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1. Introduction

Organic-inorganic hybrid metal halide perovskites are a group
of fast-developing materials for photovoltaic and optoelectronic
applications' ™. Compared to their three-dimensional (3D)
analogs, two-dimensional (2D) perovskites exhibit many advan-
tages, including large exciton binding energy'>™”), improved
moisture resistance!®'%), and the tunability of the bandgap by
adjusting the layer thickness'"' "%,

The biggest family of 2D perovskites is the Ruddlesden-
Popper (R-P) phase. In their structure, two adjacent —2 charged
inorganic layers are separated by an interdigitating bilayer of two
organic cations. Another type, Dion-Jacobson (D-]) phase
perovskites, has been reported in recent years!'*!. They have
+2 charge spacer cations between two adjacent layers!'”.
Therefore, the distances between inorganic layers in D-J phase
perovskites are substantially shortened!®. As a result, they
exhibit different mechanical properties than the R-P phase, lead-
ing to the unique acoustic phonon behaviors and carrier-
phonon interactions in them, which we attempt to study in this
work.

We employ transient absorption (TA) and reflection (TR)
experiments on the thin films of a 2D D-J phase perovskite,
(DMAPA)PbI, [DMAPA represents 3-(dimethylammonium)-
1-propylammonium]. In TA experiments, a bandgap oscillation
of large amplitude (~33 meV) and long period (tens to hundreds
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Two-dimensional Dion-Jacobson (D-J) phase perovskites are prospective photovoltaic and optoelectronic materials. To
study their mechanical properties and carrier-lattice interactions, we conduct femtosecond spectroscopic experiments
on the films of a D-) perovskite. After optical excitation, a ~33 meV bandgap oscillation is observed in the film by transient
absorption spectroscopy. With the help of transient reflection methods, we reveal that the oscillation originates from the
transport of coherent longitudinal acoustic phonons through the film. Large bandgap oscillation indicates a strong coupling
between carriers and lattice, and significant bandgap modulation by strains in D-J perovskites.
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of picoseconds) is observed. By studying the dependence of
oscillation on film thickness and excitation energy, we conclude
that the oscillation originates from the transport of coherent
longitudinal acoustic phonons (CLAPs) across the perovskite
film. TR experiments verify the presence of the CLAP and mea-
sures the time that the CLAP travels through the film.

Previously, bandgap oscillation induced by the optical excita-
tion method has been observed in perovskites, which could be
explained by local oscillation of lattices caused by optical pho-
nons''”'*) or coherent interactions between light field and mat-
ter (the optical Stark effect)'*2!]. These are all short-time
interactions, leading to fast bandgap oscillations on a picosecond
scale. In this work, since the cause of oscillation is the longi-
tudinal transport of acoustic phonons across the film, it displays
a larger amplitude and a substantially longer period than previ-
ously reported.

2. Experiments

2D perovskite (DMAPA)PbI, films were fabricated by a hot-
casting spin-coating method reported previously®?. To make
a ~286 nm thick film, a precursor solution was made by dissolv-
ing 90 mg (DMAPA)I, and 115 mg Pbl, in 1 mL DMF and then
stirred at 90°C for 2 h. Substrate glass slides were cleaned by son-
ication in water, ethanol, and acetone, respectively, before being
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treated with oxygen plasma for 20 min. Clean substrate was pre-
heated at 90°C for 5 min and then transferred onto a spin coater.
50 pL perovskite precursor solution was dropped on the sub-
strate, followed by a spin-coating at 4000 r/min and 90°C for
20s. Then, in an annealing process, the substrate was transferred
to a 120°C hot plate and kept there for 5 min. Control of film
thickness was achieved by adjusting the precursor solution
concentration.

Femtosecond TA/TR is based on a setup described previ-
ously®!. Amplified 800 nm laser pulses are generated by a
Coherent Astrella, which contains an oscillator and a Ti:sap-
phire regenerative amplifier. The output laser pulses have
1 kHz repetitive rate, ~35 fs FWHM, and ~6 m] of energy each.
A beam splitter divides the laser, with one beam sent to a
Coherent TOPAS optical parametric amplifier (OPA), generat-
ing the pump beam. The other beam is attenuated and focused
on a CaF, crystal, creating a 350-800 nm white-light continuum P T—
used as the probe beam. The chirp of the probe pulse over time is
less than 300 fs, as evaluated by looking at the nonresonance sig-
nal on the glass substrate. The pump and probe lights are
focused and overlapped on the sample, and the transmitted/
reflected probe beam was collimated and then collected by a
fiber-coupled spectrometer with arrayed CMOS sensors. The
time delay between pump and probe pulse was controlled by
a motorized delay stage. The pump beam was chopped by a
synchronized optical chopper at 500 Hz, and the change in
absorbance or reflectivity (AA or AR/R) was calculated by sub-
tracting the intensity of two adjacent probe pