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Blue emission in perovskite light-emitting diodes (PeLEDs) remains challenging due to the inherently high bandgap energy.
Quasi-two-dimensional (quasi-2D) perovskites have emerged as promising blue PeLEDs, where cascading energy transfer
among distinct 2D phases plays a critical role in achieving high device performance. Herein, we propose an additive-assisted
phase engineering strategy by incorporating iron additives (FeBrs; and FeCls) into quasi-2D perovskites. The introduction of
iron additives effectively suppresses low-n phases and promotes high-n phases, enabling bandgap modulation and resulting
in a significant narrowing of the photoluminescence full width at half maximum (FWHM). Density functional theory (DFT)
calculations reveal that the iron additives thermodynamically stabilize high-n phases, accounting for the observed phase
redistribution. Blue PeLEDs incorporating FeCl; achieve an enhanced external quantum efficiency (EQE) of 6.01% and
luminance of 227.6 cd m?2 compared to pristine devices (3.72%, 177.8 cd m™). These results suggest that additive-assisted
phase engineering provides an effective pathway toward stable, high color-purity blue PeLEDs.

1. Introduction

Metal halide perovskites (MHPs) with the general ABX; have
emerged as versatile optoelectronic materials owing to their unique
properties, including tunable bandgaps, high absorption coefficients,
and simple solution processability.!> 2 In particular, bandgap tuning
across the entire visible spectrum can be achieved by adjusting the
composition of halide anions (I", Br-, CI") at the X-site.? Perovskite
light-emitting diodes (PeLEDs) have attracted increasing attention for
display and lighting applications because of their high color-purity
arising from the narrow full-width at half maximum (FWHM) of their
emission.* 5 However, blue emission based on chloride-containing
perovskites presents significant challenges due to a wide bandgap that
leads to unstable energy states and inefficient electron-hole
recombination, resulting in low luminous efficiency compared to red
and green emissions.*®

To overcome these issues, quasi-two-dimensional (quasi-2D)
perovskites have emerged as an effective strategy for stabilizing blue
emission.’ Quasi-2D perovskites are formed by incorporating large
organic spacer cations that segment the inorganic [PbX¢]* framework
into discrete layers. This layered configuration confines excitons
within the inorganic layers, effectively creating a multiple-quantum-
well (MQW) structure.!12 The optoelectronic characteristics of
quasi-2D perovskites are primarily determined by the distribution of
n phases, where n corresponds to the number of [PbX¢]* inorganic
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layers separated by organic spacer cations.'? In this structure, n=1
represents a single inorganic layer, n=2 indicates two layers, and
progressively larger n values correspond to thicker inorganic layers
with narrower bandgaps and enhanced charge transport properties.'*
15 In typical quasi-2D films, a range of n phases coexist, enabling
energy funneling from low-n phases to high-n phases. While this
energy transfer process can assist radiative recombination, the
coexistence of multiple phases with disparate n values can also induce
significant energy loss. Moreover, low-n phases (n=1-3) exhibit
relatively wide bandgaps, and in particular, the n=1 phase is known to
promote nonradiative recombination due to strong exciton-phonon
coupling.'®1 Consequently, suppressing low-n phases while favoring
the formation of high-n phases (n = 4) is essential for achieving
efficient and spectrally stable blue emission. Precise modulation of
the phase distribution has become a key strategy for optimizing quasi-
2D PeLEDs efficiency and operational lifetime. - 2!

Recent studies have demonstrated that introducing specific additives
into perovskite precursor solutions can effectively modulate the
nucleation and growth processes of perovskite crystals, thereby
regulating the phase distribution.?>?* For instance, Wang et al.
reported that incorporating YCl; creates an internal energy barrier
within the crystal lattice, which suppresses nonradiative
recombination pathways and enhances Iuminous efficiency,
particularly in blue-emitting PeLEDs.?*> Among various additive
strategies, metal halide additives have proven especially effective due
to their strong interactions with halide anions in the precursor
solution. These interactions modulate the Pb-X bonding and stabilize
the perovskite lattice, resulting in effective defect passivation and
enhanced optoelectronic performance.?-2°

