fig. S25 (on-
line) also exhibited a consistent trend. In addition, another similar
chelating agent (Biguanide cation, BC) was also demonstrated to
promote the formation of more low-dimensional domains from
the PL spectra (Fig. S26 online). We emphasize the superiority of
this strategy in realizing the deep-blue emission to the conven-
tional composition and dimensional engineering. As presented in
Fig. S27 (online), same amounts of CsCl and p-F-PEABr were added
to the precursor solution with the expectation of achieving an
equivalent blue-shift of the EL emission in the fabricated device.
It was impractical to realize deep-blue emission of quasi-2D per-
ovskites through conventional composition and dimensional engi-
neering, demonstrating the superiority of our chelate-assisted
strategy in contrast.

In summary, we first revealed the mechanism by which GA sta-
bilized low-dimensional domain during the crystallization process.
We successfully fabricated a spectrally stable deep-blue perovskite
emitter emitting at 458 nm with a remarkable EQE of 5.65%.
Furthermore, the universality of different chelating agents in
efficiently managing domain distribution to achieve a blue-shift
in EL emission was also demonstrated, providing more consider-
able alternatives for the ultimate realization of deep-blue emission.
Our findings present a promising third pathway to attain deep-
blue emission, surpassing the limitations of excessive chloride
incorporation and dimensional reduction commonly employed in
conventional methods.
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