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Computational Details

The initial atomic structures have been extracted by experimental X-rays data directly taken

from the paper of Zhang et al.1 and Sheikh et al.2 for the stacked and single layer structure

of tin based systems, respectively. On the other hand, both the stacked and the monolayer

structure for the Pb-based systems are taken form the work of Du et al.3 Geometry opti-

mizations were initially performed by means of the Density Functional Theory (DFT) as

implemented in the VASP code.4–7 The Perdew-Burke-Ernzerhof (PBE) electron exchange-

correlation functional was here employed8 along with the the projector augmented wave

(PAW) method.9,10 The cutoff energy for the plane-wave basis set was set to 600 eV while

a 6×6×2 Γ-centered mesh of the Brillouin zone was adopted. Calculations were considered

converged when residual forces were lower than 0.02 eV/Å. Starting from the experimentally

reported structure of Zhang et al.1 (P1 (2) space group 12) we obtain an optimized structure

described by such parameters: a= 8.573Å, b=8.559 Å, c=32.188 Å, α=89.50◦, β=89.565◦,

γ= 89.285◦).

Figure S1: PAW/PBE-D3 calculated bandstructure (no SOC) for the (a) (PEA)2SnI4 stacked
structure, (b) (PEA)2SnI4 monolayer, and for the (c) (PEA)2PbI4 monolayer

As single-layer structure for (PEA)2SnI4 we adopt and optimize the cell reported by

Sheikh et al.2 (still P1 (2), space group 12) for which the PBE-D3 optimized values are: a=
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Figure S2: Convergence of the BSE spectrum as function of the k–point mesh employed for
sampling the Brillouin.

8.403Å, b=8.664 Å, c=17.073 Å, α=94.51◦, β=100.87◦, γ= 90.05◦. We select such system

to later perform the Many-Body excited-state analysis. For the sake of comparison, we also

calculated a single-layer structure for the Pb-based counterpart, which is obtained halving

the cell along the c axis in the bilayer of (PEA)2PbI4 reported in Ref. 3. In our calculations

the parameters are a=8.7389 Å, b=8.7403 Å, c=16.9195 Å, α=79.52 ◦, β=79.53◦, γ=89.64◦.

On top of such optimized structures we preliminary calculate bands and Density of States

(DOS). While PAW/PBE-D3 including relativistic effects are reported in the main text, here

we show, in order to highlight the impact of their inclusion, the same bandstructures without

SOC (see Fig.S1).

We verified that residual forces are < 0.02 eV/Å and that the final atomic positions were

very similar to the initial ones. In the QE relaxation simulations a kinetic energy cutoff

of 2176 eV is needed by using norm-conserving pseudopotentials.11 On top of fully relaxed

atomic structures we perform self and non-self consistent DFT calculations at different k-
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points grids to have the possibility to check the convergence in the k-BZ sampling at GW

and BSE level of calculation. The many-body code YAMBO12,13 is then used to obtain the

quasi-particle (QP) energies in the GW approximation and the optical excitation energies

and spectra solving the Bethe–Salpeter Equation (BSE).14–18 For the GW simulations a

plasmon–pole approximation for the inverse dielectric matrix is applied,19 163 eV (1088 eV)

are used for the correlation, Σc, (exchange, Σx) part of the self-energy and the sum over the

unoccupied states for Σc and the dielectric matrix is performed up to ' 20 eV above the

VBM. Several works have shown the importance of self-consistency in the GW approach for

several classes of compounds.20–24 In particular, Filip et al. in ref. 25, have shown that doing

a partial self-consistent cycle by updating only the energies both in G and W (evGW ), is

enough to obtain a good agreement with experimental electronic gaps of several perovskites,

mitigating the dependency of the starting point present in the G0W0 approximation. Re-

cently we had a similar positive experience in layered and Cs2Au2I6 double perovskites.23

For this reason we use here the same self-consistent GW approach, noticing an increase of

the gap of about 0.5 eV from G0W0 to the third iteration where convergence is reached.

