#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Design principles of spacer cations for suppressing

i") Check for updates‘
phase segregation in 2D halide perovskites

Cite this: Chem. Sci., 2025, 16, 21950

Seonhong Min,? Manish Mukherjee,” Gabor Szabd,? Prashant V. Kamat & *P<d
and Junsang Cho (®*2

8 All publication charges for this article

have been paid for by the Royal Society

of Chemistry
Suppression of photoinduced halide segregation in mixed halide perovskites remains a significant challenge
for their application as wide bandgap semiconductors in solar cells. In addition to stability issues, halide
segregation leads to a loss in power conversion efficiency in solar cells and a shift in emission
wavelength in light-emitting devices. However, employing low-dimensional halide perovskites, such as
two-dimensional (2D) or quasi-2D structures, offers a strategy to mitigate this segregation. Here, we
have systematically studied how the molecular structure and binding configuration of spacer cations,
ranging from linear alkyl chains to aromatic structures, affect photoinduced halide segregation across
both Ruddlesden—Popper (RP) and Dion—Jacobson (DJ) frameworks in 2D mixed halide perovskites (Br: |
= 50:50). Aromatic spacer cations within the DJ perovskite configuration were found to suppress
segregation most effectively. For example, the halide segregation rate in a 2D mixed halide perovskite

film with the DJ phase using the aromatic spacer cation 1,4-phenylenedimethanammonium (PDMA) was
Received 25th August 2025 93 x 10°* s'—an order of itude L than that observed with linear 2D RP kit
Accepted 10th October 2025 3 % s —an order of magnitude lower than that observed with linear perovskites

employing butylammonium (BA) as the spacer cation (6.1 x 107> s™). Spectroscopic studies detailing the

DOI: 10.1039/d55c06511a influence of spacer cation selection in mixed halide perovskites for suppressing phase segregation are
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Introduction

Two-dimensional (2D) lead halide perovskites, which emerge as
counterparts to three-dimensional (3D) perovskites, have
generated significant research interest in developing photovol-
taics,"* light-emitting diodes,>* X-ray scintillators,” photode-
tectors,*” and other applications.®*** Such lower-dimensional
halide perovskites are composed of two different components,
including intercalated organic spacer cations (S) and inorganic
lead octahedral slabs [PbX4]* . In general, 2D perovskites can be
categorized into three groups including (1) Ruddlesden-
popper, with a chemical formula of S,A, 1B, Xzn1; S =
butylammonium (BA), benzylammonium (BzA), phenethyl-
ammonium (PEA), (2) Dion-Jacobson, S'A,, 1B, X3,.1; S’ = 1,4-
butanediamminium (BDA), 1,4-phenyl-
enedimethanammonium (PDMA), and (aminomethyl)piper-
idinium (AMP), and (3) alternating cation interface,
S"A;B,X3n+1; S” = guanidium (GA), respectively, wherein B is
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a divalent metal (Pb>" or Sn**); X is a halide (CI", Br, I, or
a mixture of them); and » is the inorganic layer number.”**¢
Importantly, the main distinction between RP and D] perov-
skites lies in the crystallographic alignment of inorganic slabs.
While the RP phases feature a staggered arrangement of adja-
cent slabs separated by van der Waals gaps, the DJ phases
display directly connected inorganic slabs in an eclipsed
manner.”” " Increased degree of freedom to modulate either
organic or inorganic components makes such materials versa-
tile, thus allowing the tailoring of the desired optoelectronic
properties with enhanced stability. Specifically, the lead octa-
hedral layer thickness number (n) is tunable, modulating the
exciton binding energy, bandgap, and photoluminescence (PL)
emission wavelength.***** Depending on the type of interca-
lated organic spacer molecules and their valence state, the
stability of 2D halide perovskites can be quite determined.**"’

