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ABSTRACT

Exciton-exciton interactions are fundamental to the light-emitting properties of semiconductors, influencing applications from lasers to
quantum light sources. In this study, we investigate the spectroscopic signatures and binding energy of biexcitons in a metal halide two-
dimensional Ruddlesden—Popper structure, which is known for hosting distinct excitonic resonances (X; and X») with unique lattice coupling.
These multiple resonances enable the formation of both self- and cross-coupled biexcitons (mixed biexcitons). Using three spectroscopic
techniques—photoluminescence and two variations of two-dimensional electronic spectroscopy (2DES)—we map coherent one-quantum
and two-quantum correlations to gain deeper insight into the biexciton characteristics. While PL spectroscopy is hindered by spectral broad-
ening and reabsorption, 2DES provides a more accurate characterization, revealing multiple biexciton states and uncovering the mixed
biexciton species arising from exciton cross coupling. These findings highlight the importance of advanced spectroscopic approaches in
accurately determining biexciton binding energies and offer new perspectives on many-body interactions in exciton-polarons within layered
perovskites.
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I. INTRODUCTION

A key factor influencing the light-emitting properties of a
semiconducting material is the strength of exciton-exciton inter-
actions. In highly excited materials, these interactions cause a shift
in the emission frequency of a biexciton (a bound pair of exci-
tons) compared to a single exciton. This biexciton shift is sometimes
harnessed in applications such as lasers,' * where it facilitates pop-
ulation inversion in the biexciton-to-exciton transition or in the
realization of Bose-Einstein condensation of polaritons.”* How-
ever, in light-emitting applications, biexcitons can reduce efficiency
at target wavelengths or compromise the quantum purity of emit-
ted photons. In essence, biexciton binding is representative of the
underlying many-body interaction potential, which is a critical

semiconductor characteristic that defines the functionality of a given
material system.

The ability to tune the biexciton binding energy is highly desir-
able, and the first step in this process is to accurately determine its
value using various spectroscopic techniques. The most straightfor-
ward approach is photoluminescence (PL) spectroscopy, where the
energy difference between the exciton and biexciton emission peaks
provides a direct estimate of the biexciton binding energy.” ' Alter-
natively, transient absorption spectroscopy can be used, in which
the energy of the photoinduced absorption feature, correspond-
ing to excited-state absorption from the exciton to the biexciton
state, serves the same purpose.u’“‘ However, these widely used
methods face significant challenges due to strong spectral overlap
between multiple broad features, resulting in spectral congestion.
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In addition, the unambiguous assignment of spectral features to
biexcitons remains problematic, as other species—such as defect
states, self-trapped excitons, or various excited-state species—may
exhibit similar energy signatures, further complicating the estima-
tion. Many-body interactions in material systems that host mul-
tiple excitons give rise to multiple biexciton-like species, making
the photophysics even more complex. These simple spectroscopic
techniques are often insufficient to resolve such intricacies.

We employ two-dimensional electronic spectroscopy (2DES)
as an alternative approach to overcome these limitations and to
elucidate the spectroscopic signatures of biexcitons. As a case
study, we investigate two-dimensional Ruddlesden-Popper metal
halides—prototypical excitonic systems known for their complex
many-body interactions.

Notably, the optical excitations in these materials can be
described as exciton-polarons, where the electron-hole pairs are
dressed by lattice phonons. Our previous findings demonstrated that
this unique lattice coupling gives rise to multiple coexisting excitonic
resonances in the optical spectra separated by ~35-40 meV.'” "’
These exciton states exhibit distinct many-body interactions and
biexciton binding characteristics.”’

While our previous studies have primarily focused on
phenethylammonium lead iodide ((PEA),Pbly), here, we investi-
gate its fluorinated counterpart, in which the organic cation PEA
is replaced by F-PEA, featuring a fluorine substitution at the para-
position. In a recent study,”’ we observed that this substitution
induces subtle yet distinct changes in the lattice parameters, par-
ticularly in the octahedral distortions of the metal-halide network.
While these structural modifications are not pronounced enough
to significantly alter the electronic structure or exciton binding
energy, they have a remarkable impact on exciton-lattice interac-
tions. Notably, we find that these changes manifest in measurable
variations in the exciton spectral line shapes observed in optical
absorption, primarily due to modifications in the Huang-Rhys para-
meters. Furthermore, as reported in Ref. 21, this substitution also
affects many-body scattering rates. A key motivation of this study
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is to explore whether multi-exciton dynamics are similarly influ-
enced by organic-inorganic interactions within the lattice, and our
findings indeed suggest that such interactions play a role.

