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Abstract

With growing interest in the lead-free derivatives of the metal-halide perovskites,

it is imperative to fully understand the contribution of the metal cation to their desir-
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able excitonic characteristics. Here, we explore this question by performing an in-depth
spectroscopic and theoretical analysis of phenethylammonium tin iodide ((PEA),Snl,),
a prototypical tin based MHP, and rigorously compare it with its lead counterpart. We
elaborate on the origin of multiple excitonic resonances uniquely observed in the linear
absorption spectrum of (PEA),Snl, at energies about 200-300 meV above the primary
exciton. By performing calculations based on density functional theory and many-
body perturbation theory, we suggest that the excitonic series at these higher energies
are composed of electronic transitions from a lower lying valence band. Importantly,
the valence band splitting is driven by the octahedral conformations that follow subtle
variations in the organic-inorganic interactions within the crystal lattice. We exper-
imentally show that the presence of the higher energy excitonic resonance results in
a relatively slow nanosecond component in the formation dynamics of the primary
exciton, in addition to the ultrafast phonon-driven hot carrier thermalization. While
the presence of such slow relaxation channel for the excitons might be beneficial to
many optoelectronic applications, our work suggests its possible control via systematic
design of the organic cation. Moreover, our observations indicate that spin-orbit cou-
pling does not play a primary role in the intricate yet crucial changes in the excitonic

characteristics imparted by the tin substitution.
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Introduction

The re-emergence of two-dimensional metal halide perovskites (2D MHPs)!™3 with large
exciton binding energies has not only fueled technological interest,*> but also provided an
excellent material platform to explore intriguing excitonic many-body physics® ! via various

advanced spectroscopies. From a technological standpoint, such spectroscopic studies are



used to explore and determine the material handles that enable optimization of desirable
optoelectronic properties - light emission, charge photo-generation and transport.!? To that
end, most of the recent work on 2D-MHPs focused on the organic cation, highlighting its
role in controlling the structural and vibrational parameters and consequently the electronic
properties. 3715 Alternatively, mixing of two different organic cations has been suggested as
a way to self-assemble 2D-MHPs of varied thicknesses with reduced defect densities and with
excellent luminescence efficiencies. 1620

Most of the investigations, however, have been performed on lead-based systems, leaving

the effect of the metal cation on the excitonic characteristics as an open question. This
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problem garners relevance due to the growing interest in tin-base and tin-alloye
MHPs driven by environmental and stability concerns caused by the use of lead.3* Substi-
tution of lead with Sn**3> or Ge?" 3336 will also enable us to address some of the contested
claims on the peculiar characteristics of excitons in 2D-MHPs that distinguish them from
their counterparts in other 2D materials.?” The imposing role of lattice dressing, the resul-
tant polaronic effects, and the unique spin-structure due to the large spin-orbit coupling
indeed are under-explored concepts in the context of 2D exciton physics. These issues can
be addressed by a rigorous comparison of spectroscopic signatures of excitons in 2D-MHPs
with comparable structural parameters, but with controlled substitution of the metal cation.

In this work, we perform steady-state and time-resolved spectroscopy of a prototypical
2D-MHP based on tin: phenethylammonium tin iodide ((PEA),Snl,) and compare its char-
acteristics with those of phenethylammonium lead iodide ((PEA),Pbl,), widely reported in
the literature. In addition to the excitonic resonances well below the carrier continuum, we
identify the spectroscopic signatures of higher energy excitonic states in (PEA),Snl, which
are absent in (PEA),Pbl,. By using ground and excited-state ab-initio simulations, we
explain the microscopic origin of the spectral features observed in the steady state opti-
cal absorption spectrum of (PEA),Snl,. Our analysis shows that, while the first optical

resonance is due to a strongly bound exciton involving the two highest occupied and four



lowest unoccupied states near the A-point of the Brillouin zone (BZ), the second optical
peak around 2.3eV has a contribution from another excitonic series involving transitions
from two lower-lying valence bands to the same set of unoccupied states. As we will dis-
cuss, the origin of these split valence bands is explained by the different structural distortion
of the two inorganic layers induced by the organic components. Interestingly, although we
demonstrate the similarity in the phonon driven, ultrafast carrier thermalization and exciton
formation rates in (PEA),Snl, and its lead counterpart, we clearly identify the presence of
an additional exciton relaxation channel in the nanosecond regime owing to the higher lying

excitonic states acting as population reservoirs for a part of the photo-generated carriers.