In this study, we revealed that the introduction of iron additives
(FeBr; and FeCls) into quasi-2D perovskites modulates the phase
distribution and enhances blue emission performance. The
incorporation of Fe3* ions interacts with halide anions in the precursor
solution, influencing the bonding environment between the organic
and inorganic layers and promoting the dominant formation of high-n
phases (Fig. la). The fundamental mechanisms by which iron
additives modify the perovskite phase structure are elucidated through
detailed optical characterization and density functional theory (DFT)
calculations. Finally, blue PeLEDs incorporating iron additives
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achieve an external quantum efficiency (EQE) enhancement from
3.72% to 6.01% and an operational stability improvement from 20.7
min to 30.6 min compared to the pristine device.

2. Results and discussion

2.1 Effect of Iron Additives on Red-Green-Blue Emitters

To investigate the intrinsic phase distribution and emission
characteristics of quasi-2D perovskite thin films, red, green, and blue
(RGB) emitters were fabricated without the introduction of additives.
The precursor solutions were prepared by dissolving precursor
powders in dimethyl sulfoxide (DMSO), and the thin films were
fabricated using a spin-coating method. Ethyl acetate (EA) was used

15t margins
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red, green, and blue emitters were (PA/PEA),CsnPbu(Br/Danst,
(PA/PEA),Csy 1Pb,(Br)syr,  and  (PA/PEA)G 0 BhaEBHE yaoE
respectively. For simplicity, these compositions are denoted as
(PA/PEA),CsPbBr;,l; for red emission, (PA/PEA),CsPbBr; for green
emission, and (PA/PEA),CsPbBr,;Cl;; for blue emission in this
study. UV—visible absorption spectroscopy was measured to confirm
the formation of multiple n phases within the quasi-2D structures, as
shown in Fig. Sla. The red-emitting film showed low-n phase peaks
around 430 nm and high-n phase absorption around 510 nm. For the
green-emitting film, distinct peaks corresponding to n=1 (400 nm),
n=2 (430 nm), n=3 (460 nm), and n>4 (480 nm) phases were observed.
In the blue-emitting film, absorption peaks corresponding to n=1 (380
nm), n=2 (420 nm), n=3 (440 nm), and n>4 (460 nm) were also clearly
identified.>'-** Photoluminescence (PL) analysis revealed distinct
emission peaks at 612 nm for red, 506 nm for green, and 475 nm for
blue emitter (Fig. S1b).

as an anti-solvent during spin-coating to improve film crystallinity
and surface uniformity.?® The chemical structures employed for the
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Fig. 1 Optical characteristics of quasi-2D perovskite with iron additives. (a) Schematic illustration of FWHM reduction and phase distribution
induced by iron additives incorporation. UV-visible absorption and photoluminescence spectra of (b) (PA/PEA),CsPbBrl; with FeBrs, (c)
(PA/PEA),CsPbBrs; with FeBrs, and (d) (PA/PEA)2CsPbBr;3Cly 7 with FeCls as a function of iron additive concentration. FWHM changes as a
function of iron additive concentration for (e) red emission, (f) green emission, and (g) blue emission.
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Recent studies have shown that FeBr; can stabilize surface ligand in
nanocrystal perovskites and FeCl; can suppress defect states in
perovskite solar cells, implying their potential as multifunctional
additives in PeLEDs.>* 35 Accordingly, FeBr; and FeCl; were
introduced into red, green, and blue perovskite solutions, respectively,
to modulate the phase distribution and enhance their optoelectronic
properties.