Under continuous light irradiation, mixed halides (Br/I)
undergo halide phase segregation with the formation of Br-
and I-rich domains.”®** The halide phase segregation results in
charge carrier cascade and funneling into the lower bandgap I-
rich phase, thus decreasing the power conversion efficiency of
solar cells and causing red-shifted emission in light-emitting
diodes.**** Thus, halide ion migration and halide phase segre-
gation remain challenges to overcome in devices, since they
directly influence the device stability under operational condi-
tions.**>*¢ While the introduction of 2D perovskites on top of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3D structures or the formation of quasi-2D perovskites effec-
tively suppresses ion migration, due to intrinsic halide ion
mobility arising from soft ionic lattices, halide ion segregation
can still occur within a 3D framework under continuous light
illumination.>* The photoinduced iodine migration could
ultimately lead to iodine expulsion from the perovskite lattices.
For example, halide perovskite films in contact with solvents
such as dichloromethane or dichloroethane and under
bandgap excitation, exhibit expulsion of iodine into the solu-
tion as I;~ species.”**™*

Significant research efforts have been devoted to suppress-
ing halide segregation in 3D perovskites (ABX3; A* = Cs', m-
ethylammonium (MA"), formamidinium (FA")) through A-site
cation engineering,* B-site cation engineering,*>*® X-site
anion engineering,** and introduction of surface capping
ligands with defect passivation.**' The defect-mediated halide
ion migration proceeds through sequential processes involving
initial iodide (I") oxidation to neutral iodine (I'), trapping of
iodine (I') at interstitial sites, and corresponding iodide vacancy
(Iy") formation.’> In a similar fashion, 2D mixed halide
perovskites also exhibit photoinduced halide segregation with
intercalated spacer cations playing a crucial role in regulating
phase segregation behavior.>*** In the case of RP perovskites,
enhanced van der Waals interactions between spacer ligands,
achieved through the introduction of 7 rings, extended chain
lengths, and heteroatoms (viz. F or S) into the spacer molecular
structures, have been found to be effective in rigidifying the 2D
lattice frameworks.”®* In addition, the glass transition
temperature of spacer ligands dictates the degree of halide ion
migration since halide ion diffusion is initiated upon the
disorder and melting of the spacer ligand assembly.?”%*-%

Although the intercalated spacer cations in 2D perovskites
do not directly alter the bandgap and optoelectronic properties,
certain molecular descriptors of 2D spacer molecular design
indeed influence the mixed halide stability. Specifically, varia-
tions in charge distribution, charge carrier lifetime, and dipolar
polarization in spacer cation molecules influence the halide ion
transport across the 2D perovskite lattice along the in-plane
direction.****** A fundamental question arises as to how these
molecular structures and binding configurations determine the
degree of halide ion migration within these 2D perovskites. We
have now probed photoinduced halide ion segregation in the
2D mixed lead halide perovskites (n = 1). The halide ion
mobility dependence on spacer cation molecules can provide
fundamental insight into designing rules and proper selection
of spacer cations with improved stability of perovskites. Our
approach paves the way for the development of improved
performance of perovskite optoelectronics along with long-term
device stability.

Results and discussion
Molecular structures of spacer cations in 2D perovskites

The advantage of 2D halide perovskites is centered around the
versatility of structural tunability. This specific property enables
modulation of inorganic layers and various types of organic
spacer cations. Although the spacer molecules are known not to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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impact the bandgap and optoelectronic properties directly, the
molecular structures and binding configuration of spacers
indeed govern the stability of 2D halide perovskites.” Fig. 1A
and B exhibit the two representative 2D halide perovskites:
Ruddlesden-Popper (RP) and Dion-Jacobson (DJ) phases,
respectively, depending on the valence state of spacer cations. A
monodentate (monovalent cation) spacer is employed in the RP
structure to make a van der Waals gap of 2D structures, while
the bidentate (divalent cation) spacer can enable more tight
covalent binding onto 2D perovskites.