Results

The experimental absorption spectrum of (PEA),Snl, taken at 25K is shown in Fig. 1(a).
We observe a red-shift in the entire spectrum with respect to the lead counterpart (also shown
in Fig. 1(a)),® owing to the change in the lattice parameters, and a lineshape qualitatively
similar to that of (PEA),Pbl, with a well defined excitonic resonance (labelled X g). Unlike
in the case of (PEA),Pbl,, here we do not observe a clear continuum edge and accordingly we
cannot reproduce the lineshape using the Elliott’s formalism. We note that the empirically
modified Elliott’s formalism used by Neutzner et al®*3? and Passarelli et al*° to reproduce the
absorption spectrum of (PEA),Pbl, is also insufficient for the lineshape shown in Fig. 1(a).
This highlights the need for a more rigorous analytical framework that considers the photo-
physical characteristics in their entirety beyond the empirical considerations, which is out of

the scope of this work.
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Figure 1: (a) Experimental linear absorption spectrum (solid line) of polycrystalline film of
(PEA),Snl, taken at 25 K. The red-shifted (by 440meV) spectrum of (PEA),Pbl, is also
shown as dashed line for comparison(Data reproduced with permission from Ref. 38). (b)
Theoretical spectrum of excitons obtained via DFT4+GW+BSE simulations at 0 K. The red
and grey symbols represent the multiple bright and dark excitonic states identified in the
theory, respectively. (¢) DFT bandstructures for (PEA),Snl, with electron and hole states
(red areas) associated to three main exciton resonances identified in the theoretical optical
spectrum as Xrg, Xgrg_1 and Xgyp_o.

A relatively broad yet clearly discernible resonance in the spectrum shown in Fig. 1
(a), centered around 2.3¢eV (labelled Xpyg), suggests the presence of additional resonances
within the continuum, which are not accounted for in the Elliott framework. Remarkably,
(PEA),Pbl, does not exhibit features akin to Xypg at higher energies despite the apparent
structural similarity of both the materials. While this might indicate that the changes in the

absorption spectrum due to the tin substitution may be the outcome of the reduced spin-



orbit coupling, here we demonstrate, by using DFT and many body perturbation theory
(MBPT) approaches, that the subtle structural variation of metal-halide layers arising from
the organic-inorganic interactions holds the key.

74 we perform a set of full relaxation runs for sev-

Starting from experimental X-ray data
eral possible atomic structures, to identify the most stable geometries (Figs.S1,52), ground
state total energies and corresponding DFT bandstructures (Fig.S4). The energetically most
stable structure, shown in Fig.2(a) (see also Fig. S1 in the SI), is governed by the positioning
of the terminal amino group of the organic cation which determines the lattice configuration
within the inorganic layer. We observe that the stable structure hosts two distinct tethering
positions of the amine group with the inorganic lattice. This indirectly leads to two dis-
tinct yet stable octahedral configurations within the Sn-I network that are equally probable,
shown in Fig.2(a) as differently colored structures. While we present these subtle structural
variations within two neighbouring 2D layers for the sake of clarity, they can co-exist even
within the same layer owing to the mutual independence of the organic cations. Accessibility
of two equi-energetic lattice configurations created by the organic cation has been identified
previously in 2D MHPs.?? Due to the random fluctuations in the position of the organic
tethering, we consider that such distinct configurations are hard, if not impossible to be
resolved in a typical X-ray scattering experiment.*!

