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The emerging two-dimensional (2D) Dion—Jacobson (DJ) perovskites with Qé\./l\ Ex
bidentate ligands have attracted significant attention due to enhanced structural stability Oﬂ"\f
compared with conventional Ruddlesden—Popper (RP) perovskites with monodentate ligands N » -4

DJ phase 7

linked by van der Waals interactions. However, how the pure chemical bond lattice interacts
with excited state excitons and its impact on the exciton nature and dynamics in 2D DJ-
perovskites, particularly in comparison to RP-perovskites, remains unexplored. Herein, by a
combined spectroscopy study on excitonic and structural dynamics, we reveal a persistent
exciton dressed by a weak polaronic effect in DJ-perovskite due to their rigid and harmonic
lattice, in striking contrast to significantly screened exciton polaron observed in RP-
perovskites. Despite the similar exciton binding energy (~0.3 eV) in both n = 1 DJ- and RP-
perovskites with near-identical crystal structure, photoexcitation results in a slightly screened
exciton with minimal structural relaxation and a retained binding energy of ~0.29 eV in DJ-
perovskites but strongly screened exciton polaron with a binding energy of ~0.13 eV in RP-
perovskites. Structural dynamics further highlight the rigid and harmonic lattice motion in DJ-perovskites, as opposed to the
thermally activated anharmonic lattice in RP-perovskites, arising from their distinct bonding modes. Our study offers insights
into modulating excited state properties in 2D perovskites, simulating the rational design of hybrid semiconductors with
tailored properties and functionalities.
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wo-dimensional (2D) lead halide perovskites, charac-
terized by alternating inorganic and organic ligand
layers, have garnered substantial interest due to their
tunable structures and promising applications in photonic and
optoelectronic devices, such as solar cells, light-emitting
diodes, and photodetectors.'® Depending on the bonding
type in the ligand layer, 2D perovskites can be primarily
classified into two types (Figure 1A): Ruddlesden—Popper
(RP) type and Dion—Jacobson (DJ) type.*®” RP-perovskites,
with the general formula (LA),(A),_B,Xs,,; where n is the
inorganic layer thickness, rely on monodentate cation ligands
linked by van der Waals force, while DJ-perovskites, with the
formula (LA)(A),_;B,Xs,.1, feature a single layer of bidentate
cation ligand bridging the inorganic layer. The distinct bonding
modes and molecular rigidity of DJ-perovskites confer them
with superior structural stability, including enhanced thermal
and halide ion stability, making them highly favorable for
device applications.”™ "
A prominent feature in 2D perovskites is the strongly bound
electron—hole pairs, or excitons, which arise from dielectric
and quantum confinement effects and manifest as sharp
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excitonic transitions in optical spectrosco];)y.lé‘17 However, it is
the nature and dynamics of excitons in the excited state, rather
than in the ground state, that dictate the photophysical
properties and performance of photoexcited semiconductors in
devices. Extensive studies on 2D RP-perovskites have generally
shown a complex interplay between excitons and surrounding
soft, polarizable crystal lattice, promoting the formation of
exciton polaron with coupled exciton-lattice dynamics.'®™*
The formation of exciton polarons has a profound impact on
the properties of 2D RP-perovskites, including the excited state
characteristics, exciton dissociation, radiative recombination,
and spin relaxation behaviors.'®*"*°7*' A very recent
preliminary study on 2D D]J-perovskite has suggested
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Figure 1. Crystal structure and optical characterizations. (A) Crystal and ligand structures of (BA),Pbl, and ODAPbI,. (B) The absorption
and PL spectra of (BA),Pbl, and ODAPbI, thin flakes at room temperature. Inset: optical images. (C) The derivative spectra of the
reflectance contrast of (BA),PbL, and ODAPbI, at 4 K with denoted exciton states. (D) The log—log scale plot of TRPL, as a function of

excitation power density for (BA),Pbl, and ODAPbI, at room temperature with power §§ labeled.

exciton—phonon coupling and polaronic character of excitons
by observing coherent phonon generation on ultrafast
spectroscopy.”~ However, to what extent exciton-lattice
interaction redefines the excited state exciton nature and
dynamics in 2D DJ-perovskites, particularly in comparison to
2D RP-perovskites with different bonding modes, remains
unexplored. This has hindered the rational design of 2D
perovskite materials with tailored properties for optoelectronic
applications.