To systematically understand the impact of molecular
structures and binding configuration on stabilizing the mixed
halide perovskites, we employed well-known RP (butylamine
(BA) and benzylamine (BzA)) and DJ spacers (1,4-butylene-
diamine (BDA) and 1,4-phenylenediamine (PDMA)), respec-
tively. Fig. 1C shows the corresponding XRD patterns of these
2D layered perovskites, similar to 2D quantum well structures.®
The periodic repetition of the interlayer spacing along (00!)
crystallographic planes is observed with a periodicity of 6.3 (BA),
5.9 (BzA), 8.8 (BDA), and 7.3° (PDMA), respectively. Each inter-
layer distance spacing can be calculated using Bragg's equation
(nA = 2d sin #) and was determined to be 1.4 (BA), 1.5 (BzA), 1.0
(BDA), and 1.2 nm (PDMA), respectively. The interlayer spacing
distance is mainly determined by the size of intercalated spacer
molecules—BA (0.6 nm), BzA (0.7 nm), BDA (0.75 nm), and
PDMA (and 0.85 nm)—and the fixed length of a single layer of
lead octahedral slabs: [PbBre]*” = 0.58 nm and [Pbl]*” =
0.63 nm. Note that within the same binding configuration of
spacers (RP or DJ), the linear ligands (BA and BDA) show
a shorter interlayer spacing compared to bulkier aromatic
ligands (BzA and PDMA).*® Additionally, 2D D] perovskites
exhibit a much reduced interlayer spacing of 1.0-1.2 nm
compared to 2D RP perovskites of 1.4-1.5 nm, since the bi-
dentate nature of ligands eliminates the van der Waals gaps.

To further understand the influence of spacer cation on the
binding energy of the [Pb-X] bond, X-ray photoelectron spec-
troscopy was performed. The XPS spectra shown in Fig. 1D and
E exhibit the evolution of Pb 4f and I 3d signals in these 2D
perovskite films. XPS spectra for Br 3d are also provided in Fig.
S1 (SI). Given the fixed halide composition (Br:I = 50: 50), the
Pb-X binding energy is directly influenced by the molecular
structure with corresponding electron density of spacer
cations.”” The binding energy of Pb 4f;,, observed in 2D perov-
skite films was determined to be 137.8 (BA), 138.3 (BzA), 137.3
(BDA), and 137.8 eV (PDMA), respectively (Fig. 1D and Table S1).

In general, the aromatic spacer cations (compared to aliphatic
ones), regardless of binding configuration, induce stronger
binding of the Pb atom in the 2D perovskite lattices due to
increased electron density on the Pb atom. The same trends were
also seen in the binding energies of I 3ds/, and Br 3ds, (Fig. 1E
and S1). Interestingly, when the binding configuration shifted
from RP (monodentate) to DJ (bidentate), both the binding
energy of Pb 4f and other halide 3d levels decreased (Fig. 1D and
E). A binding energy shift of —0.5 eV was seen in both cases when
the binding configuration of spacer cations transitioned from RP
to DJ (for linear BA vs. BDA) and —0.5 eV (for aromatic BzA vs.
PDMA), respectively. Increased valence charge of spacer cations
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(A and B) Crystal structures of 2D RP perovskites with a formula of S,PbX4 (A) and 2D DJ perovskites with a formula of SPbX4 (B). (C) XRD

patterns obtained for 2D mixed halide perovskites of Br: | =50 : 50 with BA, BzA, BDA, and PDMA as spacers. (D and E) XPS spectra for Pb 4f and |
3d recorded for 2D mixed halide perovskites with BA, BzA, BDA, and PDMA as spacers from bottom to top.

from monovalent RP* to divalent DJ*" spacer molecules can
indeed withdraw the electron density from the Pb-X bond. These
results reflect that the DJ spacer cations are more tightly bound
toward the electron density over the Pb-X bonds. It is also worth
mentioning that the DJ configuration significantly suppresses the
formation of metallic Pb° that is often observed in RP perovskites
due to undercoordinated Pb atom in the lattices (Fig. 1D). These
observations were corroborated by SEM images, which show that
introduction of tighter binding D] spacers exhibit the reduced
defect density along with a relatively increased grain size (Fig. S2).

