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Band Structure and Exciton Dynamics in Quasi-2D

Dodecylammonium Halide Perovskites

Giuseppe Ammirati, Faustino Martelli, Patrick O’Keeffe, Stefano Turchini,
Alessandra Paladini, Maurizia Palummo, Giacomo Giorgi, Marco Cinquino,

Milena De Giorgi, Luisa De Marco, and Daniele Catone*

Femtosecond transient absorption spectroscopy (FTAS) is an important tool to
investigate the physics of halide perovskites having different dimensionality,
morphology, and architectures, giving insights into the electronic and excitonic
optical transitions. Here, FTAS on monolayer (n = 1) and multilayer (n = 2, 3)
quasi-2D perovskites in the Ruddlesden—Popper phase: DA;MA, ;Pb, I3,
(DAMARPI) is presented, with the dodecylammonium (DA = CH3-(CH,);;-NH;")
as the spacer and methylammonium (MA = CH3;NH;") as the organic cation
for samples with n > 1. The measurements, performed at 77 K and room
temperature using several pump energies and excitation densities, allow the
observation of different absorption bleaching energies. Those energies are
compared with the results of first-principles theoretical simulations based on
density functional theory, the GW method, and the Bethe—Salpeter equation
and assigned to transitions involving excitons with principal quantum num-
bers 1s and 2s. The temporal analysis of the absorption bleaching indicates
the exciton—exciton annihilation as the main relaxation mechanism in the first
picoseconds after excitation, while exciton radiative recombination is observed
at longer time delays (>100 ps). Therefore, FTAS allows the study of the carrier
dynamics and, given its high sensitivity to carrier density changes, the obser-
vation of spectral features not observable with steady-state measurements.

1. Introduction

Quasi-2D perovskites in the Ruddlesden—
Popper phase are currently being studied
extensively for their good optoelectronic
performances!l and chemical stability,*!
which lead them to be among the best
candidates for new active materials in
optoelectronic applications such as photo-
voltaic®7) and light-emitting devices.[®
Ruddlesden—Popper Perovskites (RPPs)
consist of self-assembled multiple perov-
skite layers sandwiched between organic
spacers having the stoichiometric formula
RyA,.1BX3,4, Where n is the number of
perovskite sheets, A and B are the cations,
X is the anion and R is the organic mol-
ecule that acts as the spacer. As one of
the major advantages over the usual tridi-
mensional perovskites, RPPs show higher
stability because of the hydrophobic char-
acter of the organic spacer, which prevents
the absorption of moisture, the main
degradation mechanism of perovskites.
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Furthermore, RPPs permit a huge structural diversity because
the organic spacer leads to less tight constraints due to the
Goldschmidt tolerance factor.[1%)

The reduced dielectric screening and the quantum confine-
ment in a monolayer of RPP materials generate large bandgaps
and stable excitons at room temperature with binding ener-
gies of the order of hundreds of meV>""l as seen in other 2D
semiconductors.'®"] Moreover, the physical properties of RPPs
are strongly influenced by the number of layers that affects
the electronic bandgap and the exciton binding energy which
decreases as the number of layers increases.'®! These proper-
ties are also correlated with the chemical composition and the
structure of the organic spacer used as the interlayer mate-
rial. In fact, the reduction of the bond length of B-X-B and the
change of their bond angle induce a modification of the optical
bandgap that is directly correlated with the steric hindrance of
the organic spacer.’®20 Furthermore, the correct choice of the
organic spacer is essential to obtain good quality crystalliza-
tion of the 2D material?'?2l and permits the film quality to be
optimized,[?*! the crystal orientation to be tuned?¥ and the sta-
bility of the system to be improved.*? The flexibility of these
RPP materials in tuning their optoelectronic properties by con-
trolling the number of perovskite layers and by choosing the
appropriate organic spacer, makes them particularly suitable for
several applications in the field of photovoltaics?*26-28 and as
light emitters.?-32 It has recently been discovered that a mix-
ture of layered 2D perovskites can be engineered to better bal-
ance light absorption and/or charge carriers transport in solar
cells in order to increase the conversion efficiency.*3]

Femtosecond Transient Absorption Spectroscopy (FTAS),
a pump-probe technique, has proven to be an important tool
to investigate the ultrafast physics of halide perovskites with
different dimensionalities,?*3¢) morphologies and architec-
tures.l’”) FTAS gives information on the charge carrier genera-
tion, recombination, and many-body interaction by studying
the evolution of the transient signal as a function of the time
delay between the pump and the probe. Moreover, the spec-
tral and temporal analyses of the transient signal give insights
into the band structure and the electronic states involved in
the photoexcitation process, interpreting the energy positions
and the relative intensities of the negative and positive signals
that characterize the typical derivative-like transient response
of RPP materials.?**) Previous investigations on the charge
carrier dynamics in 2D perovskites by ultrafast time-resolved
spectroscopies provide information on the lifetime and the
diffusion length of the charge carriers,*#2 on the hot carriers
cooling,®* on the role of the organic cations and the number
of inorganic layers in governing the ultrafast charge carrier
dynamics®! and on the charge transfer processes.’>* A tran-
sient absorption microscopy experiment has shown the occur-
rence in 2D perovskites of a slow exciton—exciton annihilation
(EEA),l which is a non-radiative many-body interaction, a
form of Auger recombination where the kinetic energy of an
exciton is transferred to another exciton.”] This non-radiative
channel, which is still not completely and extensively studied, is
strictly connected to the exciton energetics and more in general
to the optoelectronic properties of 2D perovskite materials.

In this work, we report FTAS measurements on the
RPP monolayer (n = 1) and multilayer (n = 2, 3) of quasi-2D
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perovskites DA,MA,_,Pb,15,,; (DAMAPI), with the dodecylam-
monium (DA = CH3-(CH,);;-NH3") as the spacer and methyl-
ammonium (MA = CH3;NH;") as the organic cation for samples
with n > 1. DA was selected as the organic spacer because it
allows the formation of a stable 2D RPP due to the strong van
der Waals interactions between adjacent DA molecules which
also induce high hydrophobicity and resistance to moisture
thanks to their long aliphatic chain.*®!

The measurements were performed at 77 K and room tem-
perature (RT) using several pump energies and excitation
densities, allowing the observation of absorption bleaching
energies corresponding to different excitonic and electronic
transitions in DAMAPI. The values of those energies are com-
pared with the results of first-principles theoretical simulations
based on Density Functional Theory (DFT), the GW method,
and the Bethe—Salpeter Equation (BSE) to estimate the role of
many-body effects, such as band-gap renormalization, and exci-
tonic effects. The temporal analysis of the absorption bleaching
of the excitonic transitions indicates that the EEA process is the
main relaxation mechanism in the first picoseconds after the
excitation, while exciton radiative recombination is observed at
longer time delays. Our work represents a first attempt to com-
bine experimental and theoretical investigations of the excitons
in 2D and quasi-2D hybrid perovskites.

2. Materials and Methods

2.1. Materials Growth

The preparation of the DAMAPI (DA,MA,,_Pb,l3,,;) samples
with different layer size (n = 1,2,3), Figure 1, is described by the
following synthesis process./*#4]

(DA),Pbl, (n = 1) single crystals were prepared as fol-
lows: 230.5 mg of lead iodide (PbIl,) and 313.26 mg of
n-dodecylammonium iodide (C;,H,sNH;I) were dissolved in
1 mL yButyrolactone (GBL) and stirred at 343.15 K for 1 h. The
precursor solution was prepared in an N,-filled glovebox. Quartz
substrates were cleaned with acetone and water in an ultrasonic
bath for 10 min each and then soaked into a TL1 washing solu-
tion (H,0,/NH;/H,0 5:1:1, v/v), heated at 353.15 K for 10 min
to remove organic contamination and finally rinsed ten times in
water. The perovskite solution (1 puL) was deposited on the top
of the substrate and immediately covered by a second substrate.
Then, a small vial containing 2 mL of diethyl ether was placed
on top of the two sandwiched substrates. Substrates and vials
were placed in a bigger Teflon vial, closed with a screw cap, and
left undisturbed. After 2 days millimeter-sized crystals appeared
in between the two substrates having a thickness varying from a
few to ten micrometers. (DA),(MA)Pb,I;, and (DA),(MA),Pbsly
(n =2 and 3 respectively) were synthesized using a new method
where crystallization was induced by cooling down the solu-
tion. PbI, (447 mg), 74 mg of n-dodecylammonium iodide,
and 693.9 mg of methylammonium iodide (CH3;NH;l) were
dissolved at 343.15 K in a mix of water/acetonitrile (1.05 per
1 mL respectively). Different amounts of potassium iodide
(1045 mg for n = 2 and 161 mg for n = 3, respectively) were
added to the solution to control the value of n. All the precur-
sors were stirred at 343.15 K for 1 h producing a bright yellow
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Figure 1. Schematic representation of DA;MA,,_;Pb)l5,.; crystal structure for n = 1,2,3.143:4

solution. Perovskite single crystals were then grown by storing
the bright solution at room temperature. After 1 h at room
temperature, small nuclei appear at different positions at the
bottom of the vial. Then they started to grow into large-high-
quality single crystals. After some hours (3 and 8 for n =2 and
n = 3, respectively), crystals at the bottom of the vial became
thick and cm-sized platelets. Crystals were extracted using a net
and then gently harvested and dried with paper to remove the
remaining perovskite solution. Finally, crystals were carefully
stored in the glovebox. All the solution synthesis procedures
were performed in air. Optical microscopy images for DAMAPI
samples are reported in Figure S1 (Supporting Information).
The crystal structure and purity of the as-grown 2D perovskite
single crystals were confirmed by synchrotron X-ray diffraction
(XRD) analysis. Measurements on (DA),Pbl, and (DA),(MA)
Pb,l; single crystals (respectively n = 1 and n = 2) were carried
out at room temperature. This experiment has demonstrated
that n = 1 2D perovskites are orthorhombic having the [PbI™
octahedra rotated one to each other, while n = 2 2D perovskites
are tetragonal.[*’]

2.2. Transient Absorption Measurements

FTAS measurements were performed using an amplified fem-
tosecond laser system (35 fs pulse duration, 1 kHz repetition
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rate, 4 W power centered at 800 nm) that generates the tune-
able pump pulses by using an optical parametric amplifier. The
probe was a white light supercontinuum beam (360-780 nm)
that was generated by focusing 3 yJ of the 800 nm pulse into
a rotating CaF, crystal. The pump and the probe beams were
focused on the sample with a diameter of 200 and 150 um,
respectively, and the delay time between the two was changed
by modifying the optical path of the probe, resulting in an
instrument response function of about 50 fs. The samples were
investigated in a vacuum at 77 K and at RT. More details can be
found elsewhere 50>

2.3. Theoretical Tools

Starting from available experimental structural data of RPP
n =1 (DAMAPI-1)®) its atomic structure was optimized by
means of DFT calculations with the VASP code.l?>-°]

We used the electronic exchange-correlation functional of
Perdew—Burke-Ernzerhof (PBE)P® along with the DFT-D3
dispersion correction to include the van der Waals interac-
tions.’”>8l The projector augmented wave (PAW) method
was exploited together with a plane-wave basis set a cut-off of
400 eV, while the structures were considered converged when
the residual forces were lower than 0.04 eV A~ During the
optimization of the structural parameters, the Brillouin Zone
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(BZ) of the large cell of DAMAPI-1 (348 atoms) were sampled
by using the I point. All the electronic features were calculated
by explicitly including the relativistic effects (SOC) due to the
presence of heavy atoms (Pb, I).

Parallel to the calculations on DAMAPI-1, a simplified
system was modeled whose atomic structure was obtained
starting from the fully relaxed DAMAPI-1 atomic positions
and unit cell, replacing the DA spacer organic cations with
Cs cations to form Cs,PbI,.””) Due to the drastic reduction of
atoms in the cell (from 348 to 28) the many-body excited-state
(GW and BSE) simulations become in this way computation-
ally affordable. In this latter system a further relaxation run
was then performed, keeping both atomic positions of the
Pbl, layers and the optimized lattice parameters of pristine
DAMAPI-1 fixed, in order to preserve the correct structural
distortion of the inorganic component. Still for such model
system, by means of the Quantum-Espressol®*®! suite, the DFT
calculations were repeated using the same xc-functional approx-
imation exploited in the initial VASP optimization, norm con-
serving fully relativistic pseudopotentials with a kinetic energy
cut-off of 120 Ry. In this way, the convergence of the structure
was checked in terms of residual, minimal forces, improved
the BZ sampling to calculate the electronic band structure (40
k-points), and also generated the KS eigenstates/values for the
many-body code Yambol®2%% to determine the role of electronic
correlation effects.

Similarly, the Quantum-Espresso suite was used to gen-
erate the Kohn-Sham (KS) eigenstates/values to perform
the many-body analysis by means of the code Yambol®%63]
and to get the quasi-particle (QP) energies in the GW
approximation and the optical excitation energies and
spectra solving the BSE.I0*%8] In this latter case, a I-centered
10 x 10 x 2 (14 x 14 x 2) mesh was used for self-consistent
(non-self-consistent) calculations. Differently from previously
published works on similar systems,2 here the one-shot per-
turbative G, W, was used to reduce the computational burden.
The plasmon-pole approximation for the calculation of the
inverse dielectric matrix, 81 eV (408 eV) was used for the cor-
relation part of the self-energy X (exchange, X,). Unoccupied
states were summed up to 22 eV above the valence band max-
imum. It is clear for recent results that, in the framework of
MBPT, report real-time exciton dynamics simulations including
nuclear motion!®*7! and also that other notable examples of
real-time ab initio exciton dynamics simulations based on the
time-dependent Kohn-Sham (TDKS) equation combined with
Ehrenfest dynamics,/?74 or surface-hopping”>7?! have been
reported recently in the literature. Nevertheless, the approach
was extremely suitable for the purposes of the present work
since, in contrast to previously employed methods, it included
electron-hole interactions, which were fundamental to correctly
describe excited states of low-dielectric screening materials
such as the 2D perovskites studied here.

3. Results and Discussion

Figure 2 shows the normalized absorption and photolumines-
cence (PL) spectra of the DAMAPI-n samples with n = 1,2,3
(respectively in violet, blue and green) acquired at room tem-
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Figure 2. DA,MA, ;Pb,l3,,; absorption (solid lines) and PL (dashed
lines) spectra obtained at room temperature for n = 1,2,3 respectively in
violet, blue, and green.

perature. The absorption spectra (solid lines) show an intense
peak centered at 2.55 eV (n = 1), 2.17 eV (n = 2), and 2.06 eV
(n = 3) corresponding to the respective exciton transitions. The
strong redshift of the excitonic absorption energies with the
number of perovskite layers is the overall result of the reduced
quantum confinement and dielectric screening induced by the
increase of the thickness of the quasi-2D material. PL spectra
(dashed lines) show a single peak in the PL spectra indicating
the emission of the exciton ground state.

Figure 3 shows the transient absorption (TA) spectra of
DAMAPI-1 acquired at selected time delays (t = 0.1, 0.2, 0.5,
1.0, 2.0, 5.0, and 10.0 ps) with a pump photon energy of Ep =
3.35 eV and a fluence of 220 uJ cm™ at RT (Figure 3a) and at
77 K (Figure 3b). The TA spectra obtained at RT show an intense
negative signal at 2.51 eV assigned to the photobleaching (PB1)
of the excitonic resonance, and a corresponding positive signal
at higher energies due to a photoinduced absorption (PIA)
of the probe. This derivative-like line shape is typical of the
transient response of quasi-2D materials and is determined
by different dynamical processes that take place under pump
excitation such as band gap renormalization (BGR) and exciton
screening due to the exciton—exciton and exciton—charge inter-
actions. The scheme reported in Figure 3c depicts how the
photogeneration of carriers by pump absorption modifies the
electronic occupation, inducing additional screening effects and
charge density variation.”’” The carrier excitation leads to a BGR
and to a reduction of the exciton binding energy (E;) due to the
screening of the Coulomb attraction of electrons and holes.
As a result, the electronic bandgap (E,) shrinks under photon
excitation (E;) leading to a redshift of the optical absorption
(AEg = E; — E,) while, on the other hand, the reduction of the
exciton binding energy (E,’), induces a blueshift (AE, = E, — E,)
in the optical absorption. The overall effect is a shift () of the
excitonic absorption resonance (@) to an energy (0= @+ ) that
takes into account both the competitive renormalization effects,
i.e.,, 8 = |AEy| — |AE,|. Therefore, the absorption resonance shift
induces both a PB and a PIA around the excitonic resonance,
as represented in Figure 3c. It is also important to note that the
intensity, the shape and the minimum energy value of PB1 are
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Figure 3. TA spectra of DAMAPI-1 acquired at selected time delays with E, = 3.35 eV and F =220 pi) cm™2 a) at room temperature and b) at 77 K. The
labels (PB1, PB2, and PIA) used in the figure are explained in the text. The vertical dashed band covers the spectral range where the scattered pump
light dominates over the white light probe; c) Schematic representation of the pump perturbation induced to the electronic band structure of a 2D
perovskite and the expected line shape of a typical transient spectra. Here we define E, Ey, and @ as the bandgap, the exciton binding energy and the
excitonic resonance of the unperturbed system, respectively, and E;', E,’, and @' the bandgap, the exciton binding energy and the excitonic resonance
of the excited system, respectively; AE,, AEp, and & indicate the electronic bandgap renormalization, the exciton binding energy renormalization and

their difference, respectively.

also partially affected by Pauli blocking and phase space-filling
as a consequence of the change of the electronic occupation in
the system.[”778l For these reasons, the sign and amplitude of &
depend on the pump-probe delay as well as on temperature and
chemical composition of the material, in our case on n. This
scheme does not consider the contributions of the reflectivity
due to the changes in the refractive index induced by the excita-
tion that could distort the line shape of the transient signal.l?¢7°]

With these considerations in mind, it is possible to discuss
in detail the features of the TA spectra of DAMAPI-1 acquired
at 77 K, reported in Figure 3b. The TA spectra show a PB1
minimum at energy (2.57 eV) higher than that measured at RT
(2.51 eV), due to the contraction of the crystal structure favored
by the increasing of the out-of-plane tilt angle of the octahedra
induced by the lowering of the temperature that induces an
increase of the lattice potential and hence of the electronic
bandgap E,.*81 Moreover, the TA spectra acquired at 77 K,
although qualitatively very similar to those acquired at RT
(Figure 3a), present a clear difference. Indeed, the TA spectra at
77 K show a well-defined and intense bleaching signal (PB2) at
3.02 eV. The attribution of PB2 will be discussed later in the text
when we will compare the experimental results with the theory.
The absence of the PB2 signal at RT is probably due to the fact
that the overall TA signal at RT is weaker than at 77 K and PB2
remains hidden within the PIA signal. The apparent change of
the PIA line shape is of course due to the clearer presence of
the PB2 peak and to the overall change of the transient signal
intensity and linewidth by changing the temperature.

Adv. Optical Mater. 2023, 11, 2201874 2201874 (5 of 1)

In order to better understand the experimental results of
DAMAPI-1 we have performed DFT and excited-state simula-
tions of its band structure and steady-state optical properties.
Due to the very large number of atoms in the unit cell, the
ab initio GW and BSE simulations of the full system are not
feasible with the available computational tools and resources.
Therefore, as described in the Experimental Section, we
built up a simplified system (Cs,Pbl,) to estimate the role of
many-body effects, such as self-energy and excitonic terms in
DAMAPI. DFT-KS band structures of the 2D perovskite having
DA and Cs respectively as spacers are shown in Figure 4a.

The comparison shows a strong similarity between the
DFT-KS band structures of the two systems around the band
gap region, suggesting that the substitution of the organic
spacer with Cs atoms, at this level of theoretical approxima-
tion, does not significantly change the band structure close to
the bandgap (see also the partial density of states reported in
Figure S4, Supporting Information).

On the basis of these findings, we performed the GyW, cal-
culation® on the Cs,Pbl, model system and a wide bandgap
opening, from 1.67 to 3.25 eV, is observed with an almost rigid
blue shift of the conduction band and with an enhanced disper-
sion of the valence bands (see Figure 4b). According to our recent
works on shorter organic spacer RPPs, i.e., BA,Pbl,, (BA = buty-
lammonium, CH;-(CH,),-NH;"), an underestimation of =0.3 eV
is expected for the electronic gap.'#83 According to the two oppo-
site contributions (see Section 2, Supporting Information for
details) we expect a reasonable range for the true electronic gap
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Figure 4. a) DFT-KS band structure of the Pb-based single sheet n=12D perovskite by using DA (red) and Cs (blue) as the spacer; b) DFT-KS (black)
and GW (red) band structure obtained by Cs,Pbl, 2D perovskite; c) BSE optical spectra for light polarized in-plane; d) Experimental TA of DAMAPI-1
acquired at 77 K and at the time delay of 2 ps and the theoretical evaluation of the energies of the excitons with 1s and 2s by BSE and the electronic
bandgap by GoW, (the vertical dashed band covers the spectral range where the scattered pump light dominates over the white light probe). Plot of
the modulus square of the excitonic wavefunction of DAMAPI n =1 for e) 1s and f) 2s excitons.

