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Bi—Sb Co-Alloying Tunes Photoexcited State Dynamics in
(4FPEA),AgBi,_,Sb, I Layered Double Perovskites through

Structural Confinement

Joshua K. G. Karlsson,* Sami Toikkonen, Noolu Srinivasa Manikanta Viswanath,
Alejandro Cortés-Villena, Raquel E. Galian, Noora Lamminen, G. Krishnamurthy Grandhi,

and Paola Vivo*

Layered double perovskites incorporating large organic cation spacers offer
low toxicity alongside controllable and intriguing excited state carrier
dynamics, often characterized by self-trapped exciton (STE)-mediated
recombination. Here, it is demonstrated that alloying Bi with Sb

in (4-Fluorophenethylammonium),AgBi,_,Sb,I; (x = 0-1) provides a
structural handle to finely control STE recombination dynamics. Elliott model
fits yield exciton binding energies (E,) of 205, 126, and 50 meV for x = 0, 0.5,
and 1, respectively. Counterintuitively, time-resolved photoluminescence
reveals increasing radiative lifetimes (1.4 ns for x = 0, 2.4 ns for x = 0.5, and
2.5 ns for x = 1) as E, decreases. A four-stage relaxation model is proposed,
supported by ultrafast transient absorption spectroscopy measurements,
wherein Sb-rich films exhibit notably prolonged STE depopulation (150 ps)
compared to Bi-rich films (45 ps). Rietveld refinement attributes this
enhanced confinement to reduced Bi/Sb-I-Ag dihedral angles and
significantly increased octahedral distortions. Thus, it is found that geometric
confinement, rather than coulombic binding alone, governs exciton longevity
and broadband emission in these layered double perovskites, offering a useful

1. Introduction

Lead-free perovskite inspired materials
(PIMs) are emerging semiconductors
with exciting, yet largely underexplored,
structural and electronic properties. These
materials are generally characterized by
low toxicity, solution-processable thin film
fabrication, and relatively high photochem-
ical stability. Excluding the chemically
unstable Sn, relevant PIMs often incor-
porate transition metals, e.g., Ge, Bi,
and Cu. The aforementioned features
of Sn-free PIMs make them attractive
candidates for next-generation hybrid
organic-inorganic  optoelectronic  de-
vices, including solar cells, sensors, and
light-emitting  diodes.'>]  For specific
applications—such as indoor Internet-of-
Things sensors and wearables—PIMs may
serve as viable alternatives to lead-halide

design principle for stable, lead-free emissive materials.
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perovskites (LHPs), which are renowned

for their favorable optoelectronic prop-

erties. These include tunable bandgaps,
low exciton binding energies, high charge carrier mobility, de-
fect tolerance, and high absorption coefficients.[*) However, 3D
LHPs suffer from relatively poor intrinsic and operational stabil-
ity when exposed to light, moisture, and oxygen. This instability
has hindered their transition from the laboratory to commercial
technologies, particularly in emerging photovoltaics.'*12 Fur-
thermore, concerns about lead leaching throughout the device
lifecycle raise environmental and regulatory challenges in a com-
mercial setting.[1314]

While PIMs address toxicity and stability concerns to some
extent and remain highly tunable, they often exhibit relatively
low charge carrier mobilities due to the presence of trap states,
strong electron-phonon coupling, and large effective mass charge
carriers.!"] Trapping refers to the decoupling of electrons and
holes, typically resulting in non-radiative decay, which signifi-
cantly hampers the performance of PIM-based optoelectronic de-
vices compared to those incorporating LHPs.!'"18] Recent stud-
ies have highlighted the tradeoffs between device performance
and material stability in perovskite-like structures.!'-2!l Specifi-
cally, PIMs often possess lower structural (lattice) and electronic
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dimensionality, which leads to trapping of excitons.[??26] Here,

electronic dimensionality refers to the connectivity of the valence
band maximum and/or conduction band minimum (CBM).[*¢!
Currently, there is no universal framework for designing PIMs
with targeted electronic features. Progress on this front requires
a deep understanding of both electronic and lattice parameters.

Many PIMs are known for broadband emission, originating
from self-trapped excitons (STEs).1?”] This in turn is a result of the
aforementioned strong electron-phonon coupling—particularly
where the lattice is relatively ionic, for example, due to containing
an organic cation.!?] The role of excitons has been extensively
studied in 2D LHP structures, where spatial and dielectric con-
finement leads to an enhancement of exciton binding energy and
oscillator strength.[**] Thus, excitonic emission dominates over
radiative free carrier recombination. For LHPs and PIMs alike,
tunable broadband emission requires an understanding of struc-
tural distortion, and may find application in solid-state lighting.
So far, there are relatively few descriptors connecting structure
and emission properties for PIMs, but some recent works have
attempted to clarify the role of dielectric screening of excitons
in 2D structures. Indeed, a linear scaling relation between exci-
ton binding energy and bandgap was recently demonstrated for a
series of 2D layered perovskite compositions with distinct lattice
parameters.[3!l However, we still lack a systematic understanding
of how the excitonic dynamics evolve due to these trends.