Excited state properties

Optical properties of the 2D mixed halide perovskites were
characterized using absorption and photoluminescence (PL)
spectra (Fig. 2A-F). The absorption spectra of RP and D] films of

21952 | Chem. Sci., 2025, 16, 21950-21961

2D perovskites are characterized by pronounced band-edge
absorption around 445-450 nm across all samples (Fig. 2A
and B). Insets in Fig. 2A and B show the digital photographs
taken for these two films, indicative of similar bandgaps di-
splaying yellow colors. The absorption spectra of 2D pure 100%
Br and 100% I perovskites for comparison are presented in the
SI (Fig. S3A-D). Based on the band-edge peak and bandgap shift
as a function of halide composition, the 2D mixed Br:I=50: 50
films exhibit an intermediate bandgap between 100% Br and
100% I films (Fig. S3E). It is worth noting that 2D perovskites
with aromatic spacer cations exhibit a slightly blue-shifted
absorption peak compared to their counterparts with aliphatic
ligands. The increased binding energy of Pb-X appears to
induce stronger quantum confinement effects. Based on the
bandgaps of 2D perovskites with pure bromide and iodide, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A and B) UV-vis absorption spectra of 2D mixed (Br: | = 50 : 50) halide perovskite films: (A) 2D RP perovskites with BA and BzA and (B) 2D

DJ perovskites with BDA and PDMA. (C-F) 2D photoluminol excitation—emission spectra recorded for 2D perovskite films with varying spacer
cations: (C) BA,Pb(Brg slgs)4, (D) BDAPb(Brg sl s)a, (E) BzZA,Pb(Brg slgs)4, and (F) PDMAPbB(Brg slg 5)4, respectively. All films were excited over the
300-440 nm wavelength range, and emissionwas recorded between 450-600 nm.

bandgap predicted for Br:I = 50:50 composition using
Vegard's law was closely matched with the experimentally
measured values across all 2D perovskites (Fig. S3F).

These halide perovskites can be excited at the band edge or
above the bandgap to characterize their emissive properties. 2D
excitation-emission spectra recorded with varying excitation
wavelength are presented in Fig. 2C-F and S4. 2D RP perovskites
with BA and BzA ligands show enhanced PL emission at 515-
520 nm compared to DJ perovskites (Fig. 2C and E). However, 2D
perovskite films with the BDA ligand were non-emissive (Fig. 2D).
For all 2D films (except BDA), it was discernible that excitation of
the exciton band at 440 nm yields the strongest PL emission,
consistent with absorption spectra. It is interesting to note that
the emission peak of 2D perovskites (with 50:50 Br:I) seen in
Fig. 2 exhibits a large Stokes shift and resembles close to the
emission peak seen with 2D iodide perovskite emission. As
shown in Fig. S3, 2D bromide perovskite films exhibit
pronounced PL emission around 400-410 nm and 2D iodide
perovskite films at 510-525 nm. The alignment of the observed
PL emission from all the 2D perovskites (with 50 : 50 Br : I) shows
the formation of iodide-rich domains during the excitation of the
film. As will be discussed in the following section, the mixed
halide phase, upon photoirradiation, undergoes halide segrega-
tion, forming Br- and I-rich domains respectively. These segre-
gated phases bring about red-shifted PL emission corresponding
to the I-rich domain, as charge carrier funneling processes lead to
their accumulation in the lower bandgap phase. In the case of
PDMA, however, we observe PL emission from the mixed phase

© 2025 The Author(s). Published by the Royal Society of Chemistry

around 480 nm, thus resistance to

photosegregation.