The additives were dissolved in DMSO at a concentration of 0.1
mmol and then added to the precursor solutions at various volume
ratios of 1, 2, 3, 4, and 5 vol% (v%). The influence of iron additives
on the phase distribution and emission characteristics was assessed by
UV-visible absorption and PL measurements (Fig. 1b-d). In the red-
emitting films, the pristine sample exhibited a low-n phase absorption
peak around 430 nm. Upon addition of FeBr;, a noticeable
enhancement in the high-n phase absorption between 480 nm and 510
nm was observed, particularly at higher additive concentrations (Fig.
1b). The high-n phase absorption peak was redshifted, which can be
attributed to the reduced bandgap as the n phase transitioned toward a
dominance of the high-n phases.’® Correspondingly, the PL emission
peak gradually shifted from 612 nm (pristine) to 612 nm, 613 nm, 615
nm, 617 nm, and 621 nm with increasing FeBr; concentration (Fig.
S2a). For the green-emitting films, the introduction of FeBr;
suppressed the low-n phases (n=1, 2, and 3) and induced a bulk-like
absorption profile (Fig. 1c), confirming effective phase engineering.
This phase redistribution reduced the bandgap, resulting in a slight
redshift in the PL emission from 506 nm to 510 nm across all
concentrations (Fig. S2b). Similarly, in the blue-emitting films, the
addition of FeCl; led to a reduction in n=1, n=2, and n=3 phase
absorption peaks, while promoting the growth of n>4 phase (Fig.
1d).37-38 The absorption onset continuously redshifted with increasing
additive concentration, indicating a decrease in bandgap energy
associated with stabilization of high-n phases.?® 40 Correspondingly,
the PL emission peak exhibited a redshift from 475 nm (pristine) to

Nanoscale

476 nm, 479 nm, 480 nm, 480 nm, and 481 nm with ingreasing FeCls
concentration (Fig. S2¢). This redshift is mttributedotostheo phase
transformation towards bulk-like structures, despite the increased CI-
content by introducing additives.*-4? The consistent redshift observed
across red, green, and blue systems suggests that bandgap tuning can
be achieved through phase engineering, which is closely related to the
modulation of the inorganic layer thickness in quasi-2D perovskites.*?

Moreover, a significant reduction in FWHM was observed across all
RGB emitters. The FWHM decreased from 43.7 nm to 39.6 nm for
red, from 30.8 nm to 22.5 nm for green, and from 28.0 nm to 25.8 nm
for blue (Fig. le-g and Table S1). This FWHM narrowing is
consistent with improved spectral purity after incorporation of iron
additives and with the preferential formation of high-n phases.** 43

To further confirm structural changes induced by the additives, X-
ray diffraction (XRD) analysis was performed. Typical 3D (bulk)
perovskite diffraction peaks corresponding to the (100) and (200)
planes were observed near 15° and 30°, respectively (Fig. 2a—c).4% 47
A magnified analysis of the (200) peak revealed that the diffraction
intensity increased progressively with higher additive concentrations
(Fig. 2d—).*8 This increase in intensity corroborates the UV—visible
absorption results, indicating that the introduction of iron additives
promotes the preferential formation of high-n phases within the quasi-
2D perovskite films. Notably, for red and blue-emitting perovskites
with additive addition, the (200) peak exhibited a shift toward higher
diffraction angles with increasing additive concentration (Fig. 2d and
f). This shift indicates lattice contraction caused by the substitution of
larger halide ions with smaller halide ions introduced via FeBr; and
FeCl;, resulting in a more compact crystal structure with reduced
lattice parameters.*® These optical and structural modifications are
essential for achieving stable, efficient, and high color-purity light
emission, particularly in the blue spectral region. 303!
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Fig. 2 XRD patterns and the magnified XRD patterns around the (200) peak of (a,d) (PA/PEA),CsPbBr;l; with FeBrs, (b,e) (PA/PEA),CsPbBr;
with FeBrs, and (c,f) (PA/PEA),CsPbBr; 3Cly 7 with FeCls as a function of iron additive concentration.
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2.2 Density Functional Theory (DFT) Calculations for Phase
Transition

To elucidate the roles of iron additives in the phase distribution, we
performed density functional theory (DFT) calculations. Firstly, the
analysis of electrostatic potential isosurfaces was conducted to
identify the interaction sites between FeCls/FeBr; additives and the
perovskite precursors (Fig. 3a and Fig. S3). These results suggest that
the diverse electron density regions within the iron additive molecules
can participate in binding with the precursors, thereby influencing the
behavior of the perovskite phase. To further clarify this mechanism,
we investigated the influence of iron additives on the perovskite
growth. Previous study reported that the CsPb,Brs structure was
related to the two-dimensional (2D) structure and CsPbBr; structure
was the three-dimensional (3D) structure.’> Based on this report, we
investigated the influence of iron additives on the precursor behavior
in the green and blue precursor systems. As a result, the formation of
the 3D structure was thermodynamically favored in the presence of
iron additives, whereas the formation of the 2D structure was favored
in their absence (Fig. 3b and Fig. S4). These results suggest that the