In this study, we conducted combined spectroscopy studies
on the electronic and structural dynamics of DJ-perovskite
ODAPbI, (ODA:1,8-butanediamine) and compared it to the
counterpart RP-perovskite BA,Pbl, (BA: n-butylamine) with
nearly identical compositions and dielectric structures but
different bonding modes. Steady-state exciton Rydberg series
measurement yields a similar ground state exciton binding
energy of ~0.3 eV for both DJ-ODAPbI, and RP-BA,Pbl,.
However, the spin-resolved transient absorption spectroscopy
shows opposite temperature-dependent exciton spin relaxation
behavior and reveals a persistent exciton with a slightly
screened binding energy of 0.29 eV in DJ-ODAPbI, but
strongly screened exciton with a binding energy of 0.13 eV in
RP-BA,Pbl, by the excited state polaronic effect. An in-depth
analysis of the Stokes shift indeed reveals much less excited
state structural relaxation in DJ-ODAPbI,, compared with RP-
BA,Pbl,, which can be well described by the Debye dielectric
relaxation model. Further study of structural dynamics by low-
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frequency Raman spectroscopy and theoretical calculation
reveals rigid and harmonic lattice motion of DJ-ODAPbI,, in
striking contrast to thermally activated anharmonic lattice
movement in RP-BA,Pbl,, which originates from different
ligand-bonding modes. This result indicates that despite near-
identical exciton binding energy at the ground state, DJ-
perovskite with bidentate ligand has a more rigid and harmonic
lattice and a persistent exciton with weak polaronic effect at the
excited state, compared with the contrasting RP-perovskite
with monodentate ligand, soft and anharmonic lattice, and
strongly screened exciton polaron. This dramatically different
excited state behavior has strong implications for their
optoelectronic applications.

RESULTS AND DISCUSSION

(BA),Pbl, and ODAPDI, single crystals are synthesized using a
solution growth approach (see details in Supplementary Note
1. Materials and Methods).”** The obtained (BA),Pbl, and
ODAPD], thin flakes are several hundred nanometers thick and
tens of microns in lateral size (see Figure S1 atomical force
microscopy images). The crystal structures were confirmed by
X-ray diffraction (XRD) measurements (Figure S2). As shown
in Figure 1A, (BA),Pbl, (RP type) relies on van der Waals
force to link two layers of monoammonium cation ligands with
a van der Waals gap while ODAPbI, (D] type) has only a
single layer of diammonium cation ligands to conjugate the
inorganic layers. For ease of terminology, (BA),Pbl, and
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Figure 2. Spin-resolved TA spectroscopy of ODAPbDI, at 280 K. (A) Scheme of spin-resolved TA measurements where spin-polarized
excitons are photoexcited and probed by same (SCP) or opposite (OCP) circularly polarized light. (B) 2D color plot of TA spectra of DJ-
ODA under SCP and OCP conditions. (C) Associated spectral evolution of SCP and OCP at 0.4, 4, and 15 ps, respectively. (D) SCP and

OCP TA kinetics and exciton spin relaxation kinetics in DJ-ODA.

ODAPbDI, are hereafter abbreviated as “RP-BA” and “DJ-
ODA,” respectively. Apart from the different bonding modes,
their structures and compositions are highly similar, exhibiting
nearly identical interlayer spacing (13.82 and 13.18 A for RP-
BA and DJ-ODA, respectively) thus dielectric structure. As
shown in Figure 1B, at room temperature, RP-BA and DJ-
ODA exhibit the lowest energy absorption peaks at 2.43 and
2.50 eV, respectively, and a single sharp photoluminescence
(PL) peak with ~50 meV Stokes shift, arising from their lowest
energy exciton resonance.”*” The absence of the PL peak from
other inorganic layer thicknesses or extrinsic edge states even
at cryogenic temperature (Figure S3) confirms the high quality
and purity of the obtained single crystals. The temperature
(T)-dependent PL spectra also indicate the absence of phase
transition from 80 to 320 K in RP-BA and DJ-ODA.***