A benchmark PIM is the Cs,AgBiBr, “double perovskite”
(elpasolite-type), so named for its two distinct B-cation sites in the
A,B'BX, structure.’>*3] This material has an indirect bandgap
and exhibits local lattice distortions,**] which contribute to the
formation of vacancy defects and trap states.[**! To improve the
electronic properties of PIMs, strategies such as incorporating
organic spacer molecules have been explored. These approaches
have led to improvements in both carrier mobility and chemical
stability over early PIMs, although the resulting materials often
retain an indirect bandgap. The improved chemical stability of
2D structures arises from the hydrophobic nature of the organic
spacers and the higher lattice formation energies compared to
their 3D counterparts.*®] 2D perovskite structures offer signifi-
cant compositional diversity due to the tunability of the organic
spacer groups, providing greater discovery potential than divalent
metal 3D counterparts.*’]

A more complete understanding of non-radiative excited state
processes is still needed to guide the rational design of PIMs. To
this end, recent studies have provided access to useful new struc-
tural frameworks. For example, Herz et al. used large organic
spacer cations in the AgBiX, double perovskite structure to access
otherwise thermodynamically unfavorable compositions, such as
AgBily, which was reported as having a direct bandgap.*®! In our
own work, we introduced pnictogen co-alloying into a triple A-site
cation A, B, X,-type Sb-PIM, which significantly enhanced the op-
erational stability of the light absorber in a solar cell.*! This im-
provement was attributed to reduced ion migration, driven by en-
hanced local crystal distortion from co-alloying bismuth and an-
timony, ultimately leading to the first indoor PIM photovoltaic
design with a power conversion efficiency surpassing 10%./4!
These examples highlight the vast potential within this emerg-
ing field. This has prompted us to revisit the fundamental prop-
erties of the double perovskite light absorber to gain insight into
its geometric and electronic parameters.

Adv. Optical Mater. 2025, 13, 02557 e02557 (2 Of11)

www.advopticalmat.de

B-site metal co-alloying in perovskites is a known strategy
for modifying optoelectronic parameters and improving stability,
taking advantage of the lattice’s defect tolerance.[*!] Earlier work
alloying Pb and Sb showed suble lattice distorition could, in an
optimal doping ratio, increase thin film grain size and charge car-
rier lifetimes, while increasing photochemical stability.l*?] Typ-
ically photoluminescene lifetimes are used as an indirect mea-
sure of improved optoelectronic performance for new perovskite
materials (i.e., observing long-lived emission), and this is of-
ten the case in co-alloyed systems. Double perovskite materials
incorporating Sb have been proposed as promoting broadband
emission.I*’] Early computation studies for lead-containing per-
ovskites suggested that partially localized Sb and Bi p states in the
band structures might trap the excited electrons and dissipate the
energy into phonons, but these were not studied in detail with
optical spectroscopy. Self-trapped excitons are known to emerge,
through structural distortion, identified through careful study of
emission spectra.l**] For double perovskite formulations, there
are very few studies into the role of STE-mediated emission, but
the role of doping with Sb is highlighted as being responsible for
bright STE emission in the few formulations that exist.[*>#6] We
propose that in order to really advance the mechanistic origin of
this broadband emission in alloyed double perovskites, and its
relation to the previously identified lattice distortion, computa-
tional and photoluminescence studies should be supplemented
with direct monitoring of excited state intermediates.

In the present study, we focus on identifying the key ex-
cited state processes for 2D large organic cation PIMs, to bet-
ter quantify the relationship between lattice distortion and STE-
mediated emission. In part, this is accomplished through pnic-
togen co-alloying of bismuth with antimony. In the targeted
formulations (4FPEA),AgXI,, the n = 1 Ruddlesden—-Popper
(RP) phase is obtained, adding electronic dimensionality to the
structure and influencing charge carrier dynamics. Here 4FPEA
= 4-Fluorophenethylammonium. Our recent studies identified
that pnictogen co-alloying in the perovskite structure can lead
to decreased structural rearrangements, which decreases self-
trapping.®! This is important in 2D perovskites because the
potential energy barrier for self-trapping is low compared to
3D structures.*’] The incorporation of bismuth | antimony co-
alloying in the (4FPEA),AgBil; formulation is a rational design
choice toward photochemically stable PIMs with significantly en-
hanced charge carrier dynamics. These parameters can be eval-
uated using advanced optical spectroscopy methods, including
ultrafast transient absorption spectroscopy. More importantly, to
the best of our knowledge, no previous study has correlated Bi/Sb
induced octahedral distortion with subnanosecond STE kinetics,
particularly in the context of intriguing STE depopulation kinet-
ics vs exciton binding energies.

2. Results and Discussion

2.1. Materials Characterization

The target 2D A,B'B"'I; perovskites thin film materials (where
A is an organic cation) were fabricated from solution on either
fluorine-doped tin oxide coated glass or microscope slides, us-
ing protocols described in the experimental section. The pri-
mary means of identifying the compounds (4FPEA),AgBil,
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Figure 1. Structural characterization of (4FPEA),AgBi;_,Sb,lg (x =0, 0.5, and 1) 2D perovskites. a) Rietveld refinement of the XRD patterns for pristine
(x = 0), intermediate (x = 0.5), and fully Sb3*-substituted (x = 1) compositions, confirming phase purity and structural consistency. The experimental
data (black circles) closely match the refinement profiles (orange/pink lines), with minimal residuals (magenta), validating the use of the triclinic PT
space group. b) Crystal structure of the layered heterometallic 2D perovskite, illustrating corner-shared Aglg and Bi/Sblg octahedra separated by 4FPEA*
organic spacer cations. c) Distortion index (%) of Aglg and Bi/Sblg octahedra as a function of Sb3* alloying, showing an increasing trend in Aglg and
a moderate rise in Bi/Sblg, indicating enhanced local distortion with Sb** incorporation. d) Evolution of the Bi-I-Ag (or Sb-I-Ag) dihedral angle with
increasing Sb** content, decreasing from 161° to 157.2°, signifying increased tilting and torsional strain between adjacent octahedra—indicative of

amplified local asymmetry and the potential formation of STE states.

