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1. Introduction

The cooling mechanism of hot carriers (HC) in metal halide perovskites is a

topic of debate which gathered huge attention due to its critical role in the
performance of perovskite-based optoelectronics. HC cooling in 2D
perovskites is faster than in its 3D counterpart, whereas in 2D/3D perovskites
cooling becomes faster with decreasing the thickness of the inorganic
quantum wells. Using state-of-the art first principles calculations it is showed
that the modulation of electron—phonon (e-ph) coupling strength between
bending and stretching phonon branches can explain this observation.
Starting from the prototype BA,Pbl, and PEA,Pbl, 2D perovskites, e-ph
coupling of individual phonon modes is investigated for 2D/3D perovskites
with n = 1 and 3, along with a vis-a-vis comparison with the prototypical 3D
MAPbI; system. This study shows that e-ph coupling with high-frequency
stretching phonon modes in the 60-120 cm~" range is highest for n = 1 while
it decreases with increasing the quantum well layers, by approaching the 3D
bulk limit where e-ph coupling with low-frequency bending phonon modes
(<60 cm™") is dominant. Longer spacer cations with identical quantum well
structures have a limited impact on the e-ph coupling, highlighting that the
primary factor governing HC cooling is the quantum confinement within the
inorganic sublattice. This study provides an advancement in the
understanding of the mode-specific e-ph mediated HC cooling mechanism in
metal-halide perovskites and can provide a route map toward tuning the e-ph
interaction, which is instrumental for effectively gathering HC in solar cell

devices.

Metal-halide perovskites have emerged as
a promising class of semiconducting ma-
terials for optoelectronic applications.[*!
Charge-carrier dynamics in such mate-
rials is controlled by the cooling rate of
hot carriers (HC). In solar cells, pho-
tons possessing energies larger than the
absorber’s bandgap can form free carri-
ers with initial excess kinetic energies at
least kyT above the band edges.’! HC
are at a non-equilibrium state, under-
going a rapid ~picoseconds cooling to
the band edges by losing their excess
kinetic energies before becoming avail-
able for charge extraction.[*3] HC cool-
ing is one of the major reasons for ef-
ficiency loss in solar cells.>®! Such loss
can be avoided if the HC can be utilized
before they equilibrate and, in this way
the thermodynamic Shockley-Queisser
limit of 33% on conversion efficiency
can be ideally improved up to ~66%.137]

Using transient absorption (TA) spec-
troscopy, Xing et al. first reported a
0.4 ps HC cooling time in MAPDI,.I®¥
Later on, depending on photoexcited
carrier density, a surprisingly long-lived
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Figure 1. Investigated structures in this study; a) MAPbls, b) PEA,Pbl,, c) BA,Pbly, d) (PEA), (MA),Pbsl,q, €) (BA),(MA),Pbsl;y, and f) OCTA,Pbl,

HC population (~100 ps) was further revealed.*!?) Various
mechanisms with a possible interplay have been proposed for
explaining the HC cooling process, including i) Auger heating
effect; ii) large polaron screening effect;(*! iii) hot phonon bot-
tleneck effect!®! depending on the carrier concentration.!*] Auger-
heating or inter-band Auger recombination processes involve the
non-radiative transfer of the electron-hole recombination en-
ergy to another carrier resulting in excitation of this carrier to
a higher energetic state approximately equal to the bandgap en-
ergy, thus heating the electronic system and slowing down the
carrier dynamics.l'*!>] The formation of polarons, on the other
hand, may slow down the cooling process by confining the charge
carrier in the polarized potential cloud of the surrounding ions.
Such polaron cloud extends up to several unit cells and forms
“large polaron” in 3D perovskites.l'"2] The presence of lattice
defects, variation in the chemical composition or quantum con-
finement in lower dimensional perovskites, may lead to a further
spatial localization with the formation of “small polarons”,[21-24]
extending up to few atomic centers. The third mechanism, i.e.,
the phonon bottleneck effect, refers to the slowing down of the
cooling process at high carrier density due to the presence of
a large number of non-equilibrium longitudinal optical (LO)
phonon population, resulting in the net reduction of LO phonon
emission with a concomitant effect of slow HC cooling.[1525:26]
Acoustic-optical phonon up-conversion, i.e., the up-transition of
low-energy modes through the overlapping phonon branches has
also been credited as a reason of hot bottleneck effect.[?’]