Using the most energetically stable structure, we include the role of electronic many-body
effects both on the electronic and on the optical properties to allow a more quantitative
comparison with the experimental steady state absorption spectrum. Due to low-dielectric
screening and large quantum confinement, a wide renormalization of the DFT electronic
gaps occurs and strongly bound excitons determine the optical properties of these layered
perovskites. Similar to (BA),Pbl, reported by Palummo et al,*® the self-energy corrections
open the DFT gap of about 1.5 eV and produce a small reduction of the hole effective masses.

The quasi-particle band structure, obtained by using a self-consistent eigenvalue GW

(ev-GW) approach,* % is shown in Fig.S3. The lowest four unoccupied conduction bands



Figure 2: (a) Lateral view of the optimized most stable structure (1). For the sake of clarity
H atoms are not indicated. Mauve and light purple octahedra indicate the non-equivalent
geometrical rearrangement of the two inorganic layers after the full optimization. Green
(orange) atoms are PEA cations with terminal in-plane (out-of-plane) C-N bonds [Mauve
and light purple: Sn; Dark purple: I; Green and orange: PEA cations. Lateral view of
(b) Xpg and (¢) Xyp_1 exciton wavefunction square modulus. The green isosurface is the
probability of finding the electron when the hole position (gray large sphere) is fixed near a
given atomic site.(Mauve: Sn, purple: I, brown: C, light blue: N, white: H atoms)

are separated by higher states by 100 meV due to spin-orbit interaction (SOI), as shown by
a comparison of DFT band structures with and without SOI contributions (Fig.S4). The
analysis of the projected density of states (pDOS, Fig.S5) reveals that these unoccupied
states are mainly due to the p metal cation orbitals in the plane of the inorganic layer (p,..).

On the other hand, the four highest valence bands are associated to p iodine orbitals with



a non negligible contribution from s states of tin. We also observe a splitting of 500 meV
between the top valence bands and as we discuss in the SI, this splitting originates from
the slightly different lattice distortions of the two inorganic layers, mainly induced by the
organic cation.

A direct comparison can now be made between the steady-state experimental and the-
oretical absorption spectra, shown in Fig. 1(c). It is worth to note that they are in good
qualitative agreement: small remaining discrepancies in the position of excitonic peaks can
be attributed to the lack of phonon interaction in the theoretical spectra, and to an in-
complete convergence of higher energy structures due to limited number of transitions and
k-points in the BSE solution (see Fig. S6).

The origin of the first experimental peak X g is, as expected, excitonic in nature and, as
shown in the left panel of Fig. 1(c), it is due to transitions from the two highest occupied to
the four lowest unoccupied states near the A-point of the BZ. We consider that the broader
peak at Xgyg has two main contributions, which we identified as Xyg_ 1 and Xgg_ o in
Fig. 1(b). Xyg_» involves the same transitions as X g, but occurring at other k-points near
A and thus belongs to the same excitonic series. Instead, Xy g_1 involves transitions from two
lower-lying valence bands (Fig.1(c), central panel), then being the first bright exciton of a new
excitonic series similar to what is observed in 2D transition metal dichalcogenides (TMDs). 46
However, contrary to the case of TMDs, the splitting here is of a completely different origin
and as discussed previously, is a consequence of the organic-inorganic interactions.

Inspection of the square modulus of the exciton wavefunctions of X, g and Xgyg_1 in
the real-space gives further insights into the critical role of he lattice. Fig.2(b)-(c) show the
conditional probability of locating the bound electron (green contour map) with the hole
fixed in a probable position (black dot). It can be observed that the excitonic wavefunctions
of Xpg and Xyg_1 are localized within layers of distinct atomic distortions stabilized by
different amine configurations.

The presence of the higher energy exciton series arising from multiple electronic bands is



not only relevant for the linear absorption lineshape, but also can have non-trivial influence
on carrier dynamics. Additional relaxation pathways beyond those which are phonon-driven
may be present for the hot carriers, and may impede an efficient formation of the light-
emitting lower energy excitons. Accordingly, we investigate the photo-excitation dynamics
in (PEA),Snl, and their temperature dependence using ultrafast differential transmission
(DT) spectroscopy.

