
Tuning exciton dynamics by the dielectric
confinement effect in quasi-two-dimensional
perovskites
MINGHUAN CUI,1,† CHAOCHAO QIN,1,4,† YUANZHI JIANG,2 SHICHEN ZHANG,1 CHANGJIU SUN,2 MINGJIAN YUAN,2

YONGGANG YANG,1,5 AND YUFANG LIU1,3,*
1Henan Key Laboratory of Infrared Materials & Spectrum Measures and Applications, Henan Normal University, Xinxiang 453007, China
2Key Laboratory of Advanced Energy Materials Chemistry (Ministry of Education), College of Chemistry, Nankai University, Tianjin 300071, China
3Institute of Physics, Henan Academy of Sciences, Zhengzhou 450046, China
4e-mail: qinchaochao@htu.edu.cn
5e-mail: yangyonggang@htu.edu.cn
†These authors contributed equally to this work.
*Corresponding author: yf-liu@htu.edu.cn

Received 10 July 2023; revised 19 November 2023; accepted 8 January 2024; posted 9 January 2024 (Doc. ID 500205); published 1 March 2024

The dielectric confinement effect plays an essential role in optoelectronic devices. Existing studies on the relation-
ship between the dielectric confinement and the photoelectric properties are inadequate. Herein, three organic
spacers with different dielectric constants are employed to tune the exciton dynamics of quasi-two-dimensional
(quasi-2D) Ruddlesden–Popper perovskite films. Femtosecond transient absorption spectroscopy reveals that the
small dielectric constant ligand enables a weak dynamic disorder and a large modulation depth of the coherent
phonons, resulting in a more complete energy transfer and the inhibition of a trap-mediated nonradiative re-
combination. Additionally, the increase in the bulk-ligand dielectric constant reduces the corresponding exciton
binding energy and then suppresses the Auger recombination, which is beneficial for high-luminance light-
emitting diodes. This work emphasizes the importance of dielectric confinement for regulating the exciton
dynamics of layered perovskites. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.500205

1. INTRODUCTION

Three-dimensional (3D) organic–inorganic hybrid perovskite
has become a promising photoelectric conversion material
that is widely used in solar cells [1,2], light-emitting diodes
[3–8], and semiconductor lasers [9,10]. Although 3D perov-
skite materials have achieved outstanding photoelectric conver-
sion efficiency, the instability under atmospheric moisture
hinders their large-scale commercial application [11–14]. To
date, reduced-dimensional (two-dimensional, 2D) perovskites
are considered to be the most successful attempt to solve the
stability problem [11–13,15–19]. By involving hydrophobic
organic cations, 2D perovskite destroys the crystal symmetry
of 3D perovskite and breaks the limitation of the tolerance fac-
tor [20]. More importantly, its dielectric confinement and
quantum confinement effects can lead to a large exciton bind-
ing energy and special photophysical characteristics [21–24].

It is known that the dielectric confinement effect exists in
quantum well structures [21–25], as shown in Fig. 1(a); here,
εw and εb represent the dielectric constants of potential well
materials (corresponding to 3D perovskites) and potential
barrier materials (corresponding to the hydrophobic organic

cations of 2D perovskites), respectively. Gray ovals represent
the polarized charges, which can reduce the Coulomb interac-
tion between the electrons and holes. The barrier materials
exhibit a smaller dielectric constant and a larger band gap com-
pared to the well materials [14,26–30]. Both the effective
dielectric constant of the whole system (corresponding to 2D
perovskites) and the polarized charges are reduced [25,26]
due to the penetration of the electric field. Consequently, the
Coulomb interaction between the electrons and holes is en-
hanced and the exciton binding energy is increased, accompa-
nying the emergence of dielectric confinement.

Dielectric confinement not only affects the exciton binding
energy, but also adjusts the optical band gap [31,32]. More im-
portantly, it significantly boosts the emission efficiency of 2D
perovskite materials [31,32]. Recently, a few reports have
emphasized the relationship between dielectric confinement
and the properties of quasi-2D perovskites, such as the carrier
mobility [33], photoluminescent properties [31], hot carrier
cooling [34], electron–phonon coupling [34–36], and Auger
recombination [32]. However, as a general guiding principle
for the design of quantum well structural materials, research
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on the dielectric confinement effect is still insufficient. For ex-
ample, it remains unclear how dielectric confinement affects
coherent phonon dynamics and how to improve the efficiency.
The real-time observation of coherent phonons can provide im-
portant insights into electron–phonon coupling [37–39] and
exciton dynamics [40]. Besides, the systematic investigation
on the influence of dielectric confinement on the physical
mechanism in 2D perovskite materials is inadequate.

In this work, we explore the exciton dynamics in quasi-2D
Ruddlesden–Popper perovskite (RPP) films containing or-
ganic spacers with different dielectric constants, ethanolamine
(EA�), p-fluorophenethylammonium (p-FPEA�), and phene-
thylammonium (PEA�) [31–33], by combining femtosecond
pump-probe transient absorption (TA) spectroscopy [41,42]
and temperature-dependent PL spectroscopy. The dielectric
constant tends to decrease, and the schematic molecular struc-
tures are shown in Fig. 1(b). To provide a quantitative com-
parison, the dielectric constants of EABr, p-FPEABr, and
PEABr solid powder materials were measured. At 1 GHz, the
dielectric constants of EABr, p-FPEABr, and PEABr powders
are 3.04, 2.90, and 2.74, respectively. The observed trend is
consistent with the theoretical predictions [33,43,44]. As ex-
pected, the coherent phonon dynamics, the energy transfer pro-
cess, and the Auger recombination can be tuned by the
dielectric confinement effect. Using ligands with small dielec-
tric constants enables the formation of quasi-2D film with a
weaker dynamic disorder, resulting in a more complete energy
transfer and the inhibition of trap-mediated nonradiative re-
combination. Furthermore, the increase of the bulk-ligand

dielectric constant reduces the corresponding exciton binding
energy, thereby suppressing the Auger recombination. Our
study will not only improve the radical understanding of exci-
ton dynamics in hybrid layered perovskites but also emphasize
the significance of the dielectric confinement effect for exciton
dynamics.

2. RESULTS AND DISCUSSION

Quasi-2D RPPs possess the formula of B2An−1PbnX3n�1, where
B represents an aromatic or aliphatic alkylammonium cation; A�

can be an organic or inorganic cation such as methylammonium
cation (MA�) or Cs�; and X− is a halide anion. The n-values
represent the number of inorganic [PbX6] octahedra sandwiched
between organic barriers [13,26,27,32,36]. To precisely explore
the influence of the dielectric constant on the coherent
phonon dynamics [40] of quasi-2D RPPs, we fabricated hni �
1 EA2PbBr4, p-FPEA2PbBr4, and PEA2PbBr4 perovskite films
[Fig. 1(c)] for investigation. (Note: “n” stands for the species with
a fixed composition and “hni” represents the average number of
perovskite layers in the film.) Details of the sample preparation
are presented in Appendix A. Figure 1(d) shows the normalized
UV-vis absorption and steady-state PL spectra of EA2PbBr4,
p-FPEA2PbBr4, and PEA2PbBr4 perovskite films. The results
indicate that the photophysical properties of 2D RPP films
are influenced by organic cations with different dielectric con-
stants. The three hni � 1 films show the characteristic of
single exciton absorption peak, indicating a pure phase for these
materials. The absorption peak wavelength is blueshifted

Fig. 1. (a) Schematic illustration of the dielectric confinement effect in a quantum well structure. Note that εw is much larger than εb.
(b) Schematic molecular structures of ethanolamine (EA�), p-fluorophenethylammonium (p-FPEA�), and phenethylammonium (PEA�).
(c) Schematic crystal structure of EA2PbBr4, p-FPEA2PbBr4, and PEA2PbBr4. (d) UV-vis absorption (dashed line) and steady-state PL (solid line)
spectra of EA2PbBr4, p-FPEA2PbBr4, and PEA2PbBr4 perovskite films. (e) XRD patterns of EA2PbBr4, p-FPEA2PbBr4, and PEA2PbBr4 perovskite
films.
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in the order of 417.5 nm �EA2PbBr4� > 406.0 nm
�p-FPEA2PbBr4� > 402.5 nm (PEA2PbBr4). The correspond-
ing PL peak wavelengths reveal a similar trend (412.8 nm for
p-FPEA2PbBr4 > 408.9 nm for PEA2PbBr4), except that the
emission of EA2PbBr4 is too weak to measure. Figure 1(e) de-
picts the X-ray diffraction (XRD) patterns of EA2PbBr4,
p-FPEA2PbBr4, and PEA2PbBr4 perovskite films. All of the
2D RPP films are characteristic of a set of (0 0 k) diffraction
peaks [31–33], demonstrating the formation of a layered
structure.

The broadband pump-probe TA spectroscopy was used
to investigate the ultrafast dynamics of 2D RPP EA2PbBr4,
p-FPEA2PbBr4, and PEA2PbBr4 films. The corresponding TA
spectra and dynamics are depicted in Figs. 2(a)–2(c). Note that
the orange coordinate scale corresponds to TA dynamics of
a representative probe wavelength, and the black coordinate
scale corresponds to TA spectra. As shown in Fig. 2(a), the
TA spectrum is comprised of one ground state bleaching
(GSB, ΔA < 0) peak at 418 nm correlating with the linear
absorption spectra and one photoinduced absorption (PIA,
ΔA > 0) band at the blue side of the GSB band. Similar phe-
nomena are also observed in p-FPEA2PbBr4 [Fig. 2(b)] and
PEA2PbBr4 [Fig. 2(c)] films. Unlike the EA2PbBr4 film, ob-
vious coherent oscillations decaying with time due to electron-
optical phonon coupling [39,40,45,46] are present in the TA
kinetics of p-FPEA2PbBr4 and PEA2PbBr4 films, as shown in
black dots of Figs. 2(b) and 2(c). To precisely evaluate the varia-
tion trend of coherent phonon dynamics, we fitted TA kinetics
with multi-exponential functions [ΔA�t� � a1 exp�−t∕τ1� �
a2 exp�−t∕τ2� �…� an exp�−t∕τn� − c1 exp�−t∕τet�, where

a1, a2,…, an, c1 are amplitudes; τ1, τ2,…, τn are decay time
constants, and τet is formation time constant], and then ob-
tained the coherent phonon dynamics by subtracting the exci-
ton kinetics, as shown in the inset of Fig. 2(d). The background
exciton dynamics is related to rapid electronic excited state re-
laxation. The τ1 corresponds to the defect trapping process.
The τ2 is the result of hot carrier cooling and exciton formation
processes. The τ3 is associated with carrier population decay
caused by various radiative and nonradiative recombination
processes [40,46]. The coherent oscillation time of 2D RPP
EA2PbBr4 film is short and the modulation depth is weak.
Furthermore, the PEA2PbBr4 film exhibits superior coherent
phonon modulation depth compared to p-FPEA2PbBr4.

In the process of exploring the relationship between coher-
ent phonon dynamics and luminescence performance, it was
observed that the amplitude of phonon dephasing dynamics
is positively correlated with photoluminescence quantum
yield (PLQY). To further investigate the relationship between
coherent phonon dynamics and the luminescence mechanism,
a TA kinetic analysis was conducted. As shown in Fig. 2(e),
the bleaching kinetics of EA2PbBr4, p-FPEA2PbBr4, and
PEA2PbBr4 films exhibit a fast decay (τ1, corresponding to
the defect trapping process [47]) under the same experimen-
tal conditions. Detailed fitting data for the three films are de-
scribed in Table 1. As shown in Table 1, the proportion of τ1
gradually decreases and the lifetime gradually increases as the
dielectric constant of the bulk ligand decreases, indicating that
trap-assisted recombination is inhibited. Based on these obser-
vations, we propose a mechanism for defect screening in the
presence of a coherent phonon. Perovskite films contain