In this context, the hypothesis crediting the phonon gap be-
tween optical and acoustic branches has also been demonstrated
as a reason of slow cooling of the HC of MAPbI,, 528 follow-
ing Klemens or Ridley mechanism as observed in pure inor-
ganic semiconductors like InP and nanostructured GaAs.[?%30]
In a quite similar argument, some authors have proposed the
presence of phonon gap between optical and acoustic modes
in MAPDI, by considering the major optical branches gener-
ated by the inorganic moiety!®); however in a contradictory
argument,'?’] the motion of the organic sub-lattice also gener-
ates optical phonons by coupling with inorganic sub-lattice and
can eventually create a continuum in the phonon density of
states (DOS). The absence of persistent HC in the all-inorganic
CsPDbBr; perovskite further supports the claim that the organic
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sub-lattice coupled with inorganic sub-lattice may also contribute
to the active optical modes.!""] Therefore, the mechanism of HC
cooling is still controversial and under debate.

HC dynamics becomes even more complex and interesting in
2D/3D perovskites. Pure 2D perovskites share the same corner-
sharing octahedral framework of 3D perovskites, but the inor-
ganic layers are separated by large organic cations and form quan-
tum well structures. 2D/3D perovskites are described by the for-
mula A,B, M, X, ., where A is large cation, B is small cations,
M is metal, and X is halide and n determines the number of
inorganic layers, which reduces to a pure 2D case when n = 1.
The high exciton binding energy due to quantum and dielectric
confinement,31-*! the strong optical transition strengths due to
the dipole orientation of large cations,!*>3¢ and the occurrence
of small polaron associated to self-trapped carriers!?"37-3°l make
carrier relaxation in 2D perovskites more complex than in its 3D
counterpart.l*’l Several works highlighted that HC cooling be-
comes faster in 2D perovskites compared to their 3D counterpart,
by showing an intermediate behavior for 2D/3D perovskites en-
dowed with more than a single inorganic layer in the quantum
well.[4147]

Despite the significant number of experimental works in-
vestigating HC relaxation time scales, a clear picture of the
possible mechanisms behind the different cooling rates in 3D
and 2D perovskites is still missing. In this work, we investigate
the e-ph interaction and its influence on the HC cooling pro-
cess in the 2D prototype perovskites (BA),(MA),_,Pb, I,
and (PEA),(MA),,Pb,I,,.;, (BA = n-butylammonium,
PEA = phenylethylammonium, and MA = methylammo-
nium) with n = 1, 3, by doing a direct comparison with 3D
MAPDI,. For simplicity, we refer to the (BA),(MA),,Pb, L5,
with n = 1 and n = 3 henceforth as BA-nl1 and BA-n3, respec-
tively. Similarly, (PEA),(MA),_,Pb,I; ., withn =1 and n =3
are referred henceforth as PEA-n1 and PEA-n3, respectively, see
Figure 1.

Our study shows that while in MAPbI; e-ph coupling is dom-
inated by the low-frequency (<60 cm™!) Pb—I bending phonon
modes, in 2D perovskites higher-frequency phonon modes (60—
120 cm™') associated to the stretching of the inorganic sublat-
tice introduce additional e-ph scattering, by increasing the HC’s
cooling rate. The e-ph coupling with high-frequency phonon
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Figure 2. a) Schematic representation of the VB and CB electronic states included in the e-ph coupling analysis at the I' point. Electronic DOS of
b) MAPbI;, c) PEA,Pbl,, d) BA,Pbly, ) (BA),(MA),Pb;l,y, and f) OCTA,Pbl,. The energy range spanned by VB and CB states for the hot hole and
electron analysis are indicated by red and blue area, respectively, in the different cases. The energy range spans up to 1.20 (1.49), 1.07 (1.99), 1.04 (1.93),
1.00 (0.45), and 0.99 (1.93) eV for the VB (CB) bands for MAPbI;, PEA,Pbl,, BA,Pbl,, (BA), (MA),Pb;l,y, and OCTA,Pbl,, respectively.

modes in 2D perovskites decreases by increasing the quantum
well thickness of the inorganics, while it only slightly depends
upon the organic spacer length, indicating that the e-ph coupling
is strongly modulated by the quantum confinement in the inor-
ganic sublattice.