from 3.25 to 3.55 eV. This energy range matches the broad nega-
tive signal in the range of 3.3-3.6 eV observed in the TA spectra
collected at 77 K (Figure 3b) and partially covered by the scattered
light of the pump. At this point, the evaluation of the excitonic
binding energy was performed by an ab initio BSE approach.
Figure 4c reports the imaginary part of the dielectric constant
of Cs,Pbl, obtained considering the electric field polarized in
the plane of the lead iodide octahedra, with the aim to simulate
our actual FTAS experimental condition (Figure S5, Supporting
Information also reports the results obtained polarizing the elec-
tric field out of plane). The energies of the bright excitonic optical
peaks near to the band edge at the I', Z points for the first (at
2.62 eV) and second (at 3.06 eV) principal quantum number,
n, suggest the assignment of PB1 to the 1s exciton and of PB2
to the 2s exciton. The excitonic fine structure of the bright and
dark excitons is reported and discussed in detail in Section S3
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(Supporting Information). Consistently with recent literature on
similar perovskites,?*#4 the first exciton is a dark state with a
bright-dark splitting of =20 meV. Additionally, several dark exci-
tons are present at higher energies and near the second bright
exciton.

The square modulus of the excitonic wavefunctions at 2.62
and 3.06 eV, reported in Figure 4e,f, shows their 1s and 2s
character, respectively. In fact, both square moduli display a
spherical shape and a node is present for the 2s (Figure 4f). The
analysis in terms of single-particle transitions (see Figure S3,
Supporting Information in Section S3) of all bright and dark
excitons below 3.5 eV, shows that they originate only from tran-
sitions from VBM to CBM at I"and Z point or k-points in their
proximity. In particular, both 2s, assigned to PB2 (Figure S3d,
Supporting Information) and 1s, assigned to PB1 (Figure S3a,
Supporting Information), involve only Gamma and Z points.
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Figure 5. TA spectra of DAMAPI-2 acquired at selected time delays with Ep = 2.50 eV at a) RT and b) 77 K. TA spectra of DAMAPI-3 acquired at selected

time delays with energy pump of 2.25 eV at ¢) RT and d) 77 K.

The good agreement between the theoretical results and the
experimental TA data is shown in Figure 4d where the energies
of the excitons with 1s and 2s and the electronic bandgap are
reported together with the TA spectra of DAMAPI-1 acquired
at 77 K and t = 2 ps. In fact, the BSE spectrum, calculated for
the Cs,Pbl,, succeeds in well reproducing the absolute energy
values for excitons 1s and 2s and, more importantly, it perfectly
matches their energy difference of 440 meV. It is indeed well
known that the position of the BSE calculated optical peaks are
quite insensitive to the presence of different dielectric screening
(such as due to different organic spacers or substrates) and spe-
cifically for a similar 2D perovskites (BA,Pbl,) uncertainty of
the binding energy estimation of the order of hundreds of meV
has been found.®! Tt is important to note that the experimental
TA spectra only give approximate energies of the excitons or the
electronic bandgap, mainly because of the derivative-like shape
of the transient signals and their width. Within those limits,
the experimental data allow us to assign a marked 1s and 2s
character to the PB1 and PB2 signals, respectively.

Because of the difficulty of calculating the band structure
for 1 > 1, we will discuss the TA spectra acquired for multilayer
perovskites with n = 2 (DAMAPI-2) and n = 3 (DAMAPI-3)
using the assignment obtained for n = 1. The TA spectra taken
at RT and 77 K are shown in Figure 5 for selected time delays

Adv. Optical Mater. 2023, 11, 2201874 2201874 (7 of 11)

(t=0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 ps). The TA spectra of
DAMAPI-2 at RT present (Figure 5a) an intense PB1 at 2.17 eV
and a PIA in the energy range 2.25-2.50 eV. The minimum of
the PB1 is at lower energies than that of the PB1 in DAMAPI-1
at the same temperature (Figure 3a) and the energy difference
is in line with the values obtained with other 2D systems.[>3%:80]
This confirms that the sample is principally composed of n =2
sheets that induce a smaller quantum confinement than n =1
and therefore have smaller Ej, and E,.