We acquire the DT spectra - time and spectrally resolved changes in the transmission of a
probe pulse induced by a pump pulse - with the pump energy tuned to the energy of X, g
at 1.96eV, thus resonantly generating the low energy excitons, and with the pump energy
at 3.1eV associated to hot carrier excitation. In Fig. 3 we show the normalized DT spectra
at different pump-probe delays for resonant ((a), (b)) and hot carrier ((c), (d)) excitations.
We highlight the spectral dynamics at two different spectral regions around the energies of
Xre and Xpyg in the linear absorption spectrum, also shown along with with DT spectra.
All the spectra in Fig. 1 are acquired at 77 K and on the same sample.

It is clear the DT dynamics are defined by the presence of multiple time-evolving and
overlapping bands. For the sake of convenience, we label the relevant positive photo-bleach
(PB) bands with I', stimulated emission (SE) bands with ® and negative photo-induced ab-
sorption (PA) bands with II. The primary spectral feature in both the excitation conditions
is a prominent positive AT'/T signal at 1.95eV labelled as I'y, at the edge of X ;5. We also
observe a positive AT/T shoulder on the blue side of I';, labelled as I'j. We consider both
I’y and I'] to be signatures of photo-bleach of a subset of excitonic transitions at X g where
multiple bright and dark excitonic resonances are predicted by our calculations (Fig. 1.(b)).
We note that ['; may have an additional contribution from SE. On the red-end of I'y there
are two PA bands, II; and II] and another positive AT/T, labelled ®. Due to the absence
of any feature in the linear spectra and to the presence of a photoluminescence (PL) band
at the energy of ®, we assign it to SE.

We also observe a broad featureless negative band extending from 1.97eV to 2.2 eV, which
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Figure 3: Differential transmission spectra of (PEA),Snl, upon (a),(b) resonant excitation
(Epump = 1.96€V) of the lowest lying excitonic states (c),(d) non-resonant excitation of hot
free carriers (Epump = 3.1€V). The DT signal both in the (a),(c) Xpg and (b),(d) Xyg
regions is normalized to the maximum in X g. As a reference, the steady-state absorbance
spectrum is shown as a red dashed line.

is typically associated to the photo-induced changes in the refractive index across the entire
spectrum.*” Atop this broad negative feature, we may identify two ”positive-going” features
at 2.02eV and 2.13eV, more prominent for the high energy excitation, with associated low
oscillator strength resonances in the linear spectrum: accordingly, we identify overlapping
PB bands I'; and I's at those energies. Additional PB bands I'y and I'5 are also seen at Xy,
with the latter being a low intensity shoulder to I'y and more prominent with E,,,, = 3.1eV.

Upon resonant excitation at 1.93eV, we observe an instantaneous appearance of I'; +
I'} bands owing to exciton generation within the excitation pulse duration. This is also
supported by a well defined II; feature associated to the exciton—biexciton transition.*® A
lower lying exciton state is populated in a few picoseconds resulting in a SE feature at ®.
Similar inter-exciton dynamics have been observed both in (PEA),Pbl, by Thouin et al*’
and in (PEA),Snl, by Folpini et al.?! The details of the dynamics in this spectral range are

hard to isolate due to the close spectral overlap between different features: in particular,
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the temporal evolution of negative features II; and IIj, both of which can associated to
the exciton PA, is partially obscured by the competing growth in the intensity of positive
features such as ®. Such a spectral congestion can be addressed by using two-dimensional
spectroscopy,%*® which is out of the scope of the current work.