The Bethe-Salpeter equation has been solved within the Tamm-Dancoff18,26 approximation

(which is generally valid for bulk compounds to describe neutral excitations well below the

plasma frequency of the material) and fully taking into account the spinorial nature of the

wavefunctions. 4 occupied and 4 unoccupied states have been used in the excitonic Hamil-

tonian. It is worth pointing out that in the BSE calculations the energies are the QP ones

at the end of the self-consistent cycle and the static part of the screening used to build up

the correlation part of the excitonic kernel is calculated at the same level of self-consistency.

The convergence in the k–sampling for the BSE calculations has been checked for a smaller

1x1 cell. Figure S2 shows the optical spectra for the Sn-based perovskite obtained with

several k-grids.
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Table 1

B.E. (PEA)2SnI4 (PEA)2SnI4 (PEA)2PbI4

(stacked) (monolayer) (monolayer)

VBM Ieq(5px + 5py) = 42.7% Ieq(5px + 5py) = 47.8% Ieq(5px + 5py) = 53.2%
Iap(5pz) = 12.2% Iap(5pz) = 6.55% Iap(5pz) = 16.0%
Sn (5s)=38.4% Sn (5s)=38.2% Pb (6s)=28.9%

CBM Sn (5px + 5py) = 75.4% Sn (5px + 5py) = 75.0% Γ point:
Ieq(5s)=8.35% Ieq(5s)=8.0% Pb (6px + 6py) = 72.2%

(traces of I 5s,5p orbitals)
L point:

Pb (6px + 6py) = 73.0%
(traces of I 5s,5p orbitals)
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Assignment of transient absorption features at 5 K

The transient absorption spectrum of (PEA)2SnI4 is very rich and composed of multiple

overlapping features. In particular we can identify five PB features, labelled Γ1 to Γ1, two

PIA features called Π1 and Π∗
1, and a stimulated emission peak Φ1. The main features related

to the dynamics of XLE, XHE1 and XHE2 are Γ1, Γ∗
1, Γ4 and Γ5, which are discussed in depth

in this manuscript.

On the red edge of Γ1 there are two PA bands, Π1 and Π∗
1 and another positive ∆T/T ,

labelled Φ. Due to the absence of any feature either in the calculated or experimentally

measured linear absorption spectra and to the presence of a photoluminescence (PL) (fig.

S3) band at the energy of Φ, we assign it to SE. Conversely, the well defined Π1 feature is

associated to the exciton→biexciton transition.27

We also observe a broad featureless negative band extending from 1.97 eV to 2.2 eV, where no

excitonic features are expected to be found, which is typically associated to the photo-induced

changes in the refractive index across the entire spectrum.28 Atop this broad negative feature,

we may identify two ”positive-going” features at 2.02 eV and 2.13 eV, more prominent for

the high energy excitation, with associated low oscillator strength resonances in the linear

spectrum: accordingly, we identify overlapping PB bands Γ2 and Γ3 at those energies. In

the spectral region corresponding to XHE the most prominent bleach feature are found at

Γ4 and Γ5: the decay of the relative intensity of Γ5 gives indication of the transfer of the

cooling of the population of XHE2 toward XLE. The relative intensity of Γ4 to Γ1 on the other

hand increases at longer delays: this is a consequence of the transfer of population within

the exciton fine structure at XLE and possibly to the states with lower oscillator strength,

predicted a few meV before the main peak at XLE by our theoretical analysis.
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Figure S3: Comparison between the lineshape of differential transmission at a pump delay
of 0.5 ps (solid blue line), the static optical absorbance (dashed red line) and the static pho-
toluminescence (dashed grey line). The ∆T/T feature at 1.92 eV, identified as Γ1, matches
the photoluminescence peak, while Γ∗

1 corresponds to the maximum of static absorbance.
All data is measured at a temperature of 25 K.

