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Two-dimensional organic-inorganic hybrid perovskites (2DHPs) are natural quantum-well-like materi-
als, in which strong quantum and dielectric confinement effects due to the organic spacers give rise to
tightly bound excitons with large binding energy. To examine the mutual interactions between the organic
spacer cations and the inorganic charge-residing octahedral framework in 2DHPs, here we perform
femtosecond pump-probe spectroscopy by direct vibrational pumping of the organic spacers, followed
by a visible-to-ultraviolet probe covering their excitonic resonances. Measurements on prototypical
lead-bromide based 2DHP compounds, (BA),PbBr, and (BA),(FA)Pb,Br; (BA™ = butylammonium;
FA™ = formamidinium), reveal two distinct regimes of the temporal response. The first regime is
dominated by a pump-induced transient expansion of the organic spacer layers that reduces the exciton
oscillator strength, whereas the second regime arises from pump-induced lattice heating effects primarily
associated with a spectral shift of the exciton energy. In addition, vibrational excitation enhances the
biexciton emission, which we attribute to a stronger intralayer exciton confinement as well as vibrationally
induced exciton detrapping from defect states. Our study provides fundamental insights regarding the
impact of organic spacers on excitons in 2DHPs, as well as the excited-state dynamics and vibrational

energy dissipation in these structurally diverse materials.
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Two-dimensional organic-inorganic hybrid perovskites
(2DHPs) are solution-processable semiconducting materi-
als with remarkable light-absorbing and luminescent prop-
erties [1]. Compared to their three-dimensional (3D)
counterparts which have risen as appealing light absorbers
for photovoltaics [2], 2DHPs exhibit dramatically enhanced
compositional and structural diversity. By incorporating
various organic spacer cations between the octahedral
layers, phases including the Ruddlesden-Popper and
Dion-Jacobson phases can be formed [3-5] with different
thicknesses and compositions [6,7]. Such chemical and
structural diversity has enabled a variety of functionalities
including improved stability [8], white-light emission [9],
light emission and detection [10], and lasing [11]. Recently,
2DHPs exhibiting ferroelectricity, ferromagnetism, spin
selectivity, and lateral heterojunctions have also emerged
[12-15].

The charge-insulating and low-permittivity organic
spacers impart both quantum and dielectric confinements
on charge carriers, making 2DHPs strong excitonic materi-
als with large exciton binding energies on par with 2D
transition-metal dichalcogenides [16—18]. In addition to
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their impact on the exciton binding energy, organic spacers
also strongly influence the phase-transition behavior, elec-
tronic band gap, exciton self-trapping, and interlayer
charge-carrier interactions [9,19,20]. Previous efforts
focused on the examination of the optical [18], electronic
[21], thermal [22], magnetic [23], and structural properties
[24] of 2DHPs incorporating different inorganic and
organic sublattices. Here, using time-resolved optical
pump-probe spectroscopy, we investigate the interplay
between the organic and inorganic sublattices in prototypi-
cal lead bromide (Pb-Br)-based 2DHPs [25]. Intense
femtosecond (fs) midinfrared (MIR) laser pulses are
employed to impulsively stimulate the vibrations of the
organic spacers, followed by probe pulses in the ultraviolet
(UV)-to-blue range to distill the exciton dynamics. We
observe two distinct temporal regimes: the first is domi-
nated by a transient expansion of organic cations with the
inorganic layers largely unaffected, whereas the second
regime corresponds to MIR-pump induced lattice temper-
ature rise. These experiments employing a vibrational
pump and an electronic probe reveal the fundamental
timescales of vibrational energy transfer between the two

© 2022 American Physical Society
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FIG. 1.
n=11n (b) and n = 2 in (¢).

sublattices and the influence of organic spacers on the
exciton oscillator strength in 2DHPs.