PAPER

additives induce the formation of high-n phase perovskite, structure,
Moreover, we compared the phase stability:-of theo/2PNends 3D
structures upon the introduction of iron additives (Fig. S5). These
results confirmed that the formation of 3D structure induced by iron
additives was thermodynamically favorable. Based on calculated
results, the structural transitions were suggested in Figure 3¢ and
Figure S6, showing the reaction pathway from 2D to 3D induced by
iron additives as well as the thermodynamic stability of the 3D phase.
Overall, DFT results demonstrate that iron additives promote the
phase transition from low-n to high-n structures through their
interactions with the precursors. The additives promote this transition
by (1) preferentially stabilizing 3D PbBr;-based structures over 2D
Pb,Brs-based structures through the favorable interactions, and (2)
modulating the precursor chemistry in the solution to shift the
thermodynamic equilibrium toward high-n phase nucleation and
growth. These computational results provide strong theoretical
support for our experimental observations of suppressed low-n
phases, enhanced high-n phase content, and improved optoelectronic
performance in iron-additive-engineered quasi-2D perovskite films.
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Fig. 3 (a) Electrostatic potential isosurfaces of FeBrs and FeCls molecules. The isosurface value is 0.03 e/A3. (b) Optimized structures and
formation energies of 2D (Pb,Brs-based) and 3D (PbBrs-based) structures in the blue perovskite precursor system under different conditions
(i.e., w/o DMSO, DMSO, FeCls, and FeBrs). (c) Schematic reaction pathway of the phase transition from Pb,Brs to PbBrs in the blue precursor

system.
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2.3 Application to Blue PeLEDs with Iron Additives

Blue emission in PeLEDs requires a large bandgap, which inherently
makes electron-hole recombination less efficient compared to red and
green emissions. Consequently, the luminous efficiency of blue-
emitting devices remains significantly lower than their red and green
counterparts.>*>> Considering that the formation of high-n phases can
effectively reduce the bandgap, thereby stabilizing blue emission, we
introduced iron additives to engineer the phase distribution and
improve device performance.>

PeLEDs were fabricated using blue perovskite precursor solutions
incorporating FeCl; additives. The device structure consisted of
ITO/PEDOT:PSS/Perovskite/TPBi/LiF/Al layers, and the
corresponding energy band alignment is illustrated in Figure 4a.
Device performance was evaluated by measuring the current density—
voltage—luminance (J-V-L) curves, external quantum efficiency
(EQE), and electroluminescence (EL) spectrum. However, devices
fabricated with the initial additive concentration (0.1 mmol) exhibited
reduced EQE and luminance (Fig. S7 and Table S2). To investigate
the reason for this degradation, AFM analysis was performed,
revealing an increased RMS roughness, indicative of deteriorated
interfacial properties (Fig. S8). Further SEM-EDS analysis of the
aggregated regions observed in the AFM images confirmed that
excessive additive loading induced precursor aggregation (Fig. S9).
Therefore, the additive concentration was reduced to 0.01 mmol,
resulting in improved film uniformity. At this optimized
concentration, optical characterization still showed a reduction in low-
n phases and a narrowing of the FWHM, confirming that the phase-
engineering effect is preserved (Fig. S10 and Table S3). Subsequently,