The TA spectra of DAMAPI-2 taken at 77 K (Figure 5b) show
a PBI at slightly higher energy (2.22 eV) than that acquired
at RT (2.17 eV). This behavior is in line with what is found
in literature in which the increase of the exciton absorption
energy with the lowering of the temperature is negligible for
systems with 1 > 1.9 The assignment of the PB signals at
higher energies (2.75 and 3.00 eV) is uncertain but based on
the typical excitonic binding energies for similar 2D systems it
is reasonable that the PB at 2.75 eV could be related to the elec-
tronic bandgap and the negative band centered at 3.00 eV to
transitions involving higher (lower) conduction (valence) bands
at T point or different critical points. Analogous considerations
and attributions are also valid for the TA spectra reported in
Figure 5¢,d and measured in DAMAPI-3 that show an intense
PB signal at about 2.02 eV at RT and 77 K.
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3.1. Dynamics of the Transient Absorption

The decay dynamics of PB1 and PB2 were analyzed as a func-
tion of excitation fluence, sample temperature, and number of
perovskite layers, investigating how the composition of the 2D
perovskite systems affects the observed EEA, which is a non-
radiative many-body interaction, where the kinetic energy of an
exciton is transferred to another exciton.B¥ It is conventionally
described as a bimolecular process and has been demonstrated
to be dominant in other materials with reduced dimen-
sionalityl”#”88] as well as in other 2D perovskites.[**3% We ana-
lyze the data using a simple model that also takes into account
decay channels that are independent of the exciton density and
include all the radiative and non-radiative recombination (such
as trapping by defects and impurities) that take place in a tem-
poral window of the order of hundreds of picoseconds or nano-
seconds. The density-independent mechanisms come into play
when the EEA loses efficiency as the exciton density decreases
with time. The experimental data were fit with the following
formula:

AA, t
AA(t)= : +AA; || 1+erf b (1)
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where AA(t) is the transient intensity expressed in OD at a defined
time delay, AA, is the initial transient intensity, 7is the EEA decay
time and AA, is a constant that considers all the recombination
processes that last for more than 1 ns and p is the signal rise time.
The EEA decay time 7 extracted from the curve fitting is directly
correlated to the EEA rate constant by the following formula:

1

1 @

where n, is the photoexcited exciton density and k is the EEA
rate constant. Here we want to point out that the EEA decay
time becomes faster as the exciton density increases, which is
the typical behavior of a scattering process. In order to study the
generation and decay of excitons, we selected the pump photon
energies almost resonant with the 1s excitonic transition and
with an excess of energy similar for all the investigated samples.
In Figure 6a we report the PB1 dynamics for DAMAPI-1 at 77 K
with E,=275eV collected at different excitation fluences (220,
660, and 1650 p cm~2) and hence different photoexcited car-
rier densities (2.4, 7.3 and 18 x 10 cm™, details in Section S5,
Supporting Information). The experimental data (see Figure S7,
Supporting Information) are fit using Equation (1) and show a
decay time that is inversely proportional to the excitation den-
sity, as expected from Equation (2). Under the given experi-
mental conditions, we determine the EEA rate constant for
DAMAPI-1to be k= (1.2 £ 0.2) x 102 cm? s7! (all the details are
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Figure 6. a) PB1 of DAMAPI-1 at 77 K and with excitation at 2.75 eV at different fluences. b) PB1 of DAMAPI-1 at 77 K and RT with excitation at 3.35 eV.
c) PB1 of DAMAPI-1, DAMAPI-2, DAMAPI-3 at 77 K and with the similar excess of excitation energy at 220 1) cm2 d) PB1 and PB2 of DAMAPI-1 at

77 K and with excitation at 3.35 eV with a fluence of 220 uj cm=2.
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discussed in Section S5, Supporting Information). This result
is in line with the values already obtained for other 2D mate-
rials such as MoS, in (4.3 £ 1.1) x 1072 cm? s71 ¥ and for RPPs
with butylammonium as the spacer (1.7 £ 0.5) X 102 cm? s~
The EEA rate constants are very similar to the values found for
RPPs having butylammonium and dodecylammonium, sug-
gesting that the organic spacer only slightly affects the EEA
rate. Although the exciton binding energies of DAMAPI-1 and
MoS, are similar (=600 meV), the EEA rate constant is lower
for the RPP system with respect to the MoS,. This behavior can
be explained by considering that the EEA rate constant strongly
depends on the effective dielectric screening of the material
that is higher for perovskites (=5)°! than for MoS, (=3).°2