indicating its

Photoinduced halide phase segregation in 2D perovskites

To further elucidate phase stability of the mixed halide 2D
perovskites under photoirradiation, we tracked the absorption
changes following the excitation with a continuous wave (CW)
405 nm diode laser (Fig. 3A). By tracking in situ spectral evolu-
tion under photoirradiation, it is possible to track the under-
lying impact of spacer cation molecules on the mixed halide
phase stability. Bandgap excitation of 2D mixed halide perov-
skites facilitates the charge carrier generation, forming elec-
tron-hole pairs and accumulation of holes in iodide, initiating
the halide ion migration and subsequent segregation (Fig. 3B).
As a representative example of 2D perovskites, in situ absorption
spectra changes were recorded using 2D mixed perovskite with
a BA spacer cation over 15 min of irradiation (Fig. 3C). CW diode
laser excitation induces the phase segregation to form Br- and I-
rich domains (eqn (1)).*

2D BA2PbBr212 +hy —
BA,PbBr4 + BA,Pbly, (fully segregated) (1)

As can be seen from the spectral changes, the mixed halide
concentration as monitored from the absorbance at 450 nm
decreases and new absorption features centered around 400 nm
(Br-rich) and 500 nm (I-rich) concurrently emerges (Fig. 3C).
Time-dependent spectral changes were captured through the

Chem. Sci., 2025, 16, 21950-21961 | 21953
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Fig. 3 (A) Schematic illustration of photoinduced halide segregation upon continuous wave light irradiation using a 405 nm diode laser (with

a spot size of 0.764 cm?) and corresponding in situ spectral absorption measurement. The inset in 3A shows a digital photo taken under
photoirradiation using BA film. (B) Corresponding photoinduced halide ion segregation in the 2D mixed (Br : | =50 : 50) halide perovskite films. (C

and D) Time-dependent absorption changes (C) in 2D mixed halide perovskites with BA upon CW 405 nm diode laser irradiation (100 mW cm

,2)

for 15 min and corresponding difference absorption (D) obtained by subtraction from the 0 min spectrum. (E) Kinetic trace and monoexponential
fits by tracking the changes in Br-rich (at 408 m), mixed (at 447 nm), and I-rich (at 500 nm) domains, respectively, as shown in panel D. Note that
the difference absorption spectra are obtained by subtracting the spectra recorded at longer time from the spectra at zero time.

difference absorption spectra (Fig. 3D). By tracking these
absorption changes, one can analyze the kinetics of disap-
pearance of parent mixed halide (447 nm) and formation of Br-
(408 nm) and I-rich (500 nm) domains, respectively (Fig. 3E).
The kinetic traces were fitted using a monoexponential function
to obtain the kinetic rate constant (k). Since two molecules of 2D
mixed halide perovskites undergo halide phase segregation,
creating one molecule of each Br- and I-rich domain, the kinetic
rate constant (k) of consumption of parent mixed halide was
determined to be 6.1 x 10~% s ! (for mixed phase) that is almost
double the k for the formation of the segregated phases (4.0 x
107° s~' for Br- and I-rich domains), respectively, consistent
with the eqn (1).** The photoluminescence (PL) emission
measured during the photoirradiation shows a similar halide
segregation trend (Fig. S5). Upon stopping the photoirradiation,
the segregated 2D perovskite film recovers to restore the orig-
inal mixed halide composition. Entropically driven halide
mixing leads to its full recovery in the dark (Fig. S6A and B). It
should be noted that it takes a longer time (around 180
minutes) to attain full recovery in the dark. The kinetic rate
constant of dark recovery was determined to be 6.0 x 10™* s,
which is an order of magnitude slower than the rate constant of
photosegregation. (Fig. S6C).