(Ag|Bi), (4FPEA),AgSbl, (Ag|Sb), and (4FPEA),AgBi,Sby I,
(Ag|Bi,sSb, s) was by X-ray diffraction, XRD, measurements. It
is known that the addition of a large organic cation distorts the
octahedra in the (4FPEA),AgBiX; lattice. General observations
of the diffraction patterns are that they appear superficially simi-
lar for all three samples. The similar XRD patterns arise because
the three compounds are isostructural, sharing the same space
group symmetry, lattice parameters, and atomic positions, which
ensures identical Bragg peak positions. The Ag|Sb system has a
degree of broadening, suggesting a decrease in domain size. The
diffraction pattern of (4FPEA),AgBil; is a close match to earlier
reports, indicating we have obtained the desired compound.(*®!
To assess the phase purity of the synthesized 2D perovskites,
Rietveld refinement was performed on the XRD patterns of
(4FPEA),AgBi,_,Sb,I; (x=0,0.5, and 1) using the General Struc-
ture Analysis System software.[*!] The refinement results reveal
that upon complete substitution of Bi** with Sb**, the XRD pat-
terns of the fully substituted Ag|Sb 2D perovskite closely resem-
ble those of the Ag|Bi counterpart, indicating that both phases
are isostructural. Furthermore, full-pattern fitting confirms that
the triclinic crystal structure (space group P1) is retained even af-
ter full Bi** to Sb?* substitution, consistent with the structural
framework of (4FPEA),AgBil, (Figure 1a). The residual and re-
fined atomic positions are shown in Tables S2 and S3a,b (Sup-
porting Information) respectively. Notably, unlike most 2D per-
ovskites that crystallize in high-symmetry space groups—such as
Pbca or P4/mmm—which promote more uniform and symmetric
octahedral frameworks, (4FPEA),AgBi, _,Sb, I adopts a triclinic
structure with space group P1-the lowest symmetry in all crys-
tal systems (Figure 1b). This is highly unconventional for layered
perovskites and underscores the unique structural complexity of
the system. The adoption of such low symmetry is likely driven by

Adbv. Optical Mater. 2025, 13, 02557 e02557 (3 0f11)

a confluence of factors: the incorporation of the highly asymmet-
ric 4FPEA* organic spacer, which disrupts regular layer stack-
ing; the layered heterometallic B-site ordering between Ag* and
Bi**/Sb** ions, which introduces local chemical inhomogeneity;
and significant octahedral tilting and distortion within the inor-
ganic framework, which collectively prevent the system from sta-
bilizing in higher-symmetry arrangements.

To gain insight into the local structural environment sur-
rounding the Agl; and Bi/Sbl; octahedra, we extracted the
average bond lengths from the refined XRD data and cal-
culated the octahedral distortion indices for each coordina-
tion unit (Figure 1c). In the pristine (4FPEA),AgBil; sam-
ple, moderate distortions are observed around both Aglg
and Bil; octahedra, indicating a slightly non-uniform bond-
ing environment that can facilitate the formation of STE
states, wherein excited carriers become localized due to lat-
tice deformation. Interestingly, upon Sb** alloying, the dis-
tortion indices around both Agl; and Bi/SbI; octahedra in-
crease significantly—contrary to the expectation of improved
symmetry—suggesting that the introduction of Sb** ions, with
their distinct stereochemical activity and smaller ionic ra-
dius compared to Bi**, induces greater angular and bond-
length variation within the corner-shared octahedral frame-
work. To further quantify this increased distortion, we evalu-
ated the dihedral angle between Bi-I-Ag (or Sb-I-Ag) units,
which shows a noticeable decrease with increasing Sb** con-
tent (Figure 1d), indicating enhanced bending and tilting be-
tween adjacent octahedra and a parting from ideal alignment.
This growing structural asymmetry confirms the amplifica-
tion of local distortion upon Sb** incorporation, leading to
significantly modified optoelectronic properties for Ag|Sb vs
Ag|Bi.
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Figure 2. AFM (top row) and SEM (bottom row) micrographs of the target materials on glass microscope slides. Key: Ag|Bi (a,d); Ag|Sb (b,e);

Ag|Big5Sby s (c.f).

2.2. Thin Film Morphology

The target materials were fabricated as spin-coated thin films
with a view to incorporation as the active layer in an optoelec-
tronic device. The morphology of the light absorbers is there-
fore critical because interface effects can dominate device per-
formance. For optical spectroscopy measurements, we do not
expect the surface properties to be critical as long as scatter is
minimized, but would expect grain boundaries to influence ex-
cited state recombination.[*”! We monitored the film morphology
with three microscopy techniques: optical, scanning electron mi-
croscopy (SEM), and atomic force microscopy (AFM). Through-
out the microscopy measurements it is apparent that for these
materials, the grain or domain sizes are relatively large.>"! Note
that the spin-coating procedure for fabricating the thin films was
the same for all three materials. Our results confirm the ear-
lier reports for (4FPEA),AgBil from Herz et al.®®! Large grains
are also a characteristic of Ag|Sb and Ag|Bi,sSb,s. The mor-
phology is perhaps most clearly illustrated through a combina-
tion of AFM and SEM images, for which there are represen-
tative examples in Figure 2. Additional microscopy images are
found in the supporting information (Figures S1-S9, Supporting
Information).