In the Xp g range of the DT spectrum, shown in Fig 3(b), we observe the instantaneous
appearance of a small positive going feature at I's and a clear PB feature at I'y, which
matches with the lower energy portion of the Xyg in the linear absorption spectrum. Based
on the theoretical calculations presented earlier, we assign I'y to the PB of states similar to
Xug-1 (see Fig. 1(b)), associated to the higher lying excitonic states made up of carriers
from the lower lying VB, and localized within the metal-halide layers which are coordinated
by mutually perpendicular amine groups (Fig. 2(b)). Thus, here we are observing the PB
of Xyg_1 even though we are resonantly generating X, g excitons, even though they share
neither a common ground state in the excitonic phase space, nor the relevant orbitals in the
real-space. We interpret this as a consequence of phase-space filling of electronic states in
the conduction band states that are common to both X;p and Xpg_1, see Fig. 1(c) (left
and center panels). Even though Xpzyp_; states are not populated under this condition,
presence of X ;g population reduces the available density of states in the CB, thus reducing
the oscillator strength of Xy 1 resulting in I'y. The relative intensity of 'y to I'; increases
at longer delays: this is a consequence of the transfer of population within the exciton
finestructure at X and possibly to the lower lying dark states, predicted around 1.98eV
and 2eV by our theoretical analysis.

Despite the complex spectral structure, a simple photophysical scenario may be inferred
from Fig.3: resonant excitation generates exciton (X g) population with an associated PB
(and possibly SE) at I'y and I'j, PA at II; and PB at I'y due to the phase-space filling of
the CB states that contribute to the composition of Xyg_; exciton. In a few picoseconds,
population is transferred from I'y to a lower lying emissive exciton state with SE at &.

Overall the exciton population relaxes to the ground state in hundreds of picoseconds, as
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also substantiated by the PL dynamics discussed in 21.

Generation of hot carriers with a pump energy much higher than that of the X g exciton
(at 3.1eV) presents a different dynamic scenario (Figs. 3(c)-(d)). Firstly, I'y and I'} appear in
a couple of picoseconds and not instantaneously. At early times, there is instead a derivative-
like lineshape dI'j at their energy, indicative of a red-shift in the exciton (Xg) energy. The
absence of the derivative feature in the resonant excitation indicates its origin to be the hot
charge carriers which screen the Coulomb interactions of the exciton, resulting in a bandgap
renormalization (BGR) and a red-shift of the X g exciton absorption feature. In a few
picoseconds, this lineshape evolves into the features observed in the resonant excitation case
which include I'1, I'] and ®. The absence of the SE feature, ®, in the presence of hot carriers
in the early times is a result of the dominant contribution of negative features (from the
derivative lineshapes), which are spectrally overlapped.

We observe correlated picosecond spectral dynamics also in the Xgp energy range, es-
pecially in the dynamics of the PB feature I's whose energy matches with that of Xgyg_»
states: these higher energy excitonic resonances are composed of the hot carrier states in the
electronic bands shown in Fig. 1(c), right panel. Accordingly, we assign I's to the population
in Xyg_o and we observe that it rapidly decays along with the derivative feature at I'y. This
results in an apparent red-shift of the overall PB feature at Xyg, that finally settles at I'y
much alike the resonant case. We interpret the correlated growth dynamics at I'y (1.95eV)
and red-shift towards I'y (2.25eV) as signatures of hot carrier thermalization and exciton

formation that happen over a couple of picoseconds at 77 K.

Discussion

Spectral congestion with overlapping features in the spectra shown Fig. 3(c) prevents a robust
analysis of the spectral dynamics at X g, even for DT spectra taken at 5K (see Fig.S8).

At higher temperatures, this task is even more challenging due to the temperature induced
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broadening of the overlapping spectral features. Nevertheless, we construct an empirical
yet quantitative model that can capture the most salient characteristics of the observed DT
dynamics. We consider that the DT spectrum in the X g region (1.88-1.96 V) at 500 fs and
at 5 K is composed of four components: (i) a PA band (II) signature centered around 1.89 eV
(ii) a relatively narrow positive AT /T band centered at 1.915eV (I'}), (iii) a slightly broader
peak at 1.935eV (I';) and (iv) a first derivative of the peak at 1.935eV (dI'). Considering
Gaussian spectral lineshapes, we reproduce the DT spectra at all the pump-probe delays
with time dependent amplitudes of the four associated components. The fitting procedure,
described in more detail in SI yields robust and accurate fits from 5 K up to 300 K; a
comparison of experimental data and fit at 5 K shown in Fig. S10.