(:USBarsins
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devices were refabricated using the optimized additive ¢ongentration,
and their electrical properties were systematicalbypesvaluated:
Compared with the pristine PeLEDs, devices incorporating FeCl
additives exhibited a marked enhancement in electronic performance
(Fig. S11a,b and Table S4). Introduction of 3 v% FeCl; exhibited the
best performance, confirming it as the optimal additive concentration.
The morphological evolution observed via AFM clearly explains this
concentration-dependent behavior. The RMS roughness decreased
from 2.210 nm (pristine) to 1.510 nm, 1.200 nm, and 1.047 nm for
films containing 1, 2, and 3 v% additives, respectively (Fig. S12a-d).
However, at 4 and 5 v% concentrations, the RMS roughness increased
to 1.737 nm and 2.010 nm, respectively (Fig. S12e-f). This trend
suggests that excessive incorporation of the additive beyond 3 v%
deteriorates the interfacial morphology, leading to degraded device
performance®”> 3. Therefore, the optimized concentration of 3 v%
achieves a balance between improved film uniformity and suppressed
defect formation, which is critical for enhanced device efficiency. As
shown in Figure 4b and c, the optimized device achieved a maximum
luminance increased to 227.6 ¢cd m2and the EQE improved to 6.01%,
compared to 177.8 cd m2 and 3.72% for the pristine device. To verify
the reproducibility of the device performance, statistical analysis was
performed on 10 devices for each condition, and the corresponding
average values and standard deviations are indicated in Fig. S13. This
improvement can be attributed to the reduction of leakage current
induced by phase engineering®. As shown in Fig. S14, the device with
3 v% additive exhibits approximately five times lower leakage current
than the pristine device. Consequently, the suppression of low-n
phases effectively minimizes carrier leakage pathways, leading to
reduced nonradiative recombination losses, which contribute to the
improved device efficiency.®
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Fig. 4 Characteristics of blue PeLEDs. (a) Energy diagram, (b) J-V-L plot, (c) EQE-J curves, (d) electroluminescence spectra (inset shows a
photograph of an operating PeLEDs), and (e) operational lifetimes according to relative luminance of PeLEDs. (f) TCSPC spectra of quasi-2D

perovskite films.
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Electroluminescence (EL) spectra showed that pristine and
additive-introduced PeLEDs exhibited emission peaks at 476 nm and
478 nm, respectively (Fig. 4d and Fig. S11c). The redshift in the EL
spectrum is consistent with bandgap modulation associated with the
suppression of low-n phases. The EL FWHM decreases from 23.2 nm
to 21.8 nm with increasing additive concentration (Table S5).
Additionally, halide migration was examined by tracking the EL peak
shift under applied voltages (Fig. S11d-f). The optimized device
exhibited minimal halide migration and maintained the EL peak at the
maximum EQE.5!

The operational stability of the LEDs was estimated via relative
luminance analysis. The T5y, defined as the time at which the
luminance decays to 50% of its initial value, was used for
comparison.®?> Each device was evaluated under a constant voltage
corresponding to the turn-on voltage. The device with 3 v% additives
exhibited a Ty of 30.6 min, representing a 48% increase over the
pristine device (Fig. 4e). This improvement is attributed to the
suppression of ion-migration induced by FeCl; additives, which
effectively passivate defects.

To analyze the effect of the additives on perovskite defects and
charge transport characteristics, hole-only devices were fabricated.
The trap-filled limiting voltage (V77;) was determined through space-
charge-limited current (SCLC) analysis. The Vg of the pristine
device was 1.33 V, while the V7 of the additive-incorporated device
decreased to 1.21 V (Fig. S15a,b). Accordingly, the trap state density
(Nuap) Was calculated using the following equation:

2VrpL€0Er

Nrap = qL2

(M

where &, is the relative permittivity (14.52 X 1012 F/m), & is the
vacuum permittivity (8.85 X 1012 F/m), q is the elementary charge
(1.60 x 101 C), and L is the thickness of active layer (30 nm).
Consequently, the trap state density decreased from 2.37 x 108 e
3 for the pristine device to 2.16 x 10'® ¢cm for the additive-
introduced device. The reduction of V7x; and Ny, value indicates that
the additives effectively passivate defects, thereby enhancing hole
transport.®

Time-correlated single photon counting (TCSPC) measurements
were performed to evaluate the average carrier lifetime (z,,) in the
perovskite thin films. The pristine film exhibited an average lifetime
of 1.57 ns, while the 3 v% FeCl; film showed an extended lifetime of
4.71 ns, approximately threefold longer (Fig. 4f and Table S6). This
substantial increase in carrier lifetime confirms that the introduction
of iron additives effectively reduces defect density and suppresses
non-radiative recombination pathways, thereby enhancing operational
stability.5* 65 Overall, these results demonstrate that the introduction
of iron additives effectively contributes to improved device
performance in blue PeLEDs.