The AFM images reveal that where many PIM thin films have
grain sizes below 10 um, here the scale of the grains extends
beyond the resolution of the instrument, with no clearly dis-
cernable grain boundaries detectable. In the case of SEM im-
ages, no discernable detail was observed at a micron length scale,
indicating a high-quality film, with domains in the >100 um
range. Upon examination of the materials with an optical
microscope, we can observe larger domains and surface tex-

Adv. Optical Mater. 2025, 13, 02557 e02557 (4 of 1 1)

ture with visible pinholes present (Figures S1-S3, Supporting
Information).

Qualitatively, the films with the greatest smoothness and grain
size are with those of Ag|Sb. The AFM images show how the al-
loyed material forms somewhat of a hybrid between the seem-
ingly very crystalline Ag|Sb and slightly smaller domains of
Ag|Bi. AFM image profiles were analyzed quantitatively in terms
of roughness (Table 1). The large grains and domains (which
characterize the texture and therefore the waviness) possess sub-
nm levels of smoothness for Ag|Bi and Ag|Sb, but the overall
roughness becomes significantly larger in the alloyed system.
Further optimization of thin film fabrication may be a factor in
the alloyed composition, which will have a different precursor sat-
uration point and nucleation rate. The additional waviness may
also be a result of the structural strain identified from the XRD
study.

2.3. Optical Spectroscopy

The absorbance of the target PIM materials are characterized
by sharp transitions across the UV-vis range, matching pre-

Table 1. Roughness parameters for the target compounds on glass micro-
scope slides derived from AFM measurements. RMS = root mean square.

Material RMS roughness [pm] RMS waviness [nm]
AglBi 330 6.2
Aglsb 350 53
Ag|Big s Sby s 2000 34.3

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Table 2. Key photophysical parameters for the target materials. A refers to steady-state absorption (abs) and emission (ems) maxima. z refers to photo-
luminescence decay times from TCSPC experiments. In brackets for PL decay measurements are the relative intensities of each exponential fit.

Material Aff,’;x A, Bandgap (Direct) Bandgap Tyiowr TRPL st TRPL[ps]
[nm] [nm] [eV] (Indirect) [ns] +10
+5 +5 +0.1 [eV] +0.2
+0.1
Ag|Bi 535 775 2.1 1.88 1.4 (62) 45 (38)
Ag|Sb 475 770 2.37 1.99 2.5 (81) 150 (19)
Ag|Biy5Sbg s 532 825 2.12 1.83 2.4 (96) 30 (4)

vious reports for Ag|Bi.®®! The lowest energy maximum for
Ag|Bi (535 nm, 2.32 eV) is part of a relatively sharp feature at
the bandgap. This is attributed to excitonic absorption, in line
with 3D analogues such as Cs,AgBiBr,.*!l The identity of the
higher energy transition (450 nm, 2.76 eV) remains uncertain,
but is observed for other double perovskites.®?] For Ag|Sb and
Ag|Bi, sSb, 5, the lowest energy maximum is at 475 and 532 nm
respectively (2.61, 2.33 eV). Tauc plots were constructed to as-
sess the nature of the bandgap in each case. Key photophysi-
cal properties for all three systems are reported in Table 2. For
Ag|Bi, first-principles calculations previously predicted a direct
bandgap.[®®! The direct bandgap nature is reportedly due to the
spin-orbit coupling of iodine in the conduction band, which
mostly consists of Bi 6p,,, orbitals.*®) Our experimental data
shows a 0.23 eV difference between direct (2.11 eV) and indi-
rect (1.88 eV) bandgap extrapolations for pristine Ag|Bi, indicat-
ing a quasi-direct or indirect character rather than the theoret-
ically predicted direct bandgap. Incorporating Sb increases this
direct-indirect energy gap significantly (from 0.23 eV in Ag|Bi to
0.29-0.38 eV in Sb-containing samples, Table 2 and Figures S10-
S15, Supporting Information), suggesting a shift toward predom-
inantly indirect bandgap behavior.[*®! As calculations from earlier
studies on analogous systems have revealed, Ag|Sb is expected to
have a larger bandgap. This is because antibonding Bi 6p-I 5p
states, which dominate the CBM, are substituted with lower en-
ergy Sb 5p orbitals with less spin-orbit coupling. Meanwhile the
valence band maximum, which is dominated by I 5p orbitals, re-
mains relatively unchanged.!?65%)
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While the differences in bandgap nature between pristine and
Sb-containing samples appear clear, the reliability of Tauc plot
extrapolations may be compromised by prominent excitonic fea-
tures in their absorption spectra (Figure 3). To address this, we
utilized the Elliott modell®*] to more accurately determine exci-
ton binding energies and continuum bandgap values.l** The ex-
citonic and continuum absorption contributions across the three
samples (Ag|Bi, Ag|Sb, and Ag|Bi,sSb,;) reveal insightful rela-
tionships between excitonic binding energies (E;), broadening
parameters (y), and spatial confinement characteristics (Figure
S26 and Table S1, Supporting Information).