21954 | Chem. Sci,, 2025, 16, 21950-21961

The same photosegregation experiments were repeated
using different spacer cation molecules such as BzA (RP), BDA
(DJ), and PDMA (DJ), respectively, under the same laser power.
Fig. 4A-F shows absorption (Fig. 4A-C) and corresponding
difference absorption (Fig. 4D-F) spectral changes for 2D BzA
(Fig. 4A and D), BDA (Fig. 4B and E), and PDMA (Fig. 4C and F),
respectively. When subjected to CW laser irradiation (405 nm),
other 2D perovskites are also susceptible to photoinduced
halide segregation with the formation of Br- and I-rich phases,
respectively. However, the magnitude and kinetics of photo-
segregation appear to be governed by the molecular structure
and binding motif of the spacer cations. Interestingly, the
magnitude of halide segregation, as can be seen in the differ-
ence absorption spectra, decreased from —0.35 (BA) to —0.05
(PDMA) (Fig. 4D-F). Compared to the linear BA-based 2D mixed
halide perovskite, the aromatic BzA-based mixed halide perov-
skite film shows a decreased degree of segregation. The stronger
binding energy of Pb-X within the same binding configuration
of RP decreases the mobility of halides. Our previous studies
also pointed out that the aromatic spacer cation such as
phenethylamine (PEA) can prevent halide ion segregation
compared to BA.> Recently, it was also shown that the melting
point and disorder of the spacer cation molecule assembly in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A-C) Time-dependent absorption changes and (D—F) corresponding difference absorption changes for 15 minutes recorded for 2D

mixed halide perovskites with (A and D) BzA, (B and E) BDA, and (C and F) PDMA, respectively, upon CW 405 nm laser irradiation (100 mW cm~2)
for 15 minutes. In the difference absorption spectra, the O min spectrum serves as a reference spectrum for subtraction.

the 2D architectures indeed affect defect-mediated halide ion
migration and mixing kinetics.”” The enhanced intermolecular
interactions in aromatic ligands due to -7 interactions, thus,
play a crucial role in suppressing the halide ion migration by
maintaining the 2D lattice frameworks.”®”* When we further
employ the DJ architecture with the BDA spacer, the halide
segregations are mostly suppressed compared to 2D RP perov-
skites (Fig. 4B and E). The covalent tethering of DJ ligands atop
the inorganic layer can indeed assemble more rigid 2D frame-
works, which can more effectively suppress the halide phase
segregation. The 2D perovskite with a PDMA spacer, which has
both a DJ binding configuration and an aromatic ring, exhibits
the most stable mixed halide phase upon photoirradiation
among these four different spacer cations (Fig. 4C and F).

Role of spacer cations

We compared the kinetics of phase segregation in different 2D
mixed halide perovskite films to evaluate the role of spacer
cations on the photoinduced phase segregation (Fig. 5A and B).
We further investigated the phenethylammonium (PEA) spacer
cation, which is among the most commonly used in 2D perov-
skites (Fig. S7A and B).* There are two different aspects of these
spacer cations that one needs to consider while evaluating the
difference in the kinetics and degree of phase segregation. The
first one is the aliphatic and aromatic nature of ligands. The
rate constant of phase segregation decreased from 6.1 x 1073
s~* (for BA) to 1.9 x 10> s™' (for PEA). The difference in the
kinetic rate constant of phase segregation (k) among BA, BzA,

© 2025 The Author(s). Published by the Royal Society of Chemistry

and PEA with the same binding configuration as in 2D RP
perovskite films arises mainly from the aromatic ring effect
(Fig. 5B). Leung et al. also established the effect of alkyl chain
length of aromatic spacer cations in stabilizing the mixed halide
with photoirradiation, indicating that PEA is more stable than
its BzA counterparts.”>”* The longer alkyl chain in the PEA
spacer cation provides greater conformational flexibility, thus
improving van der Waals interactions of the spacer cation
assembly. Increased spacer cation interactions reinforce the
rigidity of 2D perovskite lattices, thereby more effectively sup-
pressing halide segregation.'***% The second one is the nature
of binding introduced through monovalent (RP type) and
divalent (D] type) spacer cations. The rate constant of phase
segregation further decreased to 1.7 x 10> s~ " (for BDA) and to
9.3 x 10* 57! (for PDMA), as illustrated in Fig. 5B and S7. An
order of magnitude reduction observed in DJ perovskites rela-
tive to RP perovskites is mainly ascribed to the altered binding
configuration of spacer cations.

We further repeated the photosegregation experiments using
a lower light intensity of 40 mW cm ™ (Fig. S8). The degree of
segregation (AA/A %) was obtained from the ratio of the
decreased absorption of mixed halide perovskites and initial
absorption intensity at 445 nm (Fig. S9). The degree of segre-
gation decreased when the excitation intensity was lowered
(Fig. 5C).