Fig. 2. TA spectra (vis-pseudocolor representation) and TA dynamics (black dots and lines) of a representative probe wavelength for
(a) EA2PbBr4, (b) p-FPEA2PbBr4, and (c) PEA2PbBr4 perovskite films. Note: The orange coordinate scale corresponds to the TA dynamics
of a representative probe wavelength, and the black coordinate scale corresponds to the TA spectra. (d) PLQYs as a function of maximum phonon
modulation amplitude. Inset: Coherent phonon dynamics (the residuals after subtracting the contribution of exciton population from origin
kinetics) of three perovskite films. (e) Population dynamics of EA2PbBr4, p-FPEA2PbBr4, and PEA2PbBr4 perovskite films. (f ) Coherent phonon
circumvents the defect capture process in perovskite thin films.
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numerous grain boundaries where most defects are located
[35], as shown in Fig. 2(f ). When decreasing the dielectric con-
stant of bulk ligand, Coulomb shielding is tuned, and the dy-
namic disorder is weaker. Excitons are strongly coupled with
optical phonons [40], enabling them to screen charge defects
and overcome the trap-mediated nonradiative recombination
[48,49]. In the case of 3D lead halide perovskites, it has been

proposed that electron–phonon coupling (polaron effect)
protects photogenerated carriers from lossy scattering paths
involving defects and Auger-like processes [45,50–52]. These
observations indicate the coherent phonon of quasi-2D perov-
skites that can also potentially shield the excitons from trap-
mediated nonradiative pathways.

Based on the discussion above, hni � 4 2D RPP films, with
excellent emission properties according to previous reports
[32], were fabricated to further investigate exciton dynamics.
Figure 3(a) shows the PL and absorption spectra of the hni � 4
thin films using the three dielectric constant bulk ligands.
Unlike the hni � 1 2D RPP films, multiple absorption peaks
appear in the steady-state absorption spectra of hni � 4 films,
indicating the distribution of a series of quantum wells instead
of a pure phase [44]. The large-n quantum well absorption
peak of the EA2MA3Pb4Br13 film is blueshifted compared
to p-FPEA2MA3Pb4Br13 and PEA2MA3Pb4Br13 perovskite
films, which is attributed to the difference in the domain dis-
tribution [29,32,44]. The characteristics of steady-state PL

Table 1. Fitting Parameters of the GSB Kinetics
of hni � 1 Quasi-2D RPP Films

τ1∕fs
(Weight/%)

τ2∕ps
(Weight/%)

τ3∕ps
(Weight/%)

EA2PbBr4 247.2� 27.8
(48.7)

3.4� 0.24
(26.8)

32.9� 4.3
(24.5)

p-FPEA2PbBr4 349.0� 31.2
(35.7)

2.7� 0.21
(47.5)

26.9� 3.5
(16.8)

PEA2PbBr4 353.0� 24.8
(26.5)

2.3� 0.19
(55.6)

21.9� 2.3
(17.9)