The 2DHPs investigated here have compositions of
(BA),PbBr, and (BA),(FA)Pb,Br;, which are denoted
as n =1 and n = 2, respectively. Here, n corresponds to
the number of octahedral layers per repeating unit, BA™ is
butylammonium or CH3(CH,);NH3, and FA™ is forma-
midinium or (NH,)CH(NH,)*. The reported crystal struc-
tures [12,26] are displayed in Fig. 1(a). These structurally
anisotropic 2DHPs, with nearly identical in-plane lattice
constants along the a and b directions, can be approximated
as uniaxial optical media with optic axis pointing along the
¢ direction. The single-crystal flakes have millimeter lateral
dimensions and tens-of-micrometer thicknesses, and mea-
surements were performed on the a-b planes at normal or
near-normal (<5°) incidences. Figures 1(b) and 1(c) present
the steady-state reflectance over the spectral ranges
of their excitonic resonances, measured at 78-295 K
(Supplemental Material, Fig. S1 [27]). For both materials,
the reflectance exhibits a minimum (maximum) on the blue
(red) side of their exciton resonance [30]. Near the exciton
resonances, the material’s relative permittivity e(w) can
be described by the Lorentzian oscillator model [31],
e(w) = ey + [A2 /(07 — @ —iwy)], where ey, @, 7,
and A; are the high-frequency relative permittivity, exciton
resonance frequency, exciton damping factor, and exciton
oscillator strength, respectively. Using the transfer-matrix
method, we fit the four Lorentzian-model parameters
(Supplemental Material, Tables S1 and S2 [27]) from the
reflectance (Fig. S2 [27]). The spectral region in the fitting
is confined to be above the absorption-onset wavelength.
As demonstrated in Fig. S3, the absorption onset wave-
length is located slightly to the red of the reflectance
maximum; on the blue side of the absorption onset wave-
length, the materials can be considered as infinitely
optically thick media and their reflectance is only depen-
dent on e(w) but not on material thickness. From the
Lorentzian parameters, we find the two compounds have
similar y, but n = 2 has a smaller A; compared to n =1,
consistent with previous observations of lead-iodide-based
2DHPs [17,28,29]. In addition, the exciton resonance in
n = 2 is more redshifted than n = 1, which arises from
the layer thickness-dependent confinement effect that
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(a) Crystal structures of the 2DHPs (left, n = 1; right, n = 2). Temperature-dependent, steady-state reflectance spectra for

influences both exciton binding energy and material band
gap [29,32-34].

While the electronic transitions on the Pb-Br network
manifest in the UV-to-blue range, the vibrational modes of
the organic cations lie in the MIR range (Fig. S4) [35],
including the N-H and C-H stretching vibrations (~3 pm).
To examine the mutual interactions between the two
sublattices, we perform pump-probe transient reflection
experiments, where we selectively excite the N-H and C-H
vibrational modes of the organic spacer cations using
resonant MIR pump (3.0-3.2 ym) and probe the exciton
resonances in the UV-to-blue range. Figure 2(a) presents
the transient spectral map of AR/R for n =1 at 78 K,
where AR/R = [R(t) — R(0)]/R(0) with R(0) being the
reflectance without pump excitation and R(z) the reflec-
tance at delay time ¢ after pump excitation. Figure 2(a)
demonstrates that the transient response at early times
(<40 ps) is markedly different from that at later times
(>40 ps). Such a difference manifests not only in the signal
amplitude, but notably in the spectral line shape and even in
the sign of the transient signal. To illustrate this difference
more clearly, two transient spectra, representative of early
and late delay times, are plotted in Fig. 2(b). The 100-ps
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FIG. 2. Transient AR/R spectral map, and AR/R spectra at
selected delay times. The results for n = 1 are shown in (a) and
(b), and the results for n = 2 are shown in (c) and (d).
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Transfer-matrix calculated AR /R spectra by varying @; and y in the Lorentzian model in (a) and by varying ¢, and A; in (b).

(c) Dependence of lattice constant along the ¢ (out-of-plane) direction on the change in A; .

AR/R spectrum develops a positive lobe centered at
395 nm, surrounded by two asymmetric, negative lobes.
In contrast, the 5-ps AR/R spectrum has a derivativelike
line shape, switching from positive to negative at about
392 nm. Similarly, two disparate regimes in the transient
optical response are also observed for n = 2 [Fig. 2(c)],
whose representative transient AR/R spectra at early and
late delay times [Fig. 2(d)] are consistent with n = 1.
Temperature-dependent measurements on both compounds
yield similar timescales over 78-295 K, although the
AR/R kinetics grow slightly faster at higher temperature
(Fig. S5 [27)).

We first attempt to understand the late-time transient
response by calculating AR/R using the steady-state,
temperature-dependent reflectance data [Figs. 1(b) and
1(c)]. The results (Fig. S6 [27]) match the transient
AR/R analog and indicate that the late-time response is
of thermal origin. Following vibrational excitation of the
organic cations, phonon-phonon interactions between
the organic and inorganic components take place during
the first tens of picoseconds. A thermal equilibrium
between the two sublattices is established at 50-100 ps,
after which the material occupies a higher temperature than
that prior to pump excitation, producing a transient AR/R
that matches the steady-state-derived analog (Fig. S6 [27]).
The low cross-plane thermal conductivity of 2DHPs yields
a timescale of heat dissipation that is much longer than the
plotted 100-ps window [36-38]. A complete establishment
of late-time response takes slightly longer in n =2
(~70 ps) than in n =1 (~40 ps), likely arising from a
larger inorganic-layer thickness over which the organic-to-
inorganic vibrational energy transfer process takes place.