We first determine the ground state exciton binding energy
E} by conventional steady-state exciton Rydberg series
measurement, which has been successfully applied in 2D
transition-metal dichalcogenides and 2D lead halide perov-
skites previously.'”***” We measured the reflectance contrast
spectra SR of (BA),Pbl, and ODAPDI, at 4 K and obtained
reflectance contrast derivative (d(S6R)/dE) spectra which
exhibit resolvable 1s/2s excitonic peaks at 2.57/2.81 eV for
RP-BA and 2.50/2.73 eV for DJ-ODA, respectively (Figure
1C). Thus, E,’ can be estimated from the energy spacing
(denoted as A,,) between 1s and 2s excitonic peaks, E,° =~
1.35A,,.'¢ Using this method, we obtain a nearly identical E,’
of 0.33 and 0.31 eV for RP-BA and DJ-ODA, respectively,
which echoes their similar inorganic/organic dielectric
structures. These E,° values are also consistent with previous
results on similar n = 1 lead iodine perovskites but with
different ligands.'®"”
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Importantly, it is excited state properties, rather than ground
state properties, that govern the optoelectronic performance of
semiconductor materials. To have a first glance at the excited
state species (excitons vs dissociated charge carriers) in these
2D perovskites, we examined the excited state radiative
recombination behavior by time-resolved PL (TRPL) measure-
ment. Specifically, the initial TRPL intensity at t = 0 (denoted
as TRPL,), which is proportional to the radiative recombina-
tion rate, depends on photoexcitation density linearly (i.e.,
TRPL, o ng) for exciton monomolecular recombination and
quadratically (i.e, TRPL, o ng) for electron—hole charge
bimolecular recombination.’®*° As shown in Figure 1D,
TRPL, (obtained from TRPL kinetics in Figure S4) as a
function of photoexcitation density in RP-BA and DJ-ODA can
be well described by TRPL,  rf with a power factor 3 of ~1,
confirming excitons as photoexcitation species in these n = 1
2D perovskites at room temperature.

Importantly, the ground state exciton binding energy (E,”)
may not reflect the excited state exciton binding energy
(denoted as E,*) if there is an excited state electronic and
structural relaxation after photoexcitation.'®**** Our previous
study on 2D RP-lead bromide perovskite has established a
method of estimating E,* from temperature (T)-dependent
exciton spin relaxation measurements.”” Specifically, according
to the Maialle—Silva—Sham (MSS) mechanism, exciton spin
relaxation in low-dimensional semiconductors is governed by
the strength of electron—hole exchange interaction (J) at an
excited state.”*°™* As J is proportional to E,* E,*can be
estimated from T-dependent exciton spin relaxation rate k; by

k, & (Qb)tp « J*Trp o (EF)*T/T (1)
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Figure 3. Temperature-dependent exciton spin relaxation. (A, B) Exciton spin relaxation kinetics with single exponential fitting at different
temperatures of (A) DJ-ODA and (B) RP-BA. (C, D) Temperature-dependent exciton spin relaxation rate and the modeled results by MSS

mechanism with constant E, = E,° for (C) DJ-ODA and (D) RP-BA.

where (QF) is the square of the effective magnetic field, which
depends on the electron—hole interaction, 7 is the exciton
scattering time, which is inversely proportional to PL line
width I', and T is the temperature. The MSS mechanism has
well described the T-dependent exciton spin relaxation in
conventional quantum wells and 2D transition-metal dichalco-
genides.”** ™"

To determine the exciton spin-flip rate, we performed spin-
resolved femtosecond transient absorption (TA) spectroscopy
on DJ-ODA and RP-BA from 80 to 320 K. As shown
schematically in Figure 2A, we photoexcite spin-polarized
excitons [+1) (or I-1)) by circularly polarized 6* (or ™) pump
pulse and subsequently measure exciton population using
another circularly polarized probe pulse with the same circular
polarization (SCP) or opposite circular polarization
(OCP).'¥*¥*~% Generally, the TA signal in 2D semi-
conductors originates from the combined band-filling effect
and Coulombic effect (e.g, band renormalization, exciton
screening).”****® While the Coulombic effect would apply to
both exciton spin states, which will not produce spectral
difference between SCP and OCP, the band-filling effect is
sensitive to photogenerated exciton occupation in a specific
spin state, generating spectral difference between SCP and
OCP.

The spin-resolved TA results of DJ-ODA at near-resonant
(2.51 eV) excitation under SCP and OCP conditions are
shown in Figure 2B, with representative TA spectra at different
delay times (0.4, 4, and 15 ps) shown in Figure 2C. The pump
fluence was kept low enough to ensure the TA signal in a linear
regime. Right after photoexcitation (e.g., 0.4 ps), the OCP
spectra exhibit a derivative line shape with positive photo-
induced absorption (PA) and negative photoinduced bleach
(PB) features around exciton resonance, which can be ascribed
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to spin-independent Coulomb effect. On the other hand, the
SCP spectra show a dominant PB feature at exciton resonance
due to combined band-filling and Coulomb effect. The spectral
difference between SCP and OCP represents the exciton spin
polarization in DJ-ODA and disappears at about 10 ps,
indicating a fast spin relaxation process.”****~* The degree
of exciton spin polarization (Pol) can be calculated by

Pol(t) — TAscp— TAocp
TAgcp + TAoce

spin polarization in DJ-ODA exhibits a rapid decay at room
temperature with a lifetime of 2.58 =+ 0.04 ps by single
exponential decay fitting. As a comparison, we also performed
similar spin-dependent TA measurements on RP-BA and the
results are shown in Figure S7. The spin relaxation rates were
found to increase slightly with the increase of photoexcitation
density in both RP- and DJ-perovskites.’”** At the same time,
a narrow and sharp PL spectrum at liquid nitrogen temperature
without carrier doping feature (Figure S3) and absent second-
harmonic generation (SHG) signal (Figure SS) further prove
the dominant MSS spin relaxation mechanism rather than the
Bir—Aronov—Pikus (BAP) or the D’yakonov-Perel (DP)
mechanism.

To determine E,* according to eq 1, we measured T-
dependent exciton spin relaxation in DJ-ODA (Figure S6) and
RP-BA (Figure S7) between 80 and 320 K.”® The exciton spin
relaxation kinetics at different temperatures for DJ-ODA and
RP-BA are shown in Figure 3A,B, respectively. Interestingly,
with increasing temperature, exciton spin relaxation is
accelerated in DJ-ODA and decelerated in RP-BA. The k;
values by single exponential decay fitting are plotted in Figure
3C,D for ODAPbl, and (BA),Pbl, respectively, showing
interestingly opposite temperature dependence behavior.

. As shown in Figure 2D, the exciton
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Figure 4. Excited state relaxation by exciton—phonon coupling. (A) Scheme of excited state relaxation and associated energetics including
optical transition energy and exciton binding energy. (B) Absorption and PL spectra of DJ-ODA at different temperatures. (C) Relaxation
energy as a function of the temperature and the fits (dashed lines) by the Debye relaxation model. (D) PL fwhm as a function of the

temperature and the fits (dashed lines).

As RP-BA and DJ-ODA both exhibit strong exciton
recombination at RT (Figure 1D), we measured that they
still maintain high exciton binding energy after high-temper-
ature screening, and their spin relaxation is still dominated by
exchange interactions. Thus, we inferred that the MSS
mechanism is still valid to apply the model to extract Ey*
values for both perovskites. With I" from T-dependent PL
spectra (Figure S3) and assuming a constant E,*, we modeled
the T-dependent k, for DJ-ODA and RP-BA by eq 1. The
modeled k, curve has been scaled to match the experimental
value at 80 K where large amplitude lattice motion is mostly
frozen and excited state polaronic effect is negligible (i.e., E,* =
Ebo).so As shown by the black line in Figure 3C,D, the modeled
k, in both systems increases with increasing temperature,
consistent with T-dependent behavior in 2D quantum wells
and transition-metal dichalcogenides.””**™** Interestingly, the
measured k; in DJ-ODA agrees well with the modeled curve
except for a slight deviation at high temperature, while the
measured and modeled k, in RP-BA show a completely
opposite trend.