Quantum efficiency of halide segregation was further calcu-
lated using the equation Q. E. (%) = (mixed/Mphotons) % 100,
where npmixeq is defined as the number of mixed halide mole-
cules disappeared during photoirradiation and 7photons
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kinetics of disappearance of the mixed halide phase upon photoirradiation (100 mW cm™2). (C) Degree of phase segregation plots for 2D
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corresponds to the number of molecules of incident photons
(see the Experimental section for details). Upon photo-
irradiation with a CW 405 nm diode laser, the degree of phase
segregation or disappearance of the mixed halide phase (Mmixed)
relative to the number of photons explains how efficiently the
mixed halide phase segregated into Br- and I-rich domains,
respectively. The calculated efficiency at a given light intensity
of 40 mW cm ™2 indicates that Q. E. (%) significantly decreased
from 4.2-4.5% (2D RP phases except PEA) to 0.4-1.1% (2D DJ
phases) (Fig. S10). These observations demonstrate that the
incident photons do not induce photosegregation in the DJ
perovskites as effectively as in RP perovskites. In the case of
PEA, the significantly reduced Q. E. (1.2%) is attributed to more
rigidified 2D lattices. Since octahedral distortion plays a critical
role in governing the defect-mediated halide ion migration, the
rigidified 2D lattices formed through stronger van der Waals
interactions arising from m-m aromatic stacking and the
increased chain length of aromatic rings significantly suppress
the extent of halide ion segregation under identical photo-
irradiation conditions. In addition, for all cases, segregation
efficiency is less efficient in promoting the halide segregation at

21956 | Chem. Sci, 2025, 16, 21950-21961

higher excitation intensity since the increased light intensity
induced the increased charge carrier recombination, consistent
with earlier reports (Fig. 5D).***>”*7* It is worth noting that
earlier studies have shown that such DJ perovskites with
aromatic ring systems also underwent halide segregation when
exposed to significantly extended photoirradiation.””%””

Excited state dynamics in 2D perovskites

The charge carrier generation in 2D halide perovskites is
a primary event that influences the photoinduced halide
segregation. Specifically, hole accumulation at I-rich sites leads
to iodide oxidation and ion migration.”*®" Using transient
absorption spectroscopy (35 fs; 32 pJ cm™?), we probed the
excited state dynamics in the 2D mixed halide perovskites. Pulse
laser excitation with 1 kHz frequency and a short pulse width of
35 fs does not induce phase segregation in mixed halide
perovskite films. Thus, the mixed halide perovskites enable
probing of the excited state behavior of 2D perovskite films
using pump-probe measurements.

The time-resolved transient absorption spectra recorded at
different delay times after 400 nm laser pulse excitation are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A and B) Time-resolved transient absorption spectra recorded following 400 nm laser pulse excitation (32 pJ cm™2) of 2D mixed halide
perovskite films with (A) BA and (B) PDMA. (C) Normalized bleach recovery profiles of 2D mixed halide perovskites with BA, BDA, and PDMA
before 405 nm diode laser irradiation. (D) Time-resolved transient absorption spectra of 2D mixed halide perovskite films with BA after 405 nm
laser diode excitation (25 mW cm™2) for 10 min. (E) Bleach recovery profile at the I-rich domain peak (around 505 nm) recorded before (black)
and after photoirradiation (blue) of 2D mixed halide perovskites with BA ligands. The inset of (E) shows the magnified kinetics at an earlier time
scale of 0-5 ps. (F) Energy diagram of phase segregation and corresponding e—h transfer across the halide phases.