Focusing on the 78 K results hereafter, to interpret the
early-time transient response we resort to the Lorentzian
oscillator model by independently varying one of its four
parameters starting from the experimentally fitted values
for n =1 (Supplemental Material, Table S1 [27]). The
calculated AR/R curves are shown in Fig. 3(a) [Fig. 3(b)]
when varying w; and y (varying e, and A;). Figure 3(a)
suggests that an increase (or for a similar reason, a
decrease) in @w; does not reproduce the early-time response
but yields a AR/R line shape that resembles the late-time
transient response. This is consistent with the steady-state
exciton blueshift with increasing temperature, although in

the steady-state case a temperature increase also leads to
changes in ¢, A;, and y (Tables S1 and S2 [27]). While
increasing y yields a AR/R line shape similar to the early-
time transient response, it predicts twice as large of an
amplitude of AR/R on the blue side as that on the red side,
inconsistent with experiments. More reflectance calcula-
tions for both materials by sweeping the Lorentzian
parameters yield similar AR/R spectral shapes (Figs. S7
and S8 [27]).

Figure 3(b) demonstrates that decreasing €., leads to a
derivative line shape with the sign of AR/R opposite to the
experimental results and a nonvanishing change in reflec-
tance persisting into the high frequency range. Notably, a
decrease in A; [Fig. 3(b)] can reproduce the shape of AR/R
and relative amplitudes on both sides of the zero-crossing
wavelength. Therefore, we attribute the early-time res-
ponse to a reduction in the exciton oscillator strength. In
the simple Lorentzian picture describing noninteract-
ing polarizable excitons, the oscillator strength scales as
A; = (Ne?/eym), where e is the elementary charge, g is
the vacuum permittivity, and N and m are the density and
effective mass of the excitons, respectively. Since organic-
to-inorganic vibrational energy transfer takes tens of pico-
seconds, at early times (e.g., 5 ps), the response is largely
dominated by intramolecular vibrations of the BA™ cations
with the Pb-Br framework remaining unperturbed. As such,
we expect the exciton effective mass m, which is dictated
by the in-plane orbital overlap between the lead and
bromide ions [7], to stay unchanged. Therefore, the
early-time reduction in A; is primarily attributable to a
reduction in N that is understood as follows: vibrational
excitation of the organic cations produces a transient strain
and their thermal expansion, which then elongates the
material along the out-of-plane direction and reduces the
volumetric density of the Pb-Br octahedral layers in a
macroscopic sense (i.e., the number of Pb-Br layers per unit
length is reduced despite the thickness of individual Pb-Br
layer remaining unchanged). In turn, this leads to a
reduction of the oscillator strength since the number of
exciton-hosting Pb-Br layers per unit volume decreases. As
delay time advances, organic-to-inorganic vibrational
energy transfer leads to structural variations in the inor-
ganic layer and the associated late-time transient response
(Fig. 2). The transition from the first to the second temporal
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regime marks the fundamental timescales of vibrational
energy dissipation from the organic to the inorganic spacer.

The transient response described above is validated by
the stronger AR/R amplitude of n = 1 in comparison to
n =2, since the larger volumetric ratio of organic-to-
inorganic constituents in n = 1 compared to n = 2 should
produce a stronger amplitude of photoinduced strain. The
observed timescale of transient expansion of the organic
spacers is in concert with the study of vibrationally excited
phospholipids using ultrafast electron diffraction [39]. A
qualitative estimate on the photoinduced strain at early
times can be deduced, since A; scales linearly with N, and
inversely proportionally with unit-cell volume. Therefore,
in the small perturbation regime, there is a one-to-one
correspondence between the AA; and Ac, as plotted in
Fig. 3(c), where Ac is the change in the lattice constant
along the ¢ axis. For n = 1, the relation between AR/R and
AA; obtained from transfer-matrix calculations (Fig. S7
[27]), in conjunction with the AR/R transient spectrum
[Fig. 2(b); |AR/Rpa|~2.3% at 399 nm], allows an
estimate on the pump-induced reduction in A; to be about
3 meV. This corresponds to a Ac on the order of
0.04-0.05 A and an estimated transient strain of 0.14%—
0.18%. This value slightly underestimates the true strain
since the reduction in &, is not considered (contributed by
bound electrons and hence roughly scales with material
density), which should yield opposite changes in AR/R
than that caused by a reduction in A; . Furthermore, such a
level of transient strain of the organic spacers is not
expected to significantly impact @;, since it was shown
that variation in @; is less than 20 meV even with an
increase in the organic-spacer length up to 10 A [20].
Quantitative information on the photoinduced strain could
be further investigated by time-resolved x-ray diffraction
[40,41].