According to eq 1, the negative deviation of the experimental
k, compared with the modeled value indicates screened E,*
(relative to E,°) in these 2D perovskites at higher temper-
atures. Since spin relaxation is an excited state behavior rather
than ground state behavior, the screened E,* is the excited
state exciton binding energy described in eq 1. The nice
agreement with a slight deviation in DJ-ODA but the opposite
trend in RP-BA indicates a persistent exciton with mostly
retained Ep* in the former but significantly screened Ep* in the
latter at room temperature. Since k, « (E,*)? E,* can be
quantitatively calculated by the extent of deviation between
measured and model k, according to eq 1 (see SI Note 2).1828
For example, for RP-BA at 320 K, the measured k; is 6.62 times
smaller than the modeled value, from which we can obtain a
screened E,* of ~0.13 eV. As a contrast, we obtain a much
larger E,* ~ 0.29 eV for DJ-ODA at the same temperature,
despite the similar E,” ~ 0.3 eV for DJ-ODA and RP-BA.

Because of their polar, anharmonic, and dynamic lattice,
metal halide perovskites exhibit a liquid-like dielectric response

thus excitons in 2D perovskites after photoexcitation can
polarize the surrounding crystal lattice through exciton—
phonon coupling (i.e., polaronic effect), forming stabilized
exciton polarons with localized electronic wave function and
distorted lattice (Figure 4A).'872%25202830753 The excited
state relaxation to the exciton polaron by the polaronic effect
after vertical photoexcitation in 2D perovskite is in analogy to
the solvation process in liquids. Because oppositely charged
electron and hole mutually deform the polar lattice in the
opposite way, the formation of exciton polaron would weaken
the electron—hole Coulomb interaction, leading to a screened
E,*”® Compared with RP-BA showing significantly screened
E,* at room temperature, the retained E,* in DJ-ODA
indicates much weaker excited state structural relaxation and
exciton—phonon coupling in DJ-ODA. According to the extent
of E* screening (relative to E;°), the local effective dielectric
constant is increased by 6.8% in DJ-ODA and 153.8% in RP-
BA after forming exciton polaron with lattice distortion.

The excited state relaxation by the liquid-like dielectric
response can be inferred from T-dependent stokes shift as the
associated large amplitude and anharmonic structural relaxa-
tion is nearly frozen in cryogenic temperature and activated at
high temperature.’>***> By comparing absorption and PL
spectra at different temperatures (80—320 K) (Figure 4B for
DJ-ODA and Figure S8 for RP-BA), we extracted the T-
dependent stokes shift (Egyes)- As shown in Figure S9, with
increasing temperature from 80 to 320 K, Egy., of DJ-ODA is
increased by ~6.6 meV, half of that (~13 meV) in RP-BA. In
3D semiconductors where the excitonic effect is negligible,
Egokes directly reflects the pure electronic structure relaxation
energy (Egu.) on the potential energy surface after vertical
photoexcitation.’”*® However, in 2D semiconductors with
screened Ep*, the excitonic effect must be considered to
account for the exciton binding energy change. As shown in
Figure 4A, the energy of absorption and PL in 2D excitonic
systems can be given by E,y, = Eg0 - E and Epy = E* — Ep¥,
respectively, where Eg0 and E,* are the vertical transition
energy on the potential energy surface at the ground state and
excited state equilibrium configuration, respectively. Therefore,

https://doi.org/10.1021/acsnano.4c12132
ACS Nano 2024, 18, 31485-31494


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12132/suppl_file/nn4c12132_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12132/suppl_file/nn4c12132_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12132/suppl_file/nn4c12132_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12132/suppl_file/nn4c12132_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12132?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12132?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12132?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12132?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c12132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

" 200K
L

" 150K

Raman intensity (a.u.)

I— DJ-ODA

|

o
o
®
>

" 80K

RP-BA 300K

— Exp

- — Fit

« = Debye
Lorentz

Raman intensity (a.u.)

T I T I T I T
40 80 120
Raman shift (cm-)

(¢)

DJ-ODA 300K
— Exp

- — Fit

= = Debye
Lorentz

Raman intensity (a.u.)

~

~ n
i i ]

I T I T T
-100 0 100
Raman shift (cm-)

T I T I T I T
40 80 120
Raman shift (cm-)

Figure S. Temperature-dependent low-frequency Raman spectra. (A) Low-frequency Raman spectra of DJ-ODA (blue) and RP-BA (red) at
80—300 K. (B, C) Measured and fitted low-frequency Raman spectra of (B) RP-BA and (C) DJ-ODA at 300 K. Gray and green lines are the

Lorentz oscillator components and Debye components, respectively.