shown for 2D perovskite films with BA and PDMA spacer ligands
(Fig. 6A and B). The transient absorption spectra were charac-
terized by a pronounced bleach feature of the excitonic band at
445 nm along with a photoinduced absorption band at 500-
700 nm. The former is ascribed to the ground state depopula-
tion upon laser pulse excitation, and the latter is assigned to
charge carrier filling in the excited state. The transient bleach
recovery kinetics, analyzed using three different 2D-perovskite
films with BA, BDA, and PDMA as spacer cations, are shown
in Fig. 6C. The ground state bleach signal of 2D perovskites with
BzA as spacer cations could not be recorded because of its
instability during pump-probe laser measurements. The details
of kinetic fitting parameters using a biexponential function are
provided in Tables S2 and S3. The average excited state lifetimes
as measured from the bleach recovery of perovskite films with
different spacer cations were 58 ps (BA), 22 ps (BDA), and 8 ps
(PDMA), respectively. The 2D DJ perovskites exhibit shorter
excited state lifetimes as compared to 2D RP perovskites.
Increased exciton binding energy in DJ perovskites, with
a reduced van der Waals gap and increased dielectric confine-
ment, is likely to lead to fast exciton/charge carrier
recombination.®

We also examined the excited state behavior of the 2D
perovskite films following photoirradiation for 10 min. For D]
mixed halide perovskite (BDA and PDMA as spacer cations)

© 2025 The Author(s). Published by the Royal Society of Chemistry

films, which were preirradiated with a CW 405 nm laser for 10
min, the transient absorption spectra show minimal changes
resulting from photoirradiation (Fig. S11). These results mirror
the suppressed halide segregation seen with steady-state
absorption measurements. The bleach recovery kinetics of
these films (before and after photoirradiation) are similar,
indicating that the 2D films with these spacer cations do not
undergo noticeable phase segregation. In contrast, pre-irradi-
ated 2D perovskites with BA spacer cations exhibit additional
bleach around 510 nm (Fig. 6D). The two bleach features of the
transient spectra, centered at around 445 nm (mixed halide)
and 510 nm, correspond to residual mixed halide and I-rich
domains in the photoirradiated film (the excitation of 400 nm in
the set-up does not allow detecting the Br-rich domain (408 nm)
due to spectral overlap with the pump). The bleach recovery
recorded at 510 nm, corresponding to the iodide-rich domain,
exhibits an average lifetime of 12 ps. It is also interesting to note
a growth in the bleach (lifetime ~2 ps), which we attribute to the
charge carrier flow from Br-rich and mixed halide domains to I-
rich regions (Fig. 6E and F). More details on the charge carrier
funneling from larger bandgap perovskite regions to low
bandgap iodide regions can be found elsewhere.>®>*8%8>84

The excitonic binding energy of 2D perovskites is propor-
tional to the dielectric constant of the 2D inorganic halide slab,
thus increasing from (PEA),PbBr, (335 meV) to (PEA),Pbl, (453
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meV).** Greater dielectric contrast between the organic and
inorganic layers in 2D iodide perovskites increases the dielectric
confinement effect, thus accelerating electron-hole recombi-
nation. As seen from the 2D PL excitation-emission spectra, the
2D iodide serves as the main charge carrier recombination
channel owing to thermodynamically favorable charge transfer
(Fig. S3 and S4). When tracking the ground state bleach recovery
of the mixed halide perovskites before and after photo-
irradiation, the segregated film shows faster bleach recovery
with an average lifetime of 25 ps due to cascade charge transfer
(Fig. S12).

In summary, the molecular structure and binding configu-
ration of spacer cation molecules incorporated into the 2D
halide perovskite frameworks influence the phase segregation
of mixed halide under photoirradiation. The photosegregation
can be analyzed by tracking the spectral absorption changes of
2D mixed halide perovskites with different spacer cations (BA,
BzA, BDA, and PDMA), ranging from linear (BA and BDA) to
aromatic (BzA and PDMA) molecules across both RP and DJ
perovskites. The incorporation of aromatic rings and switching
to more covalent DJ frameworks indeed is effective in sup-
pressing the photoinduced halide segregation. The results
presented in this study provide new insights into the design
principles of the spacer cation molecules for constructing stable
quasi-2D or 2D/3D perovskite solar cells.
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