The peak positions of I'f, I'; and II; (Fig.S11(a)) show a consistent blue shift with
increasing temperature and a constant energy separation of 40meV between them: this
corroborates the assignment of II; as PA to a biexciton with 40 meV binding energy, in
line with previously reported values.*® Their respective linewidths are also comparable, al-
though the linewidth of I'; is consistently smaller at all temperatures, see Fig. 4(b). The
increasing linewidth with temperature is clearly an outcome of increased scattering with
phonons. We fit the linewidth AFEr: as a function of temperature with the dispersion rela-
tion® AEr-(T) = G + v/ (eFro/ksT _ 1) where G represents the temperature independent
inhomogeneous broadening and kg is the Boltzmann constant: we obtain the exciton-phonon
coupling constant v of 10 meV, with the LO phonon energy Ero estimated to be 15meV.
Strikingly, these numbers are comparable to the phonon energy of 17meV estimated for
(PEA),Pbl, by Neutzner et al.?® This suggests that the vibrational landscape and the na-
ture of exciton-phonon interactions in (PEA)Snl, is not very different from that of the lead
counterpart, apart from a minor modification in the phonon energy owing to the lighter
metal ion. We highlight however that this estimate of the exciton-phonon coupling can only
be considered qualitative and a rigorous analysis of coherent nonlinear lineshapes is essential

to extract experimentally accurate parameters as discussed by Thouin et al .5
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Figure 4: a) Differential transmission spectrum, for T = 5 K 7 = 0.5 ps (red dots) and
corresponding lineshape fit (dashed line). Schematic fit model: the fit model involves the
PB of 'y and I'} (positive gaussian features), the energy shift of the excitonic state (derivative
gaussian shape dI'f) and corresponding PA II; (negative gaussian feature). b) Widths of the
fit components for I'y (triangles) and I'j (circles). A fit with the dispersion relation of optical
phonons (dashed red line) gives an estimate of the LO phonon energy of 14.7 meV. ¢) Two
dimensional map showing the time resolved coherent oscillations upon hot carrier excitation
pumping at 3.1 eV, as a function of pump delay time and detection energy. The observed
oscillations persist for longer than 20 ps. The nodal point at E = 1.927 eV marks the
position of the exciton coupled to the coherent phonons. d) Fourier transform spectrum of
the oscillatory dynamics displayed in (c), and integrated over all the probe energies. This
corresponds to the resonant impulsive stimulated Raman spectrum of (PEA),Snl, at 5 K.

We can verify this more rigorously by analyzing the coherent oscillations in the AT/T
response at 5 K. The ultrashort pump pulse impulsively generates a coherent vibrational
wavepacket through resonant impulsive stimulated scattering (RISRS).” The evolution of the
wavepacket along the potential energy surface of the ground state results in an oscillatory DT
signal superimposed on the independently evolving dynamics at the energy of X p. Given
the large anharmonicity of the 2D MHP lattice, these oscillations are typically visible only

at low temperatures where the phonon-phonon scattering is minimum, thus explaining their
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dominant role at 5 K. The coherent oscillations, obtained by subtracting the decay dynamics
(modelled as a 5™ order polynomial), are shown as a 2D beating map in Fig 4(c): their
Fourier transform along the pump-probe delay integrated over probe energies (Fig. 4 (d))
represents the spectrum of optical phonons generated via the RISRS process. We observe
multiple peaks below 2 meV, with a broad tail extending up to 10 meV. The main components
have a frequency v = 0.2 - 0.4 THz, suggesting a dominant contribution from the motion
of the Sn-I octahedra, much like in(PEA),Pbl,. Intriguingly despite the lighter tin ion the
observed energies are slightly lower than the lead counterpart. "2

The coherent phonons generated in the RISRS experiment represent the lattice modes
that are coupled to the electronic transitions resonant with the pump energy. Thus, the
modes shown in Fig. 4(d) upon excitation at 3.1 eV, are those coupled to free carriers. The
reason to observe them at the energy of X g is that their evolution in the ground state also
modulates the absorption of the excitonic resonances they are dressing.