EgRelx On the potential energy surface in 2D systems can be
given by Epg,, = Eg0 — E;* = Egues + E — E.* which
contains both the Stokes shift and the exciton binding energy
change. E,° and E,* have been obtained from exciton Rydberg
series measurement and T-dependent spin relaxation measure-
ment above, respectively, which, together with Eg., yield
EgRelax at different temperatures. As shown in Figure 4C, with
increasing temperature from 80 to 320 K, Eg,,, in DJ-ODA is
increased by 31 meV, about 1 order of magnitude smaller than
that (~215 meV) in RP-BA. As a comparison, the Ep,,, we
determined in DJ-ODA here is close to the recently calculated
excited state reorganization energy (~50 meV) in DJ-type
(FPP)Pbl, (FPP: 2-fluoro-[1,1’-biphenyl]-4,4’-diyl)-dimetha-
naminium).*> The much smaller increment of Eg,,, in DJ-
ODA confirms little excited state structural relaxation, in
agreement with much less excited state polaronic screening
effect and persistent exciton with retained E,* in DJ-ODA.
According to the dielectric continuum solvation model
(Debye relaxation) or solid state polaron theory, Eg,,, depends
on the difference between static (&,) and high frequency (&)
dielectric constant by Eg,j,, & (i - %0) and the T-depend-
ent Eg,,, originates from T-dependent £5.2°° Specifically, at
low temperature, the liquid-like large amplitude and
anharmonic nuclear displacement (e.g., rotation, reorientation)
are nearly frozen and lattice motion is mostly harmonic; thus,
& is nearly identical to &, leading to a small Eg,,, while at
high temperatures, such nuclear displacement is facile and
lattice motion can sample the anharmonic potential energy
surface, inducing a large increase in &, and Ey,y,,. According to
the Debye relaxation model, the thermally activated &, can be

exp(%) -1
prefactor and E, is an effective thermal activation energy for
accessing anharmonic lattice motion.”® As shown in Figure 4C,
we fit the T-dependent Ep,,, by this relaxation model and
obtained an E, of 62 and 15 meV for DJ-ODA and RP-BA,

approximately described by ¢, = ¢, + , where A is a

31490

respectively. The much larger E, indicates that the lattice of
DJ-ODA is much more rigid and harmonic than that of RP-BA,
leading to persistent exciton dressed by a weak polaronic effect
at the excited state.

The weaker excited state polaronic effect in DJ-ODA can
also be inferred by analyzing the T-dependent PL spectral line
width, which contains information on exciton—phonon
coupling."****7*® We extracted the full width at half-maximum
(fwhm) of PL spectra at different temperatures (80—320 K)
for RP-BA and DJ-ODA and they both increase with
temperature, with a larger increase for RP-BA (Figure 4D).
The T-dependent fwhm of PL spectra can be phenomenolog-

. . — - r
ically described by FWHM(T) = I, + (exp(Eypy/ EyT — D]

[y is the T-independent line width contribution, E,; is the
effective phonon energy, and y is the exciton—phonon coupling
strength. By fitting the T-dependent fwhm of PL spectra
(Figure 4D), we obtain a coupling strength y = 34 meV for DJ-
ODA and 57 meV for RP-BA, confirming weaker exciton—
phonon coupling in the former and stronger in the latter.

To unravel the different structural dynamics in DJ-ODA and
RP-BA, we performed T-dependent low-frequency Raman
spectra measurements which are sensitive to lattice disorder
and anharmonicity.’”~%* The low-frequency Raman spectra of
DJ-ODA and RP-BA from 80 to 300 K are compared in Figure
SA. At low temperatures (e.g., 80 K), both DJ-ODA and RP-
BA exhibit sharp Raman peaks, indicating harmonic lattice
motion at low temperatures. As temperature increases, these
Raman peaks shift and broaden, and more importantly, a broad
central peak emerges, especially in RP-BA. As shown in Figure
SB,C, at 300 K, RP-BA exhibits an obvious broad central peak
superimposed by several diffusive peaks while the Raman peaks
of DJ-ODA are still narrow. Such central peak features in
Raman spectra have been observed in solvent liquids and 3D/
2D perovskites and attributed to thermally activated
anharmonic lattice motion with weak restoring force, e.g.,