The exciton absorption peak in Ag|Bi is relatively broad,
indicating significant homogeneous and inhomogeneous
broadening—a known feature of excitons in double perovskites
and other low-dimensional Ag-Bi PIMs.’!) This is in contrast
to the sharp exciton lines observed in lead-halide perovskites.
These features can be attributed to exciton-phonon interactions
at room temperature (homogeneous broadening) and structural
or compositional disorder (inhomogeneous broadening).l>! The
mixed Bi/Sb compound shows marginally increased broadening
(v, from 100 meV for Ag|Bi to 107 meV for Ag|Bi, ;Sb, ). How-
ever, the largest broadening (146 meV) is a feature of the pure
Sb containing sample, Ag|Sb. This occurs despite the absence
of compositional mixing and may arise from a combination of
increased structural distortion (as discussed in the structural
analysis section) and stronger exciton—-phonon coupling.

The Elliott modell>*! yields exciton binding energies (Table S1,
Supporting Information) in the range of 50-200 meV for the

——— (4FPEA),AgBi; 5Sbg 5lg
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S 80000
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g ]
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Figure 3. Corrected steady-state absorbance and emission spectra for the target compounds on glass microscope slides. Emission spectra were obtained
upon excitation at 400 nm (+5 nm). All spectra were obtained at room temperature.
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target compositions. These results are characteristic of the strong
dielectric confinement expected in 2D double perovskites.[*8]
While all three compositions exhibit substantial excitonic bind-
ing on an absolute scale, substituting Bi** with Sb** noticeably
lowers the binding energy from ~200 down to 50 meV. Given its
relatively small E, of 50 meV-approximately twice the thermal
energy (2kpr) at room temperature (300 K)—one would anticipate
that Ag|Sb would exhibit greater continuum absorption (that is,
increased free carrier generation) compared to Ag|Bi (E, = 205
meV). Instead, the Ag|Sb sample exhibits a pronounced excitonic
absorption peak with minimal continuum absorption. Indeed,
no reliable Elliott fits were achievable when a significant contin-
uum contribution was included for Ag|Sb. Ag|Bi shows a com-
paratively strong continuum background. The Ag|Sb spectrum
is dominated by excitonic resonance, analogous to the behav-
ior observed in strongly excitonic semiconductors where bound
excitons overshadow free carrier absorption. This indicates
that despite its low coulombic binding energy, the excitons in
Ag|Sb remain very stable and minimally ionized under ambient
conditions.

We attribute this counterintuitive exciton stability to the inter-
play between dielectric and geometric confinement effects. Struc-
tural distortions in the Ag|Sb lattice effectively localizes the exci-
ton, preventing it from easily dissociating into free electron-hole
pairs. Thus, a large E, is not the sole indicator of exciton stability
in these (4FPEA),AgBi, , Sb, I, systems. The structural context in
which the exciton resides is equally, if not more, important.

Steady-state photoluminescence (PL) measurements show
that each of the three target compounds display weak and broad
emission signals, not entirely dissimilar to earlier reports of
PIMs (Figure 3).12732395¢] Pristine Ag|Bi exhibits a broad and
weak PL spectrum centred at 775 nm, consistent with previous
observations.[*®! The emission spectra display full widths at half
maximum exceeding 300 meV at room temperature and cannot
be accurately fitted with a single Gaussian feature. Although par-
tial or full substitution of Bi with Sb results in a somewhat nar-
rower spectrum, all three samples show comparable PL charac-
teristics in terms of both spectral shape and intensity. These ob-
servations suggest that the emission in all cases likely arise from
phonon-coupled and defect-mediated recombination of photo-
generated excitons or charge carriers.*! We note that regardless
of whether the samples were excited near the band edge or at
higher energies, the appearance of the spectrum was similar, with
no distinct photoluminescence originating from the band edge
(Figures S16-S18, Supporting Information). Excitation spectra
were a close match to the recorded absorption spectra apart from
Ag|Bi, sSb, 5, which showed characteristics of both absorption
spectra (Figure S19, Supporting Information).

Additional temperature-dependent photoluminescence mea-
surements were performed in order to model vibronic coupling
(Figure S27 and Table S4, Supporting Information). Although
our experimental setup did not allow spectral measurements in
the near-infrared region or cooling below some 140 K, thus pre-
cluding total reconstruction of the emission spectrum, there are
clear qualitative indicators that all the target compounds have
strong phonon coupling and a high Huang—Rhys factor. We can-
not exclude defect emission in the temperature range measured,
but partial modeling of the spectra together with the large stokes
shift and broad nature of the emission are consistent with pre-
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vious reports of STE-mediated emission in PIMs.l’] Both the
time-resolved photoluminescence and transient absorption data
lend greater support to a dominant STE-emission contribution
by identifying distinct decay pathways, which correlate with the
structural distortion discussed earlier. The derived phonon ener-
gies for our materials (~25-30 meV) are in the expected range for
a lead-free 2D perovskite.l>®]

To gain further insight into the origin of this emission, we con-
ducted time-resolved photoluminescence (TRPL) and femtosec-
ond transient absorption spectroscopy (fs-TAS) measurements
(Figure 4), upon excitation above the bandgap at 400 nm. Excited
state absorption intermediates of the target materials were moni-
tored in the UV-vis region (450-700 nm), where numerous pho-
toinduced absorption (PIA) features can be identified through
multiexponential fitting. Each set of spectra were fitted to the
minimum number of exponentials to accurately reproduce the
full excited state decay. Although at first glance the transient spec-
tra of all three materials appear similar, the differences are rather
apparent in the kinetic analysis. Furthermore, the spectral win-
dow used in our experiment was limited to ~450-700 nm due
to the strong optical absorbance of the sample. At higher ener-
gies there are signs that the differences in PIA features become
more pronounced. Subtle differences in optical densities upon
Sb substitution are seen at the edge of the detection window be-
tween 450 and 500 nm (Figure 4b,c). In the case of Ag|Bi, a three-
exponential fit is sufficient, and indeed the majority of the excited
state decay is recovered at the end of the instrument’s delay line
(6 ns). For the Sb-containing materials, a fourth decay compo-
nent is apparent. A sub-ps PIA is found for all three systems and
is very similar in appearance to the higher-energy carrier states
identified in similar LHP systems (so-called hot-carriers).[>¢"]