Fig. 3. (a) UV-vis absorption (dashed line) and steady-state PL (solid line) spectra of EA2MA3Pb4Br13, p-FPEA2MA3Pb4Br13, and
PEA2MA3Pb4Br13 perovskite films. (b) XRD patterns of EA2MA3Pb4Br13, p-FPEA2MA3Pb4Br13, and PEA2MA3Pb4Br13 perovskite films.
Temperature-dependent integrating PL intensity at different temperatures and corresponding fitting curves for (c) EA2MA3Pb4Br13,
(d) p-FPEA2MA3Pb4Br13, and (e) PEA2MA3Pb4Br13 perovskite films. TA spectra (vis-pseudocolor representation) and TA dynamics (black dots
and lines) of a representative probe wavelength for (f ) EA2MA3Pb4Br13, (g) p-FPEA2MA3Pb4Br13, and (h) PEA2MA3Pb4Br13 perovskite films.
Note: The orange ordinate scale corresponds to TA dynamics of a representative probe wavelength, and the black ordinate scale corresponds to TA
spectra.
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spectra are consistent with those of steady-state absorption spectra.
The XRD patterns of EA2MA3Pb4Br13, p-FPEA2MA3Pb4Br13,
and PEA2MA3Pb4Br13 are presented in Fig. 3(b). The (0 0 k)
diffraction peaks derived from n � 1 species can be observed in
hni � 4 perovskites, demonstrating the formation of a layered
structure. In addition, the diffraction peaks of high n space appear,
which confirms the mixed phase within the quasi-2D perovskite
films [32]. Furthermore, temperature-dependent PL measure-
ments were performed to quantitatively extract the Eb [Figs. 3(c)–
3(e)] [32,53]. With the increase in temperature, the PL spectra
exhibit features of intensity reduction and spectral line broadening.
The exciton binding energy of the perovskite film is evaluated by
the temperature dependence of the PL-signal integral intensity
[43], and is fitted using [16,32,43]

I�T � � I 0

1� Ae
−Eb
kBT

, (1)

where I 0 is the integrated PL intensity extrapolated at 0 K,
A is a constant, Eb is the exciton binding energy, and kB
is the Boltzmann constant. The extracted Eb is estimated
to be 57.4, 75.3, and 135.9 meV for EA2MA3Pb4Br13,
p-FPEA2MA3Pb4Br13, and PEA2MA3Pb4Br13, respectively.
The results confirm that decreasing the dielectric constant of
the ligand will increase Eb [32,33]. Basically, organic ligands
possessing small dielectric constants exhibit reduced polarity,
which diminishes the dielectric screening of electron–hole
interactions and consequently leads to dielectric confinement.
Thus, it becomes feasible to reduce Eb by attenuating the
dielectric confinement.

To investigate the ultrafast exciton dynamics in quasi-
2D RPP EA2MA3Pb4Br13, p-FPEA2MA3Pb4Br13, and
PEA2MA3Pb4Br13 films, TA measurements, as shown in
Figs. 3(f )–3(h), were conducted. The orange coordinate scale
corresponds to the TA dynamics of a representative probe
wavelength, and the black coordinate scale corresponds to
the TA spectra. With the exception of EA2MA3Pb4Br13 films,
the coherent phonon dynamics similar to hni � 1 films were
observed in hni � 4 quasi-2D perovskite films, and the strong-
est TA oscillatory kinetics of the three spectra were extracted,
respectively. The variation trend of phonon dephasing dynam-
ics is consistent with that of hni � 1 films, in which the
material with the lowest dielectric constant has the largest
modulation depth of a coherent phonon.

TA spectra at representative delay times of EA2MA3Pb4Br13,
p-FPEA2MA3Pb4Br13, and PEA2MA3Pb4Br13 perovskite films
were extracted to investigate the influence of coherent phonon
dynamics on energy transfer. Figures 4(a)–4(c) depict the TA
spectra corresponding to the beginning and end of energy trans-
fer process in the three hni � 4 quasi-2D RPP films, respec-
tively. The beginning and end times of the energy transfer
were selected based on the instrument response function
(IRF, ∼120 fs) and the maximum point of exciton population,
respectively. We then calculated the transfer rate according to the
decrease of the small-nQWs (n ≤ 5) population and the increase
of large-n QWs (n > 5) to evaluate energy loss quantitatively.
To reduce errors, the signal fluctuation caused by the excited
state absorption is removed, and the detailed data are described
in Table 2. As shown, the transfer rate increases from 35.5%,