2. Results and Discussion

E-ph interaction of each phonon mode with the Kohn-Sham
states of the different investigated systems has been investigated
by calculating the e-ph relaxation energy (4), defined by the fol-
lowing expression(28:48-51]

dE\ [ 1
i=(i5) () .
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where dE is the shift in the KS orbital energy upon the i-th
phonon perturbation, dQ; is the displacement of the lattice as-
sociated with the i-th phonon mode and «; is the curvature of
the potential energy surface along the i-th phonon mode. Such
an approach has been widely adopted to investigate e-ph pro-
cesses in metal halide perovskites,I*! providing results in good
agreement with both experiments®®! and different methods.>2>!
E-ph coupling is calculated by considering couplings between
the electronic states and the phonons at the I' point in the Bril-
louin zone (BZ). This approach is justified by the evidence that
for MAPDI, e-ph coupling with phonons at different high sym-
metry g-points across the BZ have very limited contributions
(<8 meV), as illustrated in Figure S1 (Supporting Information).
Furthermore, to accurately determine the electronic response to
phonon deformation, single point calculations along the phonon
displacements have been performed with the hybrid HSE06 func-
tional by including spin-orbit coupling (SOC), see additional
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Figure 3. a) Optimized structure and b) phonon dispersion, phonon DOS across the whole Brillouin zone, and e-ph relaxation energies of VBM and
CBM at I point of tetragonal MAPbI;. c) phonon modes with significant e-ph interaction at I' g-point; organic cations have been removed for the clarity.
e-ph coupling at the third and fourth panels of (b) represents the coupling associated with the VBM and CBM; e-ph coupling for the higher energy bands

are shown in Table 1 and Tables S1 and S2 (Supporting Information).

Computational details in Supporting Information and Figure S2
(Supporting Information) for a comparison with GGA results.
For mapping the HC cooling, the e-ph coupling at the I' point
has been investigated for six valence band (VB) states, including
valence band maximum VBM (1.0 eV energy window for all the
phases), and three conduction bands (CB) states, including con-
duction band minimum CBM (=1.5, 2.0, and 0.5 eV energy win-
dow for 3D, 2D, and 2D-n3 phases, respectively), see Figure 2.
Such approach makes our analysis independent from the
bandgaps of the considered phases. Due to the large n3 systems
size, HSE06-SOC e-ph coupling have been calculated only for BA-
n3. However, the phonon analysis has been performed in PEA-
n3 and the resemblance of phonon DOS and nature of vibrations
(Figure S3, Supporting Information) with that of BA-n3 suggests
that the PEA-n3 and BA-n3 might show similar e-ph coupling
trend.

We start by analyzing the results for the prototype MAPDI,
in its room temperature stable tetragonal phase. Phonon band
structures, phonon DOS and the e-ph relaxation energies of
VBM and CBM levels with each phonon mode at I' are shown
in Figure 3. As one can see from Figure S4 (Supporting Infor-
mation), the atomic displacements due to Pb—I bond vibrations
and the associated e-ph coupling extend up to 170 cm™!. Since
the electronic states of the organic cations are not directly cou-
pled to band edge states and atomic displacements of inorganic
atoms do not extend above 200 cm™!, we have focused into the

Adv. Energy Mater. 2023, 2303405 2303405 (4 of 10)

phonon modes up to 200 cm~!. Within this frequency range,
the phonon frequencies have been subdivided in three regions
based on the different nature of the vibrations, i.e., below 60 cm™!
where mainly Pb—I bending modes are present, between 60 and
120 cm~! with phonons associated to stretching of the inorgan-
ics, and above 120 cm™! associated to the bending and stretching
of the large organic cations.

As can be seen in Figure 3D, the strongest e-ph couplings
for the VBM and CBM levels are mainly originated from the
Pb—I bending motions at 19.34, 25.14, 28.08, 40.51, 41.27, and
42.29 cm™! and one mode from the axial Pb—I stretching vibra-
tion (80.03 cm™!), in agreement with previous literature.[35

The cumulative relaxation energy, i.e., the sum of the calcu-
lated relaxation energies over the normal modes in each fre-
quency range of the six VB and three CB states delimiting red and
blue areas in Figure 2b are summarized in Table 1 (details of e-ph
coupling for each band are reported in Tables S1 and S2, Support-
ing Information). Cumulative relaxation energies confirm that a
significant contribution of e-ph interaction for VB states appears
below <60 cm~! whereas both the <60 and 60-120 cm™! regions
are populated for the CB states.