Time-correlated single photon counting (TCSPC) measure-
ments were obtained to differentiate distinct radiative decay path-
ways. The PL decay for all three systems, monitored near the
emission maxima (~680 nm), was fitted with two exponential
components (Table 2). In each case, there is a 1-2 ns “slow” com-
ponent and a “fast” component close to the detection limit of the
instrument. The nanosecond decay corresponds to radiative re-
combination of the trapped excitons or charge carriers.3¥! No-
tably, the fast decay components (35-150 ps) can be attributed to
the rapid localization of excited state carriers or excitons—one of
the intermediate states also identified in fs-TAS spectra for these
materials. In the case of Sb substitution in (4FPEA),AgBi, . Sb, I,
the introduction of Sb may introduce more indirect-like features
in the band structure and reduce deep-level defect densities. This
is supported by our derived Tauc plots. These two effects together
suppress both radiative and nonradiative recombination path-
ways, thereby prolonging the carrier lifetime.

Combining fs-TAS and TRPL (Tables 2 and 3, Figure 4), we
resolve a four-step relaxation cascade, represented by decay-
associated differential spectra (DADS, Figure 5). 1) Hot carriers
cool and localize into polarons within <1 ps (z,, TAS). 2) Self-
trapped excitons (STEs) form in tens of picoseconds (r,, TAS).
3) Escape of the STE population—either re-ionization to the con-
tinuum or transfer to deeper lattice/defect traps—governs the ul-
trafast PL component 7, TRPL. This step lasts 45 ps in Ag|Bi,
30 ps in the alloy, but stretches to 150 ps in Ag|Sb, mirror-
ing the 260 ps 75, TAS signal of that sample. The prolonged
STE depopulation in Ag|Sb likely arises from stronger geometric
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Figure 4. Panel a) contains TCSPC emission decays for the target compounds (labelled) upon excitation with a 405 nm diode laser, on glass microscope
slides. Chirp-corrected ultrafast raw transient absorption spectra are show on panels b) Ag|Bi, c) Ag|Sb, and d) Ag|Bi, 5Sby 5 upon excitation with 400 nm

laser pulses at 100 uW.

confinement imparted by octahedral distortion, -effectively
“caging” the exciton. The relative lack of geometric confinement
in Ag|Bi would explain why its TAS fits better to a 3-component
model, perhaps forming the STE faster than the temporal resolu-
tion of the experiment. This observation aligns closely with struc-
tural analyses revealing greater octahedral distortion and smaller
Bi-I-Ag (or Sb-I-Ag) dihedral angles in Ag|Sb. Such struc-
tural configurations perhaps deepen the potential wells around
excitons, thus delaying defect-mediated or phonon-assisted
dissociation.

This observation for Ag|Sb is counterintuitive because the
decrease in dihedral angle should in principle strengthen ex-
citon confinement, through increased electron-phonon cou-
pling, ultimately reducing dielectric screening e, and amplify-
ing coulomb attraction between electrons and holes in accor-
dance with E,x 1/e,. The smaller dihedral angle would be ex-
pected to suppresses z-orbital overlap, flatten the band disper-

Table 3. Results of multiexponential global fitting of transient absorption
spectra upon excitation at 400 nm.

Material 7, T, T3 T4
[ps] [ps] [ns] [ns]
Ag|Bi 0.99 54.8 5.9 -
Agl|Sb 0.22 9.60 0.26 >30
Ag|Big5Sbos 035 138 038 >55

Adbv. Optical Mater. 2025, 13, 02557 e02557 (7 0f11)

sion, and increase the effective carrier mass (m”), further rais-
ing E, (E, « m") and spatially confining excitons while weak-
ening phonon-mediated delocalization. However, Sb** substi-
tution may simultaneously flatten the octahedral framework
and weaken orbital overlap to the extent that band dispersion
increases and the bandgap acquires a more indirect nature.
This electronic restructuring counteracts the expected confine-
ment effect, lowering E, despite the reduced angle. However,
stronger electron—phonon coupling from the octahedral distor-
tion elevates the activation energy for defect-assisted dissocia-
tion, suppressing defect-mediated tunneling and further stabi-
lizing excitons. Therefore, it appears the relation between struc-
tural distortion and exciton stability is quite distinct in our
system.

During the final step of the cascade (4), residual carriers decay
radiatively, giving 7,,, TRPL ~1.4-2.5 ns, followed by a much
longer ground-state recovery (>30-55 ns) seen only in TAS. The
ns-scale 7, TRPL matches the initial segment of z,,, TAS, after
which TAS likely continues to track nonradiative ground-state re-
covery out to tens of ns. This might explain why the PL decay
appears to have “finished” while TAS still sees residual bleach.
Thus, despite its lower coulombic binding energy, Ag|Sb exhibits
the slowest STE escape and the most robust exciton confine-
ment. Conversely, Ag|Bi, with the highest binding energy but no-
ticeable continuum weight, loses excitons fastest. The proposed
structural distortion model is also reflected in the STE formation
time 7,, which is slowest for Ag|Bi where we suggest confine-
ment is weakest, and fastest for Ag|Sb, which has the slowest STE
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Figure 5. DADS spectra obtained from multiexponential global fitting of transient absorption spectra upon excitation with 400 nm laser pulses at
100 uW. Key: a) Ag|Bi, b) Ag|Sb, c) Ag|Bi sSbgs. Panel d): simplified model of exciton dynamics in this system.

escape time [r, 54.8 ps (Ag|Bi) — 11.8 ps (Ag|Bi;.;Sby.s) = 9.6 ps
(AgISb)].