Having established the MIR pump-induced transient
organic sublattice expansion, we then investigate the
impact of MIR excitation on the photoluminescence
(PL) intensity and dynamics of n =1 at 78 K. In the
so-called MIR-pump PL-probe experiments (see Methods)
[42,43], the sample is excited by both the MIR pulse and an
UV PL-excitation pulse at 370 nm. The time-integrated PL.
obtained at two different UV-pulse fluences, both with and
without the MIR excitation, are presented in Fig. 4(a),
where the MIR pulse arrives 1-ps earlier than the UV pulse.
Two prominent peaks can be identified with a 35-meV
(62-meV) energy separation at low (high) fluence. The
higher-energy peak centered at ~412 nm matches with that
acquired using a picosecond laser with much lower fluence
(Fig. S9 [27]) and is assigned to free-exciton emission. The
lower-energy peak, absent under picosecond-laser ex-
citation, can be ascribed to biexciton emission, since its
energy separation from the exciton peak compares well
with reported biexciton binding energy of 30—-60 meV
[44-46]. The PL intensities versus excitation fluence

a b
( ) 4 y ( ) 1 F — Biexciton
— 2.3 pJ-cm? N
& 3 — — Exciton
o %30 2 -+--mid-IR off i)
'>_< 3 “':. ".: —mid-IR on c 10
= > z g
[ 9.4 uJ-cm? . g
€ 2 —emid-Roff] 2 g4
g — mid-IR on S s,
o
O 4 El =
i 1 2 3 45
0 Fluence (arb. units)

430 0 40 80 120
Fluence (uJ-cm?)

0
400 410 420
Wavelength (nm)

() (d) 1
1.4 — Biexciton intensity — — MIR off
5 — Total intensity _g — MIR on
o =
] =]
o 12 .
s € |3
z s
= 1
O 1.0f&-----mmmmm T a

0 40 80 120
Fluence (uJ-cm)

0 100 200 300 400 500
Time (ps)

FIG. 4. (a) Time-integrated PL spectra for n = 1 under two
different excitation fluences (370-nm excitation), both with and
without MIR pump with 13 mJecm™2 fluence. (b) Exciton and
biexciton PL intensities vs excitation fluence; inset shows
logarithmic plot at low fluence range (0-20 xJ cm™2). (c) Ratios
of emission intensities as a function of fluence of the UV pulse,
obtained with and without the MIR preexcitation; the total
intensity includes both biexciton and free-exciton emission.
The fluences in the inset of (a) and in the axis labels of (b)
and (c) pertain to the UV excitation pulse. (d) Time-resolved PL
decays for free-exciton emission from n = 1, with and without
the MIR pump excitation (extracted from Fig. S13 by integrating
the PL from 408 to 415 nm).

[Fig. 4(b)] reveal that at the low-to-intermediate fluence
range (0-20 uJ cm™2, inset), the biexciton (exciton) inten-
sity scales as N'3> (N%70), where N is the exciton density
proportional to the fluence. Since we did not observe
bleaching or degradation of the n =1 sample in the
explored fluence range of the UV excitation pulse
(Figs. S10 and S11 [27]), the sublinear growth of the
exciton and biexciton intensities at high excitation fluence
(>20 uJ cm™?) likely arises from exciton-exciton annihi-
lation [47].