We now move to investigate e-ph coupling in 2D/3D per-
ovskites. In Figure 4 the phonon DOS, the relaxation energies
of the VBM and CBM are reported, while in Table 1 the cumu-
lative e-ph coupling of VB and CB states in the three frequency
regions are reported.
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Table 1. Cumulative e-ph coupling in the different frequency regions for the various systems. For each system the cumulative e-ph coupling between I"
phonon modes and the VB and CB states in the red and blue areas in Figure 2 are reported. The detailed values for each energy band are provided in
Tables S1and S2 (Supporting Information).

Systems Cumulative relaxation energies 4 (meV) in the different frequency regions
0-60 cm™! 60-120 cm™! 120-200 cm™!

MAPbI; VBs 310 148 52
Eg=1.54eV CBs 140 142 0
PEA,Pbl, VBs 318 774 8
Eg=241eV CBs 178 1272 0
BA,Pbl, VBs 266 1112 42
Eg=243eV CBs 138 1710 12
(BA), (MA),Pbs 11 VBs 352 308 18
Eg=179eV CBs 226 286 34
OCTA,Pbl, VBs 344 620
Eg=12.69 eV CBs 184 756

By comparing stretching phonon modes of the Pb—I bonds  nl; equatorial Pb—I stretching at 96.79 and 110.55 cm™ for
of MAPDI; and, e.g., BA-nl (see Figures 3b and 4b) the nor- MAPbI;, 72.42, 97.58 and 109.26 cm™ for BA-n1, 78.73, 99.75,
mal modes appear at almost similar frequencies, with axial Pb—I  and 108.91 cm™! for PEA-n1. The slightly lower value of axial
stretching at 80.03, 111.94, and 118.07 cm™! for MAPDI;, 75.66  Pb—I stretching peaks of BA-n1 than MAPbI, is justified since
and 79.21 cm™' for BA-nl, 75.92, and 79.91 cm™! for PEA- the axial iodine atoms are under-coordinated in BA-n1.
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Figure 4. Optimized structures, phonon DOS and e-ph relaxation energies of VBM and CBM of a) PEA-n1, b) BA-n1, c) BA-n3, and d) OCTA-n1. Phonon
DOS are reported for I" g-point. Transparent blue, yellow and green regions represent region-1, region-2, and region-3, respectively.

Adv. Energy Mater. 2023, 2303405 2303405 (5 of 10) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UBD17 SUOLLLLIOD SAIERID 3ol dde 3y} Aq paueA0b 88 s3I YO ‘SN 40 S3INJ 104 ARIG1T 8UIIUO AB|IM UO (SUOHIPUOD-PUR-SWLB}W0D A8 | 1M ARR1q 1 U1 IUO//SARY) SUORIPUOD PUe SWid | 84} 83S *[7202/20/TT] U0 Ariqi8uliuo A8|IM eIl eLeIL00D AQ SOFE0EZ0Z LUUSR/Z00T OT/I0P/W0D" A8 | M ARIq 1 BU1IUO//SANY WO} papeo|umoq ‘0 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

PEA,PbI,

45.65 cm! 78.73 cm'! 108.91 cm!

47.20cmt 72.42 cmt 97.58 cm?
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Figure 5. Displacement vectors of the phonon modes with significant e-ph coupling at the band edges at the region-1 and region-2 for PEA-n1, BA-n1,
BA-n3, and OCTA-n1 structures. Displacements vectors for the organic cations have been removed for clarity.

Interestingly, for PEA-n1 and BA-n1, e-ph coupling shows an
increased contribution from the high-frequency region-2 branch
(60-120 cm™') compared to region-1 branch (<60 cm™!), see
Figure 4 and Table 1. The highest e-ph interactions in energy
region-2 are mainly associated to axial and equatorial stretching
of the inorganics, see Figure 5, and show absolute relaxation en-
ergies remarkably higher than those calculated in the 3D MAPDI,
perovskite.

From this analysis a clear trend is emerging, i.e., moving from
3D to 2D perovskites stretching phonons belonging to the higher
frequency region-2 (60-120 cm™') start to dominate the e-ph cou-
pling. Notably, equatorial stretching modes above 80 cm™" are not
coupled to electronic states in MAPbI;. Since inorganic moiety’s
vibrations are very much similar in MAPbI; and BA-n1, the ab-

Adv. Energy Mater. 2023, 2303405 2303405 (6 of 10)

sence of strong e-ph peaks for MAPDI; in region-2 may be as-
cribed to the more sensitive response of the quantum confined
2D-inorganics to in-plane stretching modes with respect to the
3D periodic bulk system, as has been depicted from the wave
function plots of the normal modes for 3D and 2D systems in
Figure 6.