Fig. 4. (a)–(c) TA spectra at representative delay times of EA2MA3Pb4Br13, p-FPEA2MA3Pb4Br13, and PEA2MA3Pb4Br13 perovskite films,
respectively. Inset: Transfer processes in population dynamics of three perovskite films. (d) PLQYs as a function of maximum phonon modulation
amplitude. Inset: Coherent phonon dynamics of the three perovskite films. (e) Biexciton Auger recombination kinetics. The circles, squares, and
triangles represent the two-by-two subtraction (P2–P1, P3–P2, and P3–P1) from the TA population dynamics at three different pump fluences
(P1, P2, and P3). The biexciton Auger recombination lifetime (τ) is obtained by averaging the three time constants from the fittings using a single
exponential function.
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54%, and 92.8% after the modulation depth of the coherent
phonon increases (the bulk ligand dielectric constant decreases),
further indicating that coherent phonons have the potential to
screen charge defects and improve energy transfer efficiency.
Figure 4(d) presents the evolution of PLQY and energy transfer
rate as a function of the modulation depth. The results show that
the modulation depth of a coherent phonon is positively corre-
lated with PLQY and the energy transfer rate. It can be inferred
that an effective competition exists between coherent phonon
dynamics and trap-mediated nonradiative recombination in
quasi-2D RPP films.

Auger recombination, as an important factor in exciton dy-
namics, has a crucial impact on the performance of infrared
detectors, the efficiency roll-off of light-emitting diodes, and
the transport properties of topological insulators [54,55]. The
recombination dynamics of GSB under different pump fluen-
ces were investigated to explore the Auger recombination ki-
netics. Notably, a fast decay component grows rapidly as the
pump fluence increases, which is consistent with the character-
istic of biexciton recombination [56–58]. The biexciton Auger
recombination lifetime (τ) was obtained by performing a two-
by-two subtraction (P2–P1, P3–P2, and P3–P1) from the TA
population dynamics at three different pump fluences (P1, P2,
and P3) and then averaging the three fitted time constants. As
shown in Fig. 4(e), the time constants of EA2MA3Pb4Br13,
p-FPEA2MA3Pb4Br13, and PEA2MA3Pb4Br13 perovskite films
are 50.49, 19.81, and 14.83 ps, respectively. This analysis con-
firms that the increase in the bulk-ligand dielectric constant
reduces the corresponding exciton binding energy, thereby sup-
pressing the Auger recombination [54,56,59]. These results
demonstrate the potential use of the dielectric constant as a
regulator of exciton dynamics in perovskite materials.

3. CONCLUSION

In summary, we selected three large cations with different di-
electric constants as the ligands of quasi-2D RPPs and studied
the corresponding coherent phonon dynamics, energy transfer
process, and Auger recombination dynamics of hni � 1 and
4 thin films. By correlating the dielectric confinement effect
with exciton dynamics, we found that the use of ligands with
a smaller dielectric constant can reduce the screening of
Coulomb interaction and weaken dynamic disorder, resulting
in coherent phonons with a higher modulation depth. The
TA kinetics under different dielectric constant ligands and
with different hni indicate that the coherent phonons can ef-
fectively screen the trap-mediated nonradiative relaxation path,
increase the energy transfer rate, and obtain a higher PLQY.
Note that the transfer rate increases to 35.5%, 54%, and
92.8% after the modulation depth of the coherent phonons

increases. Furthermore, the TA GSB kinetics under different
pump fluences of hni � 4 films with various dielectric con-
stants confirm that Auger recombination can be suppressed
by increasing the bulk ligand dielectric constant. The time con-
stants of biexciton recombination kinetics are 50.49, 19.81,
and 14.83 ps for EA2MA3Pb4Br13, p-FPEA2MA3Pb4Br13,
and PEA2MA3Pb4Br13 perovskite films, respectively. By in-
creasing the dielectric constant, the contribution of the Auger
recombination can be reduced for realizing stable devices under
high current density. This work emphasizes the importance of
the dielectric constant in quasi-2D perovskite material design
and may provide valuable insights into the exciton dynamics of
organic–inorganic hybrid layered perovskite relevant for emer-
gent optoelectronics development.