Il. RESULTS AND ANALYSIS

The linear absorption spectrum of the polycrystalline thin film
of (F-PEA),Pbl,, measured at 15 K, is shown in Fig. 1(a). It exhibits
a characteristic excitonic peak, accompanied by a broad shoulder
at higher energies, likely due to overlapping contributions from
a higher-lying excitonic resonance, as discussed in Refs. 19 and
21. Also shown in Fig. 1 is the photoluminescence (PL) spectrum
obtained from the same sample via photo-excitation of carriers in
the continuum. The PL spectrum features two well-resolved reso-
nances: the primary peak, exhibiting a relatively small Stokes shift
from the absorption peak, corresponds to the radiative recombina-
tion of excitons. In addition, a redshifted peak appears at around
2.3 eV, whose intensity increases with higher excitation fluence, as
shown in Fig. 1(b). Given its fluence dependence, previous stud-
ies have attributed this peak to the relaxation of a biexciton state,
which preferentially forms at higher carrier densities before decay-
ing into the exciton state.””*” Consequently, this straightforward PL
measurement provides a means to estimate biexciton binding ener-
gies, which have been reported to be ~40-50 meV in similar material
systems.

To accurately determine the biexciton binding energy from the
PL spectra, we fit the PL spectrum with a double Gaussian func-
tion [solid lines in Fig. 1(b)], extracting the peak positions of the
two resonances. The energy difference between these peaks provides
an estimate of the binding energy, which, in this case, is 44 meV.
This value aligns well with reported values for two-dimensional per-
ovskite derivatives and follows the empirical relationship between
exciton and biexciton binding energies.”*”***" As shown in Fig. 1(a),
the Stokes shift is negligible and within the linewidths of both
the absorption and PL peaks. This suggests that the higher-energy
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FIG. 1. (a) Absorption (solid) and photoluminescence (dashed) spectra of (F-PEA),Pbls measured at 15 K. (b) Measured photoluminescence spectra (dots) of
(F-PEA),Pbl, taken at 15 K, fit to a double Gaussian function (lines) to determine peak positions and calculate the biexciton binding energy; see Fig. 5(c). (c) Tem-
perature dependent photoluminescence, measured with a pump fluence of 389 uJ/cm?. Note that the data presented above were taken with a different spectrometer than
the 2DES measurements presented later in the article. A slight energy discrepancy (~0.02 eV or 5 nm) can be observed in the absorption from (a) and Fig. 3(a), which falls

within the calibration resolutions of the two spectrometers.
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components of the PL spectrum may be reabsorbed by the sam-
ple, leading to an underestimation of the biexciton binding energy.
In addition, we observe that the biexciton peak exhibits a broader
linewidth compared to the exciton peak. While this may indicate dis-
tinct thermal dephasing processes affecting exciton and biexcitonic
resonances, the temperature-dependent PL spectra suggest a more
intricate scenario.

Figure 1(c) shows that as the temperature increases, the inten-
sity of the biexciton resonance decreases, and its peak shifts closer
to the exciton resonance, implying a reduction in biexciton bind-
ing energy. However, the broad linewidths, particularly at elevated
temperatures, prevent us from drawing definitive conclusions. These
observations highlight how reabsorption effects and broad spec-
tral features obscure the biexciton photophysics, demonstrating that
linear spectroscopy alone is insufficient for a complete analysis.

To overcome the limitations of linear spectroscopy in study-
ing biexciton photophysics, we employ two-dimensional electronic
spectroscopy (2DES), which offers distinct advantages by resolv-
ing both spectral and temporal dynamics that linear methods
cannot capture. Unlike absorption and photoluminescence (PL)
spectroscopy, which provide ensemble-averaged spectral informa-
tion, 2DES differentiates between homogeneous and inhomoge-
neous broadening, offering a clearer view of excited-state ener-
gies. It directly maps exciton-biexciton couplings, which are often
obscured in linear spectra due to overlapping features and reab-
sorption effects. Furthermore, 2DES tracks coherence dynamics and
many-body interactions over time, providing critical insights into
dephasing mechanisms.