3. Conclusion

In this study, we demonstrated that stable blue emission can be
achieved by introducing iron additives into quasi-2D perovskites. UV-
visible absorption and XRD analyses revealed that the incorporation
of iron additives effectively suppressed the formation of low-n phases
while promoting high-n phases, leading to a significant narrowing of
the photoluminescence FWHM. DFT calculations provided
theoretical support for the observed phase redistribution, highlighting

6 | Nanoscale, 2026, 00, 1-3

the role of iron additives in stabilizing the perovskite crystal structure,
As a result of these structural modifications; el EDscimenrporating
iron additives exhibited substantial performance enhancements,
achieving approximately 62% higher EQE, 28% higher luminance,
and 48% higher operational stability compared to the pristine devices.
TCSPC measurements further revealed that the additive-treated films
exhibited a threefold increase in average carrier recombination
lifetime, thereby suppressing non-radiative recombination and
promoting radiative recombination. Overall, the introduction of iron
additives enabled precise control of phase distribution, reduced defect
density, enhanced optical properties, and improved device
performance. This work provides valuable insight into phase
engineering in quasi-2D perovskites through additive incorporation
and suggests the potential for developing high color-purity, efficient,
and stable blue PeLEDs.

4. Experimental Section
4.1. Materials

Cesium bromide (CsBr, 99.999%), cesium iodide (CsI, 99.999%),
dimethyl sulfoxide (DMSO, 99.9%), ethyl acetate (EA, ACS reagent,
> 99.5%), iron bromide (FeBr;), iron chloride (FeCl;), and L-
phenylalanine (98%) were purchased from Sigma—Aldrich.
Phenethylammonium-bromide ~ (PEABr), = N-propylammonium-
bromide (PABr) and phenethylammonium-iodide (PEAI) were
purchased from Great Cell Solar Materials. Lead bromide (PbBr,
98%) purchased from Alfa Aesar. Lead chloride (PbCl,, 98%) and
lead iodide (Pbl,, 98%) were purchased from Tokyo Chemical
Industry Co. Ltd. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) Al
4083 was purchased from Heraeus. 2,2',2"- (1,3,5-benzinetriyl)-
tris(1-phenyl-1-H-benzimidazole) (TPBi) was purchased from
Nichem. Aluminum (Al), lithium fluoride (LiF), silver (Ag), and
molybdenum trioxide (MoOs) were purchased from iTASCO.

4.2. Precursor solution preparation

The molar concentration of each precursor solution was prepared
following the method described in reference.®® For the red perovskite
film, the precursor solution was prepared by dissolving Csl, PbBr»,
Pbl,, and PEAI in DMSO, maintaining a molar ratio of Csl : (PbBr,,
Pbl,) : PEAI = 1:1:1. The halide composition ratio for the red film was
Br:I = 2:1. For the green perovskite film, CsBr, PbBr,, PEABr, and
PABr were dissolved in DMSO with a molar ratio of CsBr : PbBr; :
(PEABr, PABr) = 1:1:1. For the blue perovskite film, CsBr, PbBr,,
PbCl,, PEABr, and PABr were dissolved in DMSO, maintaining a
molar ratio of CsBr : (PbBr,, PbCl,) : (PEABr, PABr) = 1:1:1. The
halide composition ratio for the blue film was Br:Cl = 1.3:1.7. Iron
additives (FeBr;, FeCls) were introduced into each precursor. And a
PEDOT:PSS solution was prepared by dissolving 0.89 wt% L-
phenylalanine into PEDOT:PSS.