We also conducted equivalent TAS experiments, exciting into
the region of the bandgap, at 580 nm (Figure S20-S22, Support-
ing Information). In this case, most of the PIA features were ob-
scured by the excitation beam in the region of ground-state bleach
absorption features. This casts doubt on the validity of global fit-
ting of the data (Figures S23-S25, Supporting Information), but
nonetheless there are indications of equivalent PIA features iden-
tified during excitation into the continuum region at 400 nm.
These transient spectroscopy outcomes underscore that exciton
stability and recombination dynamics in (4FPEA),AgBi, Sb,Ig
systems are dominated more by structural geometry (that is, lo-
cal structural distortions) and lattice-induced confinement rather
than solely by exciton binding energy.

3. Conclusion

In the present study, we have demonstrated pnictogen Bi-Sb co-
alloyed (4FPEA),AgBi, ,SbI; (x = 0-1) layered double per-
ovskite materials possessing an interdependence between struc-
tural geometry and electronic orbital structure, leading to tunable
exciton binding energies and confined excitons. Using structural
calculations and optical spectroscopy, we have highlighted a dis-
connect between exciton binding energies and the dispersion of
self-trapped excitons. The target materials show an inverse re-
lationship between STE escape rates and exciton binding energy
with increasing alloying. In the case of the fully substituted Ag|Sb
phase, we obtain a four-fold reduction in E,, yet STE lifetime is
some five times that found in the pristine Ag|Bi phase. Close ex-
perimental agreement is found for this from TAS and TRPL mea-
surements. This trend is attributed to geometric confinement
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of STEs within the crystal lattice. The alloyed x = 0.5 composi-
tion shows an optimum between exciton formation and radia-
tive probability here, but more co-alloyed compositions should
be synthesized in future studies to find the definitive maximum.

Further justification for this unexpected synergy is found in
the analysis of the hybrid structures. Replacement of Bi** with
Sb3* reduces the Bi/Sb-I-Ag dihedral angle, flattening the oc-
tahedral framework and possibly reducing orbital interactions,
leading to a highly distorted lattice and confinement of STEs.
This may increase band dispersion and transitions the bandgap
toward a more indirect nature. The latter is supported experimen-
tally, but future work should compute the band structure of these
materials as a dedicated study. The correlation between structural
distortions and electronic behavior highlights the importance of
connecting electronic structure with lattice geometry when de-
signing new lead-free perovskite compositions. Future studies
along this avenue may facilitate a general set of design guidelines
for new materials in the context of optoelectronics.

4. Experimental Section

Synthesis ~ of  Perovskite  Thin  Films—Materials: 4-Fluoro-
Phenethylammonium iodide (4FPEAI) was purchased from Greatcell
Solar Materials. Silver iodide (Agl, 99.999% (metals basis)); purchased
from Fisher Scientific. Bismuth(lll) iodide (>99.998% trace metals
basis); purchased from Sigma-Aldrich. Antimony(lll) iodide (ultra dry,
99.999% (metals basis)); purchased from Fisher Scientific. 1-methyl-2-
pyrrolidinone (99.5%, extra dry); purchased from Fisher Scientific.

All the above materials were used as received, without additional purifi-
cation.

Synthesis of Perovskite Thin Films—Preparation of Thin Films: 0.5 m so-
lutions of (4FPEA),AgXlg (X = Bi, BigsSby 5 or Sb) were prepared by mix-
ing stoichiometric amounts of 4FPEAI, Agl and either or both of Bil; and
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Sbl;, which were then dissolved in 1-methyl-2-pyrrolidinone. The solution
was stirred overnight before film preparation on glass substrates. Glass
substrates (microscope slides cut to 2.5 cm x 2.5 cm size) were cleaned
with a brush using a 2% v/v Mucasol solution in deionized water, then se-
quentially sonicated in deionized water, acetone, and isopropanol (15 min
each). After this, the substrates were dried using a nitrogen flow. The glass
substrates were UV-Oj treated for 15 min prior to use. 80 pL of precursor
solution was dropped on top of the glass substrate and then spin-coated
first at 3000 rpm for 10's (1500 rpm s~ acceleration) and then at 6000 rpm
for 50 s (1500 rpm s~" acceleration). The films were annealed at 120 °C
for 2 min and then at 70 °C for 5 min. Films were prepared in inside an
N,-filled glovebox.

Materials Characterization: High-resolution X-ray diffraction (XRD)
patterns of the thin films deposited on glass substrates were obtained us-
ing Cu Ka radiation (1 = 1.5406 A) with a Malvern Panalytical Empyrean
Alpha 1 diffractometer (Malvern, UK).