The 2DES method resolves the nonlinear optical response of
a system—coherent radiation generated by a nonlinear polarization
induced by three phase-controlled femtosecond pulses—along two
correlated energy axes: excitation and emission energies. Figure 2(a)
shows the schematic representation of the experimental setup, in
which A*, B, and C represent the excitation pulses, incident on
the sample with their respective wavevectors—ka, ks, and kc. The

LO+SFwM

. Spectrometer
Sample in

cryostat

tabs/t1Q
K
= tpop/tzQ

FIG. 2. (a) Geometry of the excitation pulse-train beam pattern (red) and the res-
onant four-wave mixing signal (SFWM, yellow-orange), detected by interference
with a local oscillator (LO). We use the BoxCARS beam geometry, in which three
pulse trains (A, B, C) propagating along the corners of a square are focused onto
the sample with a common lens, defining incident wave vectors ka, kg, and k.
The LO beam, on the fourth apex of the incident beam geometry, co-propagates
with Spyy with the wave vector imposed by the chosen phase-matching condi-
tions. By changing the time-ordering of the pulse sequence, we measure two
distinct nonlinear responses: (b) 1Q rephasing signal and (c) 2Q non-rephasing
signal.
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excitation energy response is extracted from a time-domain coher-
ent excitation measurement, while the emission energy response
is obtained via spectral interferometry with a fourth replica pulse,
local oscillator (LO). This approach effectively reconstructs the
spectral structure observed in the absorption spectrum, revealing
diagonal peaks that represent optical-transition autocorrelations. In
addition, off-diagonal cross peaks emerge in the presence of corre-
lations between different optical transitions. Importantly, excited-
state absorption (ESA) contributions—such as those arising from
multiexciton states—can be obscured in linear or incoherent non-
linear measurements like transient absorption but are distinctly
identifiable in a 2D coherent spectral experiment. The multidimen-
sional spectrometer used in this study is based on the Coherent
Optical Laser Beam Recombination Technique (COLBERT).*

By modifying the sequence of incident pulses, as shown in
Figs. 2(b) and 2(c), our experimental setup allows us to conduct two
distinct measurements: one-quantum (1Q) and two-quantum (2Q)
correlations. The 1Q total-correlation measurement probes the tran-
sitions between the ground state and the first set of excited states,
as well as subsequent excitations to higher states via an interme-
diate photo-excited population. In contrast, the 2Q non-rephasing
measurement directly probes coherences between one-quantum and
two-quantum states, without involving a population term. This
makes it a more selective approach for detecting coherences asso-
ciated with higher-lying excited states. Further details on these
experimental schemes can be found elsewhere’® and in Sec. B of the
supplementary material.

We first focus on the one-quantum experiments. We note
that the chosen experimental scheme, where the emitted signal is
acquired at Esig = —Ea + lgb + Ec [see Fig. 2(b)], allows us to mea-
sure the 1Q rephasing spectrum, absolute and real parts of which
are shown in Figs. 3(b) and 3(c), respectively. The pump laser
spectrum (shaded), which was measured after interacting with the
sample, covers all the excitonic features in the absorption spec-
tra of (F-PEA),Pbl, and is shown in Fig. 3(a). We observe two
main features along the diagonal, corresponding to the two domi-
nant resonances in the linear spectrum, which we label as X; and
X>. These resonances are obscured by the broad inhomogeneous
broadening in the linear spectrum while distinctly visible in the
2DES-1Q spectrum. The diagonal feature line shapes can be ana-
lyzed to estimate the exciton—phonon interactions and many-body
scattering processes, which are discussed elsewhere.”” Note that the
absorption and PL data from Fig. | were taken with a different spec-
trometer than the 2DES measurements. A slight energy discrepancy
(~0.02 eV or 5 nm) can be observed in the absorption from Figs. 1(a)
and 3(a), which falls within the calibration resolutions of the two
spectrometers.