Figure S4: Unnormalized differential transmission spectra of (PEA)2SnI4 upon (a),(b) res-
onant excitation (Epump = 1.96 eV) of the lowest lying excitonic states (c),(d) non-resonant
excitation of hot free carriers (Epump = 3.1 eV). All experiments were performed at 77 K and
with a pump fluence of 350 µW/cm2.
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Full temperature dependent transient absorption data

Transient absorption spectra were collected in a temperature range from 5 K to 295 K. All

the temperature-dependent results discussed in this work were collected using a 490 nm

pump with an intensity of 0.5 µW.

Figure S5: Differential transmission spectra at a pump delay τ = 1 ps for temperatures
between 5 K and 300 K
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Details of DT fit modeling

Figure S6: Fit result for the T = 5 K map. a) Synthetic view of the model as discussed in
the main text (Exciton bleach in red, PIA in blue, SE in green): the data at 1 ps delay (black
circles) is well reproduced by the fit (solid black line). b) 2D map of the TA signal in the
region of the largest excitonic features. c) 2D map generated by the fit, showing excellent
agreement with the measured data up to a delay τ = 1.2 ns.
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Figure S7: Values of the estimated a) peak position and b) width of fit components as a
function of pump delay τ .

A model was developed to fit the temporal evolution of the excitonic peak X1 at all temper-

atures using a minimal number of components. The model is comprised of three gaussian

peaks representing respectively the excitonic bleach Γ∗
1, photoinduced absorption Π, and the

stimulated emission Γ1, as well as a gaussian 1st derivative shape dΓ representing a spectral

shift of the exciton bleach.

Altogether, the differential transmission is written as ∆ T(T,τ) = Γ∗
1 + dΓ∗

1 + Γ1 + Π with:

Γ∗
1 = AΓ1∗ exp(−(E − µΓ1∗)

2/2σ2
Γ1∗) (1)

dΓ = AdΓ(E − µΓ1∗)/σ
2
Γ1∗ exp(−(E − µΓ1∗)

2/2σ2
Γ1∗) (2)

Π = −AΠ exp(−(E − µΠ)2/2σ2
Π) (3)

Γ1 = AΓ1 exp(−(E − µΓ1)2/2σ2
Γ1) (4)

Since the derivative lineshape reflects the shift of the excitonic bleach component Γ∗
1, it

has the same width and peak position. The spectral shift of the exciton bleach is related
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to band gap renormalization and excitonic screening: it reflects early dynamics upon the

formation of an excitonic population. As such, the derivative shape component was removed

from the model for times longer than 15 ps: however, its amplitude AdΓ naturally reduced

to zero on faster timescales than allowed. To ensure smooth changes in the fit parameters,

even in presence of closely spaced features involving opposing contribution (e.g. positive and

negative gaussian components), a regularization condition was imposed on the peak position

and width of the gaussian features, only allowing numerical variations up to ±50% of the

results at the previous delay.

Figure S8: Amplitudes of the different fit components as a function of τ for all temperatures.
a) Exciton bleach Γ∗

1 b) Photoinduced absorption Π c) Stimulated emission Γ1 d) Derivative
lineshape dΓ∗

1 (corresponding to the shift of Γ∗
1). The 90◦ out of phase oscillations appearing

in a) and c) stem from the observed coherent phonons.
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Using this model, excellent agreement between fit and experimental data could be achieved

at all temperatures: experimental data and fit results are compared for T = 5 K in fig.S6.

The temporal evolution of fit parameters at all temperatures is shown in fig.S8, S7. Strik-

ingly, Γ1 dominates over Γ∗
1 for all temperatures up to 250 K.

Figure S9: Temperature dependent fingerprint of thermalization. a) spectral position of the
XHE peak for all temperatures. b) Figure of merit for thermalization time: ratio between
the time dependent XHE position Epeak(t) to the stabilized XHE position at τ delays, Epeak(1
ns)
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DT measurement stability

Figure S10: White light probe as transmitted through the sample over each of 10 scans
(approximately 30 minutes) at 300 K, 350 µW/cm2 pump fluence.
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