Materials Characterization—Rietveld Refinement Methodology: Powder
X-ray diffraction data of the (4FPEA),AgBi,_,Sb,lg samples were collected
and processed using the General Structure Analysis System!8] software,
starting from the reported structure of the parent (4FPEA),AgBilg phase
as the initial model. The refinement involved iterative least-squares fit-
ting of the diffraction pattern to simultaneously optimize lattice parame-
ters, atomic positions, site occupancies—particularly the Bi/Sb ratio on the
B-site—and thermal displacement parameters. To accurately represent Sb
substitution, Bi and Sb occupancies on the same crystallographic site were
refined under the constraint that their total occupancy equals unity. Peak
shapes were modeled using a pseudo-Voigt profile function, and back-
ground intensities were fitted with a polynomial function to account for
instrumental and scattering contributions. Constraints on bond lengths
and angles were applied to maintain the structural integrity of the per-
ovskite framework and the organic 4FPEA spacer. Convergence was eval-
uated via R-factors (R,,, R,) and goodness-of-fit metrics, with the final
refinement providing a reliable fit between observed and calculated pat-
terns, confirming successful Sb incorporation at the Bi site and revealing
subtle structural changes, including lattice parameter variations and local
distortions around the B-site, which were further supported by analysis of
refined bond and dihedral angles within the Bi/Sb—Ag—I framework.

Optical Spectroscopy: Room temperature and pressure optical spec-
troscopy measurements of the target perovskite materials were obtained
on glass microscope slide substrates. Steady-state absorbance spectra
were recorded using a Shimadzu UV-3600 instrument with the sample
in transmission mode, measuring absorption with a slit width of 1.0 nm
and a data sampling interval of 0.5 nm. Absorbance was corrected us-
ing transmittance and reflectance measurements. Steady-state emission
spectra were retrieved using an Edinburgh Instruments FLS-1000 instru-
ment, measuring in the UV-vis region (PMT-900 detector). Emission mea-
surements were collected with the thin films at a shallow, off-axis, angle of
~45% to minimize scatter and reabsorption. Typical slit widths for the emis-
sion measurements were between 2.5 and 5 nm and data sampling over
0.5 nm intervals. Time-resolved emission measurements (time-correlated
single photon counting) were recorded using a Pico Quant PicoHarp 300
instrument, exciting samples with a 405 nm laser diode with a 20-40 Mhz
repetition rate. Fitting of photoluminescence decay measurements was
completed with the same instrument’s proprietary “Easy Tau 2" software
suite (version 2.3). Measurements were repeated several times to obtain
average values within a narrow standard deviation.

For low-temperature photoluminescence measurements, the thin-film
samples were mounted on a temperature-controlled stage (THMS600,
Linkam Scientific Instruments) equipped with optical windows to allow
excitation and emission collection. Excitation and emission signals were
guided to and from the stage using optical fibers. The sample temperature
was regulated with a nitrogen gas cooling system, allowing controlled vari-
ation from 293 down to 140 K in steps of 10 K. At each step, the tempera-
ture was stabilized for T min before acquisition. A continuous Xenon lamp
was employed as the excitation source, while the emitted signal was de-
tected using a photomultiplier tube (PMT-980) detector. Emission spectra
were fitted to an exponentially modified Gaussian peak function after ap-
plying a smoothing function to compensate for noisy, low-intensity spec-
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tra. The spectral full width at half maxima acquired from this fitting across
the full temperature range was then used to derive Huang-Rhys factors
and phonon energies for the samples. Note that the modeling is neces-
sarily qualitative because the emission spectrophotometer cannot capture
the complete spectrum.

Transient absorption spectroscopy measurements were obtained using
an in-house ultrafast pump-probe instrument, which has been described
earlier.[%'] In brief, 100 fs fundamental laser pulses at 800 nm (at a repe-
tition rate of 1 kHz) were generated by a Libra F Ti:sapphire laser system
(Coherent Inc.). 90% of the fundamental output was used to pump a Topas
C optical parametric amplifier (Light Conversion Ltd.), generating sample
pump pulses at 400 and 580 nm for this study. The pump beam had a
diameter of ~0.5 mm at the sample. These excitation wavelengths were
selected to predominantly excite the continuum band or excitonic states
respectively. The remaining 10% of the fundamental was used to generate
white light continuum probe pulses through a 2 mm pathlength cuvette
containing water. A time-resolved spectrometer (ExiPro, CDP Inc.) was
used to collect a series of delayed transient absorption spectra over the de-
sired wavelength range, recording 3000 averages per measurement. Multi-
exponential data fitting to obtain decay-associated differential spectra and
fitted single-point kinetics were obtained using in-house software.[6?]

Microscopy: ~ Optical microscope images were obtained using a Zeiss
Axio Imager Pol polarized light microscope with the polarizers retracted.
Atomic force microscopy images were recorded on a Brucker Dimension
Icon imaging platform using the proprietary ScanAsyst tapping mode.
AFM imaging used a Brucker SCANASYST-AIR probe, where the lift height
was typically 150 nm, and the instrument allowed to optimize imaging
force setpoint (typically 0.5 nN). Images were obtained at 512 x 512 pixel
resolution using a scan speed of 0.5 Hz. Optical and AFM images were
obtained under room temperature and pressure conditions. Analysis of
AFM images was conducted with the freely available Gwyddion software
suite (version 2.64).183] Roughness values were measured from a 128 x
512 section of sample in the center of the frame.

Scanning electron microscopy images were taken with a field emission
scanning electron microscope (Zeiss Ultra Plus) operated at 3 kV acceler-
ation voltage, imaging in-lens mode. The films were coated with 5 nm of
carbon before imaging using a Leica EM ACE600 coating system. Images
were recorded both for the perovskite materials on microscope slides and
on fluorine-doped tin oxide glass.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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