Interestingly, n = 1 exhibits enhanced biexciton emis-
sion and suppressed free-exciton emission if preexcited by
the MIR pump. By tuning the relative temporal delay
between the MIR and the UV pulses, we observe biexciton
enhancement for n =1 over a range of delay times
(Fig. S12 [27]) only when the MIR pump arrives earlier
than the UV pulse, hence we can exclude the optical Stark
effect [48] to be responsible for biexciton enhancement.
Furthermore, we can eliminate resonant high-harmonic
generation [49] or multiphoton absorption [50], since no
PL signal was observed with the MIR excitation alone
(Table S1 caption [27]). Figure 4(c) displays the ratio of
biexciton intensities with and without the MIR pump, and
the same for the total PL intensity (i.e., biexciton and
exciton combined), obtained by fitting the free-exciton
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and biexciton emission peaks using two Gaussians
(Table S3 [27]). We find that at low-to-intermediate
fluences, biexciton PL enhancement outweighs the sup-
pression in free-exciton PL, and therefore the material
overall becomes brighter under preexcitation by MIR
pulses.

It was shown that 2DHPs host stable biexcitons and even
exhibit superfluorescence at room temperature, despite
strong dynamic motions of the organic cations [51,52].
The formation of large polarons and screening by the
dynamically disordered organic spacers were proposed as
possible mechanisms to protect the charge carriers from
scattering with defects and from exciton dephasing [52,53].
However, the observed increase in biexciton intensity
under MIR vibrational excitation is unusual, since biexci-
ton stability typically decreases with lattice temperature
owing to thermally activated biexciton dissociation into two
excitons [54]. The fact that biexciton emission increases
despite enhanced vibrations of the organic cations validates
that the inorganic lattice remains “cold” in the early stage.
Since the exciton binding energy is larger than the thermal
energy at 78 K, once two excitons are combined to form a
biexciton they are not influenced by the late-time transient
lattice temperature rise. Here, we attribute the MIR pump-
induced enhancement in biexciton intensity to diminished
interlayer exciton tunneling. For 2DHPs, interlayer exciton
tunneling has been directly observed by spatiotemporal PL.
imaging [19], and indirectly inferred from the threefold
enhancement in charge-carrier mobility with 1% interlayer
lattice contraction [55]. Double-quantum coherence spec-
troscopy [56], 2D electronic spectroscopy [57], and Fourier
imaging [58] experiments showed evidence of interlayer
exciton coupling. Here, the MIR pump lengthens organic
spacers, reducing exciton wave function overlaps between
neighboring Pb-Br layers and suppressing interlayer exci-
ton migration. This, in turn, increases intralayer carrier
confinement and promotes exciton binding to form biexci-
tons. At high pump fluence, the effect of MIR excitation
becomes inconsequential due to strong exciton-exciton
annihilation (e.g., via significant Auger process).

Another contribution to the enhanced biexciton and
overall PL intensity may arise from thermally activated
detrapping of excitons. Figure 4(d) presents the decay
kinetics of free excitons obtained from streak-camera
measurements (Fig. S13 [27]; integration from 408 to
415 nm). The fact that the free-exciton intensity scales
sublinearly with the fluence (xN®7°) and the deviation of
from a monoexponential decay [Fig. 4(d)] suggest the
presence of defect and trap states, effective in capturing
charge carriers and suppressing radiative decay of excitons.
The elongated exciton lifetimes induced by MIR excitation
[Fig. 4(d)] suggest exciton detrapping from shallow traps
and defect states (such as those attributed to organic cation
vacancies), leading to longer lifetimes and a higher density
of excitons and biexcitons [59].

In summary, we showed that 2DHPs exhibit two differ-
ent regimes of transient response following impulsive
excitation of the organic vibrations using MIR pulses.
The early-time transient response is associated with tran-
sient thermal expansion of the organic spacers, which leads
to a reduction in the exciton oscillator strength. We identify
several tens of ps as the characteristic timescale of organic-
to-inorganic vibrational energy transfer, after which the Pb-
Br sublattice reaches thermal equilibrium with the organic
spacers. While our Letter shows MIR excitation strongly
perturbs the organic spacers, a direct impact of MIR
excitation on the octahedral layers may also be present
and warrants further investigation by ultrafast electron
diffraction [60] or time-resolved x-ray diffraction experi-
ments [40]. In addition, we showed that MIR excitation of
organic spacers can increase the biexciton and total PL
quantum yield of n = 1. Considering that biexcitons show
a higher optical gain coefficient than free excitons, our
experiments demonstrate that MIR vibrational excitation
can serve as an effective external tuning knob to control
exciton and biexciton strength in enhancing light-emitting
[61-63] and lasing [64,65] characteristics, and in quantum
optics applications for enhancing photon-pair generation
[66]. Impulsive MIR excitation may be further conceived
for manipulating magnetic dipole emission from 2DHPs or
engineering exciton-polaritons to enable low-threshold
lasers and novel quantum phases [67,68].
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