4.3. Preparation of quasi-2D perovskite films

The perovskite precursor solution was filtered using a 0.45 pm
pore size polytetrafluoroethylene (PTFE) filter before use. The
perovskite films were prepared by spin-coating the precursor solution
at 4000 rpm for 60 s, and EA was rapidly poured onto the substrate at
30 s during the spin-coating process. Then, the films were annealed at
60 °C for 20 minutes to remove the residual DMSO.

4.4. PeLEDs fabrication

This journal is © The Royal Society of Chemistry 2026
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The patterned ITO substrates were sequentially cleaned in
deionized water, acetone, and isopropanol by sonication for 10 min,
respectively. After cleaning, the substrates were dried in an oven at
100 °C. Before the spin-coating of PEDOT:PSS, the cleaned
substrates were treated with UV-ozone. PEDOT:PSS was coated onto
the ITO substrates and annealed at 125 °C for 15 minutes.
Subsequently, the perovskite layer was deposited on top of the
ITO/PEDOT:PSS films. The films were transferred into a thermal
evaporation chamber (3 X 10 Torr), and multiple layers of TPBi (40
nm), LiF (1 nm), and Al (100 nm) were sequentially deposited onto
perovskite films. The TPBi films were annealed at 85 °C for 5 minutes
before the deposition of LiF and Al to improve the interfacial contact
between TPBi and the Al electrode. The device structure for SCLC
measurements was fabricated
ITO/PEDOT:PSS/Perovskite/MoOs/Ag, ensuring the dominant
transport of holes within the active layer by employing a high work
function electron blocking layer (MoO;) and a high work function
metal cathode (Ag).

4.5. Perovskite film characterization

UV-visible absorption spectra were measured using a
spectrophotometer (Cary 5000, Agilent). Photoluminescence (PL)
spectra were measured using a fluorometer (Fluoromax plus C,
HORIBA) with a xenon lamp as an excitation source. X-ray
diffraction (XRD) patterns were obtained using a diffractometer
(MiniFlex 6G, Rigaku). Atomic force microscopy (AFM) images
were obtained, and RMS values were measured using the MFP-3D
Origin, Oxford Instruments. The average lifetime of the perovskite
thin films was measured using time-correlated single photon counting
(TCSPC), and the samples were evaluated using a 375 nm pulsed laser
head (DC-N15-375-6, HORIBA). The surface of the perovskite thin
film was coated with gold using a G20 Ion Sputter Coater in
preparation for scanning electron microscope (SEM) measurement.
And energy-dispersive X-ray spectroscopy (SEM-EDS) analysis was
conducted using a scanning electron microscope (SEM AIS 2300C,
Korea).

4.6. PeLEDs device characteristics

The current density-voltage-luminance (J-V-L) curve and external
quantum efficiency (EQE) characteristics of the LED device were
measured using a Keithley 2400 source measurement unit and a
spectroradiometer (SR-3AR, TOPCON). The operational stability of
the LED device was evaluated using an LED lifetime tester (METRO
M600 PLUS, McScience).

4.7. Computational details

All density functional theory (DFT) calculations were conducted
using DMol? program.5”- ¢ The Perdew-Burke-Ernzerhof functional
within generalized gradient approximation was used for the exchange-
correlation energy.®® Spin polarization calculations were considered
and Tkatchenko—Scheffler method was used for dispersion
corrections.”® The self-consistent field tolerance was set to 1 x 10
Ha. The geometry optimizations were performed with the
convergence criteria of 1 x 105 Ha for energy, 0.002 Ha/A for force,
0.005 A for displacement, respectively. The core electrons were
treated using all electron relativistic method and double numerical
plus polarization basis set (version 4.4) was used. The value of orbital
cut-off distance was set to 6.1 A.

The formation energies of the perovskite phase in each system were
calculated using the following equation,

Formation E'= Eproduct - Z nEreactant

This journal is © The Royal Society of Chemistry 2026
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where Epoquet and Ergeian are the energy of w/o DMSQ, . DMSO,
FeCl;, and FeBr; systems and the energy aofpreoursoy/e!

(i.e., CsBr, PbBr,, PbCl,, Pb,Brs, DMSO, and Fe-based additives) in
each system, respectively. # is the number of precursor components
in each system.
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