The impact of structural factors, specifically the thickness of
the inorganic layer and the length of the large cations, on the
electronic response to phonon displacement, i.e., the e-ph cou-
pling strength, can be monitored by the analysis of e-ph coupling
in BA-n3 and OCTA-n1 perovskites. By increasing the thickness
of the inorganic layer to form the 2D-n3 perovskites, a progres-
sive decrease of the e-ph relaxation energies at the band edges is
reported in energy region-2, indicating a more limited coupling

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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BA,Pbl,

Figure 6. Wavefunction plots of the VBM Kohn-Sham levels of the MAPbI; and BA,Pbl, for the a,d) pristine structures b,e) normal modes structures
and c,f) displacement vectors associated with in-plane stretching vibration of 96.79 and 97.58 cm~" for MAPbl; and BA,Pbl,, respectively. Highlighted
parts indicate that, for the similar kind of vibration of the inorganic atoms, the charge density remain similar in MAPbl;, whereas it gets modulated
significantly in BA,Pbl,. Isosurface values of the pristine and normal modes structures have been maintained similar for proper comparison; 0.0008
and 0.0006 e A=3 for MAPbI; and BA,Pbl,, respectively. Displacements vectors for the organic cations have been removed for clarity for both MAPbl,

and BA,Pbly.

of the bulk-like n3 system with Pb—I stretching. Absolute e-ph
values are calculated in between 3D and 2D systems and the cu-
mulative e-ph coupling distribution spreads back region-1.

The effect of the organic spacer length, i.e., the different elec-
tronic coupling between the inorganic layers, has instead a more
limited impact. As can be seen from Table 1, for OCTA,PbI,
(henceforth as OCTA-n1) the e-ph coupling strength is com-
parable to PEA-n1 and BA-nl perovskites, even though a lim-
ited variation in e-ph coupling distribution between region-1
and region-2 is observed for OCTA-nl. Notably, di-ammonium
cations as in the Dion Jacobson perovskites!>>~’] may show a
different behavior with respect to mono-ammonium cation by
bringing additional rigidity and eventually decreasing the e-ph
coupling.

These results show that quantum confinement of the charge
carriers is the primary factor modulating e-ph coupling in these
systems. The e-ph response decreases almost linearly with in-
creasing thickness of the inorganic layer, associated to an in-
creased coupling of the electronic states with Pb—I bending
modes which dominate e-ph coupling in bulk 3D systems.

Based on e-ph coupling analysis, the origin of the different
HC cooling rates in 3D and 2D perovskites can be hypothesized.
Immediately after photoexcitation with above bandgap energy,
HC start relaxing via carrier-phonon interactions, as depicted in
Scheme 1. The larger the carrier-phonon interaction, the faster is
the HC relaxation toward the band edges.

Adv. Energy Mater. 2023, 2303405 2303405 (7 of 10)

In turn, the larger is the population in the high-frequency
phonons (in region-2 or region-3), the higher is the number of
phonon scattering channels and e-ph scattering rate;**! con-
sequently the faster HC cooling becomes. Alongside, if an in-
creased number of low-frequency phonons (in region-1) are acti-
vated, a higher number of phonons has to be emitted compared
to high-frequency phonons in order to cool down the same excess
energy.[1>3% Therefore, summing up the characteristics of the e-
ph mediated HC decay process, it emerges that the higher is the
fractional ratio of e-ph population in the region-1 the slower will
HC cooling be.

As reported before, e-ph coupling is driven by the scat-
tering with low-frequency phonons (in region-1) for MAPDI;,
whereas high-frequency region-2 dominates for 2D perovskites.
The stronger coupling in the frequency region-2 indicates that
HC cooling is faster in 2D perovskites with n = 1, approaching
the bulk limit when increasing the number of inorganic lay-
ers, as discussed for systems with n = 3. Experimental evi-
dences on the time scale of HC cooling nicely match with the
outcome of our analysis. While the e-ph interaction is probed
by the full width half maximum (FWHM) of the broad lumi-
nescence behavior,!%¢%°] the HC dynamics have been studied
by monitoring the high-energy tail and decay characteristic of
time-resolved photoluminescence (TRPL) and transient absorp-
tion (TA) spectra.[8106667] The fast component decay in the pi-
cosecond scale typically arises due to carrier thermalization and