In Figure 6b we report the PB1 dynamics for DAMAPI-1 at
RT and 77 K with Ep = 3.35 eV at 220 uJ cm™ together with
the best fit obtained using Equation (1). The experimental data
clearly show that the exciton lifetime becomes longer as the
temperature increases. The physical meaning of this result can
be manifold. In analogy with the microscopic theory of the EEA
process in MoS,, the effect of the temperature is to widen the
energy distribution of the excitons. It follows that the low tem-
peratures facilitate the EEA because they favor the population
of excitons having small momentum.*! This trend is in agree-
ment with an EEA process that lasts longer at higher tempera-
ture because of the increase of the crystal dimension due to the
thermal expansion and of the thermal vibrations of the lattice
that reduce the EEA efficiency. We cannot exclude that this trend
is also emphasized by the increase of 2D perovskite absorption
at low temperature that determines an increase of the exciton
density and hence an enhancement of the scattering rate. These
results are in agreement with those collected with Ep = 2.75 eV
and reported in Figure S6 (Supporting Information).

Figure 6¢ shows the decay dynamics of PB1 in samples with
different layers (DAMAPI-1, DAMAPI-2 and DAMAPI-3) at the
same fluence (220 pj cm2) and pumped respectively at 2.75,
2.50, and 2.25 eV, with the aim to excite them with a similar
excess of energy with respect to the excitonic transitions. The
data, reported together with the best fit, show that exciton
lifetimes become longer as the number of perovskite layer
increases. A higher number of layers reduces the quantum
confinement as well as the exciton concentration at equal total
number of photoexcited excitons with the ensuing reduction of
the EEA efficiency,®® while diffusion is favored. Table 1 summa-
rizes the time constants and EEA rate constants for DAMAPI-1,
DAMAPI-2, and DAMAPI-3.

Finally, Figure 6d shows the PB1 and PB2 dynamics for
DAMAPI-1 acquired at 77 K with E, = 3.35 eV and a fluence

Table 1. Decay time 7 and estimated EEA rate k for DAMAPI-1,
DAMAPI-2, and DAMAPI-3 at the PB1 energies. The details on the
estimation of k for DAMAPI-2 and DAMAPI-3 are discussed in
Section S5 (Supporting Information).

T=77K, F=220 y) cm™

Number of Layers (n) 1 2 3
PB1 energy (eV) 2.75 2.48 2.25
7 (ps) 14402 24402 37403

k (102 cm?s™) 1.2£0.2 07£0.3 0.4+0.2
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of 220 uJ cm™2. The energy of the pump is above both the 1s
and 2s excitonic resonances. In this case, we find that in the
first picoseconds the dynamics of the two exciton resonances
differ significantly, in particular, the 2s exciton shows a shorter
decay time constant (0.40 ps) than 1s (1.50 ps). The larger phys-
ical size of the 2s wavefunction should make the EEA more
efficient and, furthermore, decay channels of this excited state
into states at lower energies compete to make the decay of PB2
faster in the first picosecond. Therefore, we cannot assign an
EEA constant rate to 2s as its dynamics are influenced by other
interfering decay processes. At delay times above 2 ps, we find a
long decay dynamic for both PB1 and PB2 with time constants
of hundreds of picoseconds. While this long decay time can
Dbe easily attributed to recombination of the 1s exciton, for 2s it
could be explained by the interaction with dark excitonic states
with energies closer to the bright excitonic state, as identified by
the BSE calculations (see Section S2, Supporting Information).

4. Conclusion

In this work we have reported transient absorption measure-
ments on the 2D perovskite DAMAPI (DA,MA, ,Pbl3,,,), with
DA = CHj;-(CH,;);1-NH;* as a spacer, obtaining both spectral
and temporal information about excitonic absorption and decay.
In particular, the derivative character of the transient absorp-
tion signals has allowed us to observe electronic transitions
involving the formation of excitons with principal quantum
numbers 1s and 2s. The interpretation of the data is supported
by theoretical calculations of the electronic and optical features
based on GW and BSE approaches.

The analysis of the decay of the transient absorption signal
has shown that at the excitation fluences used for the experi-
ments, the process that dominates the decay of the absorption
bleaching of the excitonic resonances at short delay times is
the exciton—exciton annihilation mechanism, of which we have
determined the constant rates.

Finally, we wish to point out that transient absorption meas-
urements not only allow the study of the dynamics of the excited
carriers but, because of their high sensitivity to the changes in
the carrier density induced by the excitation, they also allow the
observation of spectral features otherwise not observable with
steady-state measurements.
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