Now, we focus on the prominent off-diagonal feature, red-
shifted from the diagonal. We attribute this to excited-state absorp-
tion (ESA) from the 1Q states to higher-lying 2Q transitions,
consistent with previous studies.”””"" This assignment is further
supported by the observed relative 7 phase shift in the single exciton
emission within the real 1Q spectra [see Fig. 3(c)].

Moreover, this off-diagonal feature in the 1Q rephasing cor-
relation spectrum provides a second approach for estimating the
biexciton binding energy (Es,). In particular, this corresponds to
the energy difference between the excitation energy (ground state
to exciton transition) and the emission energy of the ESA feature
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FIG. 3. (a) Absorption spectra (black line) and pump laser spectra (blue shaded
region) used during the experiments. The laser spectra were measured with
the sample in the path, resulting in a minimum at the excitonic features of
(F-PEA),Pbls. (b) Absolute and (c) real one-quantum rephasing 2D coherent
spectrum of (F-PEA),Pbls measured at 7 K.

(exciton to biexciton transition). A critical factor in this estimation
is precisely determining the ESA feature’s peak position. To achieve
this, we perform a gradient calculation on the absolute 1Q spectra,
generating a vector map that allows for a more accurate localiza-
tion of the ESA peak; see Fig. S3 and Sec. C of the supplementary
material for more details. The resulting biexciton binding energy
is estimated to be Ep, ~ 50 meV, approximately 7-10 meV higher
than the estimation obtained from photoluminescence (PL) mea-
surements. While we consider this a more precise estimate of Ep,,
we acknowledge that the feature lacks a well-defined peak. Conse-
quently, substantial uncertainty remains in determining the peak
position due to the extended tail of the feature toward the diagonal
of the correlation map, even with gradient analysis.

In addition, two distinct resonances along the diagonal indicate
the presence of two separate excitonic species in this material. Each
of these states is expected to have associated two-quantum states
and possibly a mixed two-quantum state. In fact, such states could

ARTICLE pubs.aip.org/aipl/jcp

contribute to the extended tail of the ESA feature and the broader
linewidth in the PL spectrum. However, we lack direct access to the
complex multi-particle correlations inherent in these systems due
to the absence of clear spectroscopic signatures in both linear and
one-quantum 2DES spectra. To further explore such correlations,
we employ two-quantum 2DES methods.

In a two-quantum rephasing experiment, the emission signal is
detected at I;S,-g = I;b + Ec - Ea; see Fig. 2(c). This results in a rephas-
ing spectrum that correlates the energy of two-quantum states with
the energy of one-quantum excitations. The experimentally mea-
sured two-quantum (2Q) correlation spectrum (absolute value) of
the sample at 7 K is presented in Fig. 4(a). Five distinct and clearly
visible features, labeled ﬁl—ﬁs, can be identified.

Before assigning these observed features, we first examine the
expected signatures in a typical 2Q correlation map. If a two-
quantum state exists with zero binding energy relative to a given
one-quantum state, a feature should appear along the diagonal line
Eexcitation = 2Eemission. However, if there is a finite binding energy due
to attractive interactions, the resonance is expected to appear below
this diagonal. The shift from the diagonal quantifies the binding
energy. This resonance can be understood through an excitation
pathway in which the first two pulses generate coherence between
the ground state and a two-quantum state, while the third pulse
projects onto coherence between the one-quantum and ground
states, emitting the measured four-wave mixing signal. This pro-
cess is represented by the double-sided Feynman diagram X in
Fig. 4. Another possible excitation pathway, corresponding to the
employed pulse sequence, is represented by diagram X, which leads
to the emission at the energy of the exciton-biexciton coherence,
and thus is expected to appear to the left of the diagonal.

Returning now to the experimental map, we deduce that fea-
tures 3, and 3, correspond to diagrams Z; and X, and are associated
with the biexciton B; of the exciton Xi, the dominant peak in the
linear absorption spectrum. Similarly, feature ., which corresponds
to nonlinear signal emission at the energy of X, is assigned to dia-
gram X, with biexciton B;. To further understand the 2Q signatures,
we simulate the 2Q coherent response by analyzing the Liouville-
space pathways.”” We utilize the expressions for the emitted field, Sy
(2Q component), derived using time-dependent perturbation the-
ory assuming that the pulses are in the impulsive limit. Based on the
two dominant excitonic signatures observed in the 1Q spectra, we
assume singly and doubly transitions for two distinct excitons (X; =
2.324 eV and X, = 2.339 eV). The model is similar to what has been
described for the heavy and light holes in GaAs.*® All the expressions
are shown in Sec. D of the supplementary material. For simplicity,
we do not include complex multiexciton interactions’”**** (besides
the biexciton binding energy) or inhomogeneous broadening; how-
ever, as shown below, this minimal model is enough to describe the
biexcitonic landscape.