, where
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molecular rotation in liquids and octahedral tilting/rotation in
perovskites, > 003709

To show the central peak more clearly, we performed a
multipeak fitting on Raman spectra by a combination of a
Debye relaxation component associated with the central peak
and multiple harmonic Lorentz oscillator components
associated with narrow Raman peaks (see SI Note 3).°”9%%>
As shown in Figure SB,C (300 K) and Figure S10 (80—300 K),
with increasing temperature from 80 K, RP-BA quickly exhibits
a large portion of Debye central peak components compared
with DJ-ODA, which does not show Debye component until
200 K, confirming a more rigid and harmonic lattice of DJ-
ODA. The low-frequency Raman result is consistent with the
observed Ep* and smaller Ey,, by weak excited state polaronic
effect in DJ-ODA, in striking contrast to RP-BA.

The dramatically different excited state electronic and
structural dynamics between DJ and RP perovskites ultimately
originates from their different bonding mode in the ligand
layer, i.e., monolayer ligand with a pure chemical bond in DJ-
perovskite and bilayer ligand with van der Waals force binding
in RP-perovskite. We calculated the orientation-dependent
Young’s modulus of DJ-ODA and RP-BA to compare their
lattice stiffness quantitatively (see SI Note 4). As shown in
Figure S11, Young’s modulus of DJ-ODA and RP-BA differ
very little in the in-plane (001) direction but significantly in
the out-plane (100) and (010) directions. Specifically, along
the direction of the ligand axis projected onto the (100) and
(010) plane, DJ-ODA is ~35% and ~45% larger than RP-BA,
respectively, revealing the dominant contribution of molecular
rigidity in the ligand layer. The larger Young’s modulus in DJ-
ODA confirms a more stiffened and less deformable lattice in
DJ-perovskites than the counterpart RP-perovskites originating
from different ligand- binding modes, which is consistent with
previous studies on the structural stability of DJ- and RP-
perovskites.”

Combining the results above, it is interesting and significant
that different bonding modes in the ligand layer of 2D
perovskite lead to a huge difference in their excited state
properties. The highly similar crystal and dielectric structures
of DJ-ODA and RP-BA lead to near-identical E,° ~ 0.3 eV at
the ground state. However, DJ-perovskite with bidentate ligand
has a more rigid and harmonic lattice and weaker exciton—
phonon coupling, thus exhibits a much smaller structural
relaxation (Eggy,,) after photoexcitation and a retained E,* ~
0.29 eV by weak polaronic effect while the counterpart RP-
perovskite with monodentate ligand has a softer and
anharmonic lattice and stronger exciton—phonon coupling,
thus a larger Eg,,, and a significantly screened E,* ~ 0.13 eV.
To demonstrate the persistent exciton with weak polaronic
effect is general in DJ-perovskites, we performed T-dependent
exciton spin relaxation measurements on another DJ-perov-
skite with 1,4-butanediamine (BDA) ligand BDAPbI,, which
exhibits similar excited state exciton behavior with retained E,*
as ODAPbI, (Figure S12). Interestingly, a very recent ultrafast
spectroscopy study also shows the polaronic character of
excitons in D]J-type perovskites by observing coherent phonon
generation.”” Liu et al. reported the ultrafast lattice
deformation and polaron state formation in RP-type perov-
skites, which caused by the motion of or§anic molecules drives
the deformation of inorganic framework.”® Another very recent
ultrafast exciton propagation study notes that ligand anchoring
in RP-type perovskites can significantly improve lattice rigidity
and reduce disorder to enhance exciton mobility.”” Here, by

careful comparison of DJ- and RP-perovskites with near-
identical compositions and dielectric structure but only
different bonding modes, we show that the excited state
polaronic effect is much weaker and has little effect on exciton
nature and dynamics in DJ-perovskites, compared with the
counterpart RP-perovskites.