We observe a characteristic structure of the modulation amplitude, with a nodal null
point at 1.927eV together with a m—shift in the relative phase of the oscillations at this
probe energy. Such a nodal point represents the peak-energy of the resonance which is
coupled to and modulated by the coherent phonons.®” It is worthwhile to note that this
energy does not correspond to the peak energy of X g in linear absorption, which suggests
that X g is composed of multiple broad resonances, only one of which is being dressed
by these phonons. Coincidentally, the nodal point energy matches exactly with the peak-
position of I'j considered in the DT spectral analysis (see Fig. 4(b)). Notably, the resonance
at I'y is not coupled to the generated coherent phonons.

Two explanations may be invoked to rationalize this observation. One follows the work
of Thouin et al,” where I'; and I'f represent two exciton-polaron states that are distinctly
dressed by the lattice phonons. Alternatively, we can consider that I'; is a stimulated emission
band, given that it coincides with one of the peaks in the PL spectrum (see fig.S11(a),S12).

RISRS signal arises due to the evolution of the vibrational wavepacket in the electronic
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ground-state and thus the excited-state emission rate will not be modulated: thus, one
expects to observe the RISRS exclusively at the bleach signatures that probe the absorption
probabilities and not in the SE features. The relatively narrow linewidth of I'; further
corroborates this assignment.

We will now elaborate on the dynamics of the fit parameters, shown in Fig.S10,511,
hypothesizing that I'; is indeed a SE signature. Any discrepancy in this assignment however
will not drastically affect the derived photo-physical model, since SE as well as a PB may
be used as spectral signatures for the evolving exciton population. Firstly, after a few
picoseconds, the DT spectrum is composed of I'y, I'] and II;, all of which show correlated
decays over hundreds of picoseconds, consistent with the PL dynamics of the relaxation of the
photo-excited charge carriers.?! Atop the decay, we also observe a growth in the intensity
of I'7 within 250 ps, particularly evident at temperatures below 50 K. We had previously
discussed these dynamics in the context of population exchange between dark and bright
excitonic states in Ref.?!

At early times (< 10 ps), we observe the derivative component at I'f (dI'f in Fig. 4(a))
disappearing in about 3 ps at 5K and less than 500 fs at RT. This spectral feature indicates
a photo-induced red-shift in the exciton (I'}) energy, which is a consequence of screening
of Coulomb interactions by hot charge-carriers and subsequent BGR. Notably, the screen-
ing of exciton absorption is perceived at the energy of I'f, which further substantiates our
assignment of I'f to PB and I'y to SE. The screening and accordingly dI'j is quenched as
the hot carriers thermalize to form bound excitons over a few picoseconds. This timescale
exactly matches with the formation dynamics of I'y, which is a finger print of phase-space
filling of the excitonic state: accordingly this timescale represents ultrafast exciton formation
that follows hot carrier thermalization. Similar timescales for exciton formation have been

reported with more ambiguous THz probes by Folpini el al in (BA),Pbl,.%
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Figure 5: a) Peak position of the Xy feature at T = 77 K as a function of pump-probe delay
: while for excitation resonant to the excitonic transition (red) no spectral shift occurs, for
excitation in the continuum (blue) a red shift occurs in the first picosecond after excitation
b) Thermalization time as a function of temperature: as a figure of merit, we consider the
time it takes for the Xyp peak to match its equilibrium values at long delays when excited
in the continuum, up to a 95% tolerance.

As noted earlier, the DT dynamics at Xyp also are indicative of ultrafast hot carrier
thermalization and exciton formation, spectral signature of which lies in the apparent red-
shift in the peak energy of the PB feature at Xyg. The dynamics of the corresponding

peak-shift at 77K are shown in Fig. 5(a) for the resonant and hot carrier excitation case
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(red and blue line respectively): while no red shift is observed in the resonant case, the
hot carriers dynamics match those observed in X g, specifically in the loss of the derivative
feature dI'] and the appearance of I'y.