To reproduce the observed features, we incorporate biexci-
ton binding energies of approximately Ep, ~ 47.6 meV and Ep, ~ 10
meV. These values can also be estimated directly from the correla-
tion map by measuring the positions of 3, and ;. The displacement
of these features from the diagonal along the 2Q excitation axis pro-
vides an accurate estimate of the binding energy. The simulated 2Q
correlation map considering all the self-interactions of X; and X,
and associated with diagram X, and %, is shown in Fig. 4(b).
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FIG. 4. Two-quantum nonrephasing 2D coherent absolute spectrum of (F-PEA),Pbl,; measured at (a) 7 K. Simulated two-quantum response considering two excitons
(X1 =2.324 eV and X, = 2.339 eV) and the following Feynman pathways: (b) self-interactions, =12, and (c) both self- and cross-interactions, 212 34. The biexciton binding
energy for biexciton 1 (Eg, = 47.6 V) is determined from experiment. The binding energy for biexciton 2 (Eg, ) and the mixed biexciton (Eg,, ) binding energy were set to
Ep, = 10 meV and Ep,, = 33 meV. The Feynman pathways considered in the simulation are shown, where X;_4 , and B;—4 , represent the exciton and biexciton, respectively.

It can be seen from Fig. 4(b) that self-interactions of X; and X,
alone are not sufficient to reproduce the experimental map. In par-
ticular, we cannot rationalize features 8, and 3,. To account for these
features, we consider additional excitation pathways shown as dia-
grams X3 and X4, which contain excitation of coherence between the
ground state and a mixed two-quantum state Bi,. This corresponds
to a biexciton that forms due to the binding of X; and X, due to
cross-interactions. As it can be seen in Fig. 4(c), pathways X3 and
24 accurately reproduce the 3, and j3,, confirming the presence of a
biexcitonic state with mixed character. To reproduce the energetic
location of the 3, in the 2Q map, we evaluate the mixed biexciton
binding energy, Eg,,, to be ~33 meV; see Fig. S4(a) and Sec. C of the
supplementary material for more details.

We note that the biexciton signatures in the 2Q spectra are sim-
ilar but not identical to what was reported in other material systems,
including in GaAs quantum wells. In GaAs quantum wells, the bind-
ing energy is considerably smaller than in the 2D perovskite systems
we study here. As a result, spectral features associated with the two
self-interaction pathways in GaAs tend to overlap due to thermal
broadening, making it difficult to resolve them cleanly. In contrast,
the larger biexciton binding energy in our system allows for clear
separation of the X; and X, contributions in both experiment and
simulation.

lll. DISCUSSION

Returning to the initial motivation behind performing
two-dimensional electronic spectroscopy (2DES) measurements—
obtaining precise and unambiguous estimates of biexciton binding
energy—we emphasize that the two-quantum (2Q) measurements
provide the clearest spectroscopic signatures associated with biexci-
tons among the three methods explored in this study. The 2Q corre-
lation map reveals well-defined and distinct spectral features corre-
sponding to various biexcitons, which arise due to self-interactions
and cross-interactions between different excitonic states. This level

of resolution and specificity is not as easily achieved with the other
techniques.

By consolidating the biexciton binding energy estimates
obtained from the three different methods, we find that Ep, is
determined to be ~40 meV from photoluminescence (PL) spec-
troscopy, 46.7 meV from the 2Q spectrum, and 50 meV from the
one-quantum (1Q) spectrum. Although all of these values are rela-
tively close, the estimate derived from the 2Q spectrum is considered
the most reliable. This is because 2Q spectroscopy minimizes ambi-
guities related to spectral broadening and overlapping resonances,
providing a more direct measurement of biexciton binding energies.