Importantly, rather than E,’, E,* governs the photophysical
and optoelectronic properties of 2D perovskites and has strong
implications for their optoelectronic applications. Persistent
exciton with little excited state structure relaxation and
retained Ep* in DJ-perovskites means a faster exciton
monomolecular radiative recombination with smaller PL line
width, which are beneficial for the high efficiency and color
purity light emission applications, e.g., lasers and light-emitting
devices. As a contrast, exciton polaron with strong structural
relaxation and significantly screened E,* in RP-perovskites
suggests a high-efficiency internal exciton dissociation, which is
essential for charge separation-based applications such as solar
cells and photodetectors.4 For the n = 1 perovskites above,
because the screened E,* ~ 0.13 eV in RP-BA (n = 1) is still
much larger than kzT, RP-BA (n = 1) still exhibits excitonic
recombination behavior as revealed by f ~ 1 on TRPL,
measurements, same as DJ-ODA (n = 1) (Figure 1D). We
have also compared the excited state species and recombina-
tion behavior in n = 2 and n = 3 DJ-ODA and RP-BA
perovskites by TRPL, measurements (Figure S13S). For n = 2
where the exciton binding energy is smaller than n = 1, the
power factor 3 is ~1.09 in DJ-ODA (n = 2) and 1.51 in RP-BA
(n = 2), confirming persistent excitons in the former but a
substantial fraction of electron/hole charge carriers in later,
which can be attributed to a smaller polaronic screening effect
in the former than in later. By further increasing n = 3, the
power factor /3 increases to 1.50 and 1.6S for DJ-ODA (n = 3)
and RP-BA (n = 3), respectively, because of an even smaller
exciton binding energy at n = 3. But still, a larger fraction of
excitons is retained in DJ-ODA than in RP-BA because of the
smaller excited state polaronic effect. Therefore, from a
practical point of view, RP phase perovskites are favored for
charge transfer applications, while D] phase perovskites are for
light emission applications.

CONCLUSIONS

In conclusion, we have performed a combined spectroscopy
study on excitonic and structural dynamics in 2D DJ-
perovskites by comparing them to the corresponding RP-
perovskites with nearly identical composition and dielectric
structure, revealing the significant excited state behaviors due
to distinct bonding modes. Although steady-state exciton
Rydberg series measurement indicates a similar ground state
E,° of ~0.3 €V in both 2D perovskites, DJ-ODAPbI, shows a
persistent exciton with retained Ep* of 0.29 eV by weak
polaronic effect while RP-BA,Pbl, shows strongly screened
exciton polaron with E,* of 0.13 eV. An in-depth analysis of
the Stokes shift confirms much less excited state structural
relaxation in DJ-ODAPbI, compared with RP-(BA),Pbl,,
which can be well described by the Debye dielectric relaxation
model. Further structural dynamics study by low-frequency
Raman spectroscopy reveals a rigid and harmonic lattice of DJ-
ODAPbI,, in striking contrast to thermally activated
anharmonic lattice motion in RP-BA,Pbl,, which originates
from different ligand-bonding modes. The persistent exciton
with retained E,* in DJ-perovskites leads to robust excitonic
radiative recombination, which is beneficial for light emission
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applications while the exciton polaron with significantly
screened Ep* thus large fraction of dissociated charge carriers
in RP-perovskites is favored for charge transfer applications.
Our study elucidates the excited state exciton and structural
dynamics of DJ-perovskites, highlights the critical role of the
ligand-bonding mode, and provides a foundation for the
rational design of hybrid semiconductors with tailed excited
state properties and functionalities.

METHODS/EXPERIMENTAL

The details of experimental methods are provided in Supplementary
Note 1. Briefly speaking, the preparation of (BA),Pbl,, ODAPbI,, and
BDAPbI, single crystal process involves dissolving precursors in HI
and H;PO, solutions, heating to specific temperatures, and allowing
the solution to cool to room temperature for crystal precipitation. The
resulting crystals are then isolated, washed, and dried under a vacuum.
Femtosecond transient absorption (TA) measurements were
conducted using a custom microscope setup with a cryostat, a
Yb:KGW laser, and a motorized delay stage to control the pump—
probe delay with the TA signal calculated by normalizing the probe
spectra and polarization states manipulated using wave plates. We
performed ultralow-frequency Raman spectral measurements using a
confocal micro-Raman spectrometer with a CCD, a 50X objective
lens, and a 633 nm laser, employing BragGrate notch filters for plasma
line removal and a cryostat for temperature control.
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