Given the correlated appearance of I'], the red shift of Xyr can be used as a figure of
merit to compare exciton formation time across different temperatures. The effective ther-
malization time Typerm, defined as the delay when the peak position of Xy g (7) is within 90%
of its equilibrium value at long delays (1 ns), is shown in fig.5(b) (the full time dependent
peak positions as a function of temperature are shown in fig.S9). This estimate gives an
ultrafast exciton formation of less than 2 ps even at 5 K, and points to a scenario in which
a large fraction of the excited carriers rapidly relax to the bottom of the band structure due
to effective electron-phonon coupling and form stable exciton population. The temperature
dependence of the formation time is consistent with exciton thermalization driven by scat-

155 assuming the phonon energy to be 0.5 meV (4

tering of the carriers with LO phonons,
cm™!) as estimated from the RISRS analysis (see Fig. 4(d)).

Despite the ultrafast thermalization dynamics and clear spectroscopic evidence of exciton
formation, we highlight that even after hundreds of picoseconds the DT spectra obtained
with the pump at 3.1 eV do not resemble the resonant excitation spectra. This is particularly
striking at the X p spectral range as highlighted in Fig. 6 where we compare the normalized
DT spectra under the two pump conditions at 5ps and 250 ps. Two pertinent differences
can be identified: (a) the absence of the SE feature, ® (1.92¢eV) that we had attributed to
the population of the lower lying excitonic state with the hot carrier excitations and (b)
the absence of I'y (2.01eV) bleach feature with the resonant excitation. We also note that
in the Xgg region the I'; feature has not completely disappeared even after hundreds of
picoseconds. The sustained bleach signatures at I'y; and I's can be interpreted as the state-
filling of higher lying excitonic states that trap a part of the photo-generated hot carrier

population. Whilst I'; feature can be attributed to the Xyg_» excitonic state predicted by

the BSE calculations, I'y (and I's) is not theoretically predicted.
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Figure 6: Differential transmission spectrum of the X, g range at a) 5 ps ¢) 250 ps delay,
showing long lived thermalization dynamics: differences between resonant (red line) and non-
resonant (blue line) excitation are still found after hundreds of picoseconds. b),d) Dynamics
at the spectral position of b) II; and d) I'y respectively on the red and blue side of the
resonant pump, showing contributions of opposite sign for tens (II;) and hundreds of ps

(I'2).
Conclusions

We have investigated the effect of the metal cation substitution on the optical properties of
a 2D MHP. Comparing the static absorbance of (PEA),Pbl, and (PEA),Snl, reveals the
appearance of higher energy resonances upon substitution of lead with tin. Based on DFT
and MBPT calculations, we identify multiple excitonic resonances in the probed spectral
range which are composed of excitations at various regions of the carrier phase-space. Im-
portantly, we predict the presence of two valence bands with a splitting energy of about
500 meV that result in two distinct excitonic series - X;p and Xgyg_1. Even though they
originate from holes from different valence bands, they share the same electron bands in

the conduction band. This leads to the detection of PB signatures of Xgg_; in differential
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transmission spectroscopy, even when X5 states are uniquely excited. We also investigated
the ultrafast hot carrier thermalization dynamics and exciton formation dynamics and their
temperature dependence to evaluate the role of exciton-phonon interactions. Notably, while
we observe a change in the energy of the phonons due to the tin substitution, the nature of
exciton-phonon interactions remains unaffected by the choice of the metal cation. In addition
to the picosecond phonon-assisted thermalization, the presence of Xgyg_1 and other higher
energy excitonic states result in a slower relaxation channel for the photo-excited population
towards the lowest energy emissive exciton at Xpg. Such an excitonic landscape offers a
possibility to create high energy reservoirs of exciton population that preserve the photo-
excited population from many-body interactions and other loss channels prevalent in high
density applications, particularly in lasers. On a more fundamental level, the splitting of the
valence band and resultant co-existence of multiple excitonic series suggested in this work
originate from the subtle modulations imparted by the organic-inorganic interactions on the
inorganic component of the lattice. This highlights the importance and need for a rigorous
evaluation of the structural complexity and dynamics of 2D MHPs, and their relevance in

the excitonic structure.
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