The temperature dependence of biexciton binding energy, as
determined from the three different methods, is shown in Fig. 5(c),
revealing an intriguing trend. Notably, the binding energy extracted
from PL spectra is consistently lower than the values obtained from
the other two methods across all measured temperatures. More
significantly, biexciton binding energy exhibits a clear decreasing
trend with increasing temperature. We focus first on the estimates
obtained with lower excitation density, shown as PL Low in the plot.
Note that for this dataset, it was not possible to estimate binding
energy beyond 80 K due to lack of a clear biexciton peak in the
spectrum. While this reduction could be attributed to thermal fluc-
tuations weakening the interaction strength between excitons, it is
important to interpret these results with caution. The estimation of
binding energy from PL spectra is particularly susceptible to uncer-
tainties, primarily due to self-absorption effects and broad spectral
linewidths, which become more pronounced at higher tempera-
tures. These factors introduce challenges in accurately determining
biexciton binding energy, underscoring the limitations of PL-based
measurements in this context.

Figures 5(a) and 5(b) present the 2Q spectra recorded at 30
and 60 K, respectively. The 30 K spectrum closely resembles that at
7 K [Fig. 4(a)], with a nearly identical estimated binding energy. At
60 K, however, the spectrum undergoes a significant transformation,
with feature B, becoming more prominent. This makes it difficult
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FIG. 5. Two-quantum nonrephasing 2D coherent absolute spectrum of
(F-PEA),Pbl, measured at (a) 30 K and (b) 60 K, revealing that the relative inten-
sity of the mixed biexciton feature increases with increasing temperature. (c) Biex-
citon binding energy calculated from, photoluminescence, one-quantum rephasing
and two-quantum nonrephasing 2DES measurements. The gray dashed lines rep-
resent the biexciton binding energy calculated from two-quantum nonrephasing
2DES for By and the mixed biexciton state B.

to estimate the binding energy of B; and, consequently, to deter-
mine its temperature dependence. Nevertheless, features 8, and 8,
remain at similar positions, suggesting minimal changes in the biex-
citon binding energy—contrary to what PL measurements imply.
This indicates that enhanced disorder has little effect on the exciton
binding energy at temperatures below 60 K. However, such effects
may become more pronounced above 100 K, a regime beyond the
scope of this article.

Examining the binding energy obtained via the PL method at
higher excitation densities, we find consistently higher values com-
pared to those at lower densities. This behavior may result from
many-body effects or state filling, which alter excitonic interac-
tions. However, due to the inherent limitations of the PL-based
method, this observation cannot be directly verified. Similarly, the
biexciton binding energies extracted from the 1Q spectrum are also
higher than those from the 2Q spectrum. This difference is notewor-
thy, as the one-quantum nonlinear response involves a population
term, whereas the 2Q response arises purely from coherences (see

ARTICLE pubs.aip.org/aipl/jcp

diagrams in Fig. 4). Thus, the 2DES data support the PL-based
suggestion that higher excitation densities may enhance biexciton
binding.

From a photophysical perspective, however, binding energy is
expected to decrease due to screening effects. These effects also man-
ifest as excitation-induced shifts and characteristic dispersive line
shapes in the 1Q spectrum, as discussed in our previous work."”
The impact on biexciton binding warrants further investigation, par-
ticularly through studies of biexciton population dynamics, which
require a y* process induced by a five-pulse interaction.

The trends discussed above regarding intensity and temper-
ature, summarized in Fig. 5(c), raise several pertinent questions.
While we have only a few indicative answers, these findings inspire
more focused research to unravel the complex photophysics of biex-
citons. That said, our study highlights the utility of 2Q correlation
maps in both improving the accuracy of binding energy estimates
and identifying signatures of self- and cross-interactions between
excitons.

One may, however, be intrigued by the absence of signatures
of this mixed state in the 1Q and PL spectra. Notably, the ESA
feature exhibits an extended tail, hinting at the possible presence
of another feature, as has been observed for (PEA),Snls.”* More-
over, as discussed in Sec. 1, the biexciton feature in the PL spectrum
has a substantially broader linewidth compared to the exciton. This
broadening could result from overlapping emissions of two co-
existing biexcitons, B; and Bj;. The binding energy of B; is small
enough to strongly overlap with the emission from X;. In fact, the
binding energy estimated from PL falls between the values of Ep,
and Ep,, (indicated by dashed lines in the figure), suggesting that the
PL spectrum averages over both states.