APPENDIX A: MATERIALS AND METHODS

PbBr2 was purchased from Sigma-Aldrich, and PEABr,
p-FPEABr, EABr, and MABr were obtained from Greatcell
Solar. Dimethyl sulfoxide (DMSO, chromatographic grade)
was purchased from Aladdin. The materials were used directly
without any further purification.

Different quasi-2D RPP EA2MAn−1PbnBr3n�1

(p-FPEA2MAn−1PbnBr3n�1 or PEA2MAn−1PbnBr3n�1) precur-
sor solutions were prepared by dissolving stoichiometric quan-
tities of EABr (p-FPEABr or PEABr), MABr, and PbBr2 in
DMSO as the solvent, stirring under ambient conditions for
2 h. Subsequently, the various precursor solutions were coated
onto a quartz substrate via a one-step spin-coating process at
4000 r/min for 50 s, respectively. The as-prepared films were
annealed at 80°C for 10 min. All the materials were prepared in
a glove box under a nitrogen atmosphere.

The dielectric constants (real part of the complex permittiv-
ity) of EABr, p-FPEABr, and PEABr solid powder materials
were measured using a vector network analyzer (Agilent
E5071C). The XRD patterns of perovskite films were recorded
using a Bruker D8 diffractometer with Cu Kα radiation. The
steady-state absorption spectra were characterized by a dual-
beam spectrophotometer (Cary-5000, Agilent). For the steady-
state PL measurements, a 400 nm pump laser was produced by
focusing a portion of the fundamental 800 nm laser pulses
(Coherent, 800 nm, 1 kHz, 7 mJ pulse−1, 35 fs) onto a BBO
crystal. The 400 nm pump laser was directed vertically onto the
thin films, and the emission from the film edges was vertically
collected and detected with a fiber spectrometer (USB-4000,
Ocean Optics). Temperature-dependent PL measurements
were conducted using a liquid nitrogen thermostat (Lanhai
Instrument, LNC-W). A 405 nm laser with a power of 2 μW
was employed to excite the samples. The PLQY was measured
by a Quanta-Phi integrating sphere, which was an optical fiber

Table 2. Variation (ΔA, the last value—the initial value) of TA Population Dynamics and Transfer Ratio for EA2MA3Pb4Br13,
p-FPEA2MA3Pb4Br13, and PEA2MA3Pb4Br13 Perovskite Films

ΔAn�1 (mOD) ΔAn�2 (mOD) ΔAn�3 (mOD) ΔAn�4 (mOD) ΔAn�∞ (mOD) Transfer Ratio (%)

EA2MA3Pb4Br13 −4.7 — — — — 35.5
p-FPEA2MA3Pb4Br13 −1.3 −7.4 −3.2 −0.5 6.7 54.0
PEA2MA3Pb4Br13 −1.4 −2.8 −2.4 −0.4 6.5 92.8
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bundle coupled with a Fluorolog system. The corresponding
excitation wavelength was set as 365 nm, and the excitation
intensity was 1.5 mW cm−2.

The femtosecond-TA measurements were collected using
a Helios pump-probe system (Ultrafast Systems). Pump pulses
of different wavelengths were generated from an optical para-
metric amplifier (TOPAS-800-fs). White-light continuum
probe pulses (380–600 nm) were produced by focusing a
portion of the fundamental 800 nm laser pulses (Coherent,
800 nm, 1 kHz, 7 mJ pulse−1, 35 fs) onto a calcium fluoride
crystal. The samples were measured with probing polarizations
oriented at the magic angle. Furthermore, pump-fluence-
dependent TA measurements were performed using a neutral
density filter to change the pump intensity. The instrument
response function was determined to be ∼120 fs through a
routine cross-correlation procedure.
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