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

25UB0| SUOWILLIOD BA1IEBI0 3|eatdde aU) Aq pouBAOB e D11 WO 88N 10 S3|N1 10} AIRIGITBUIIUO A3 1A UO (SUO 1 IPUO-PUE-SLLLBILLIOY" B 1M ARGl [puIU0//:SdIy) SUONIPUOD PUE SIS | 81 39S *[202/20/TT] U ARIqIT8U1IUO A3|1M *B1fEIBLRILR0D AQ SOVE0EZ0Z WLBR/ZO0T OT/I0p/w00 A3 1 AReiq ou U0/ SdNy Wol) papeojumod ‘0 ‘0r8orTaT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

L e
o §
8.8
N QP
SE
Hot -
electron g
S 8
8%
I<¥-4
Qe
- =
g g
© 9
B Y
oo L Vv &
o~ ~
= d
83
hv>>Eg )
Hot M/ 9
hole \

Scheme 1. Schematic representation of the excitation and cooling process
of the HC. Phonon DOS has been schematically quantified in different re-
gions based on the different nature of vibrations of the metal-halide bonds
of metal-halide perovskites class of materials.

HC cooling; thus a faster decay of the “fast component” of
TRPL and TA dynamics implies a higher e-ph interaction.[68]
Cho et al,l*! from the bi-exponential kinetic fitting of the
time-resolved TA spectra, reported the increased contribution
of short lifetime component with decreasing the value of n in
(PEA),MA,,Pb, I, ., structures. Hintermayr et al.”’% reported
a time constant of 1.7 ps carriers cooling in quasi-3D MAPbI,
nanoplatelets, while in the 2D counterpart the time constant is
0.24 ps. Additionally Maity et al.,l**! by studying coherent longitu-
dinal acoustic phonons’ propagation from femtosecond transient
reflectance spectroscopy, reported slower HC cooling by increas-
ing the layer number from n=1to n=3in (PEA),MA ,Pb I, ,
structures.

As a final remark, the polaron nature of charge carriers is
expected to play a role in the HC cooling process.[!*1%2] Irre-
spective of whether hole or electron polarons are considered,
it is clear that polaron size start becoming “large” with the de-
crease of quantum confinement, as has been shown in Figures
S5 and S6 (Supporting Information). As proposed by Zhu and
co-workers,!¥¥] large polaron can further contribute to decrease
the HC cooling by increasing the screening ability of the carriers
in 3D and PEA-n3 and BA-n3 perovskites.

Our analysis elucidated the e-ph coupling trend by moving
from the 3D to 2D perovskites, i.e., by increasing the quantum
confinement of the inorganic subunit. A topic of emerging in-
terest is represented by the e-ph coupling in mixed 3D/2D per-
ovskite hetero-structures. The coupling of 2D and 3D perovskites
in 2D/3D architectures is a promising strategy to increase the
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long term stability of devices. Due to the higher complexity of the
system, the effects of the interface on the charge carrier cooling
rate cannot be easily extrapolated from our results in 3D and 2D
single units. While an intermediate cooling rate between the 3D
and 2D limit cases can be expected, lattice mismatch and charge
transfer at the interfacel**”1-75] can profoundly alter the e-ph cou-
pling behavior. Furthermore, the presence of partially saturated
interfacial bonds and defects at the interface can emerge as the
major cooling channels in these systems.

3. Conclusion

In summary, our high-level calculations highlight a competition
of e-ph coupling between the bending and stretching phonon
branches, differentiating the HC cooling behavior in 3D and 2D
perovskites. e-ph coupling of 3D perovskites is dominated by low-
frequency bending phonon branches, whereas high-frequency
stretching phonon modes dominate n = 1 2D systems. The in-
creased e-ph coupling strength in 2D perovskites is in agreement
with the faster HC cooling process in 2D perovskites. Inorganic
layer thickness, modulating the quantum confinement in 2D per-
ovskites, is the primary factor determining the e-ph coupling in
the systems, while the length of the spacer cations only slightly
influences the e-ph interaction. Larger screening associated to
large polarons may further contribute to slow down HC in 3D
perovskite. This study contributes to unveil the origin of the ex-
perimental observation of HC cooling trends in 3D and 2D per-
ovskites and provides a route map for tuning the e-ph interaction,
which is key for utilizing the HC and consequently overcoming
the Shockley-Queisser limit of conversion efficiency.
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