In addition, the 2Q spectra in Fig. 5(b) reveal that the relative
intensity of the feature associated with By, increases with increasing
temperature. Consequently, as the PL binding energy shifts toward
the value of Ep,, at elevated temperatures, this suggests an increased
contribution from the mixed state. However, the underlying mech-
anism driving this trend remains unclear, and its connection to PL
variations is speculative. Nevertheless, our results provide definitive
evidence of the mixed state’s presence in 2Q spectra.

The identification of multiple biexcitonic states with distinct
characters and binding energies has significant implications for
the photophysics of Ruddlesden-Popper metal halides and, more
broadly, for metal halide perovskites. These technologically relevant
materials are well known for their strong electron-lattice coupling
effects, which impart polaronic character to their photo-excitations.
Previously, we discussed how the peculiar optical line shape at the
exciton energy—such as the one shown in Fig. 3(a)—arises from
these unique lattice interactions. The distinct resonances, labeled X;
and X, for convenience, likely represent exciton polarons with dif-
ferent lattice coupling strengths, as it has been shown through time-
resolved vibrational spectroscopy that different excitons induce
unique lattice reorganization.'® This is proof of polaronic character,
indicating a complicated exciton landscape where the spectral fine
structure portrays a family of coexisting excitons, each with a dis-
tinct lattice dressing.'” However, an alternative interpretation in the
literature suggests that these multiple resonances are simply phonon
replicas of a single exciton state.® In this context, our observation
of the mixed biexciton state supports our perspective that X; and X,
are indeed two distinct states, capable of Coulombic cross coupling
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to form mixed biexcitons. Furthermore, X; and X, exhibit distinct
self-interactions, as reflected in the significantly different binding
energies of Ep, and Ep,. Since these excitons are uniquely dressed
by lattice phonons with varying degrees of anharmonicity,'”'” our
findings suggest that lattice dressing plays a crucial role in shaping
multi-excitonic correlations.

Finally, we note that a similar study on another
Ruddlesden-Popper metal halide, (PEA),Pbly, revealed evi-
dence of both attractive and repulsive self-interactions but no
dominant signatures of cross coupling.”’ In contrast, the material
variant examined here, featuring a substituted organic cation,
exhibits slightly different biexcitonic couplings. Recent findings
suggest that variations in the organic cation induce subtle modi-
fications in the lattice degrees of freedom. A more systematic and
detailed investigation is needed to understand how such lattice
modulations influence the many-body interactions of excitons.

IV. CONCLUSIONS

We investigated the spectroscopic signatures of biexcitons in
the two-dimensional hybrid semiconductor (F-PEA),Pbl, using
three different methods. The widely used PL-based technique, which
identifies biexcitons through redshifted features in the PL spec-
trum at elevated densities, is hindered by reabsorption and spectral
broadening, making its biexciton binding energy estimates unre-
liable. Coherent nonlinear spectroscopy provides a more robust
alternative. In the 1Q rephasing spectrum, we identify excited-state
absorption features as biexciton signatures. However, significant
spectral overlap still prevents precise binding energy estimation.
The 2Q spectrum, which maps correlations between one-quantum
and two-quantum excitation energies, emerges as the most accurate
method for determining the biexciton binding energy. Furthermore,
it reveals the diversity of biexciton states arising from multiple exci-
tonic resonances. Our findings show that biexciton binding energy
varies depending on the self-interaction of distinct excitonic states.
In addition, we identify a clear spectral feature supporting the
existence of a mixed biexciton state resulting from exciton cross
coupling. Finally, by comparing our results with existing litera-
ture on other Ruddlesden-Popper metal halide variants, we observe
that biexcitonic properties may be influenced by organic cation
substitution in the material.

SUPPLEMENTARY MATERIAL

The supplementary material includes experimental details,
including sample preparation and the experimental setup, a note
on the method used to estimate the biexciton binding energy from
various experimental techniques, and analytical expressions used to
simulate the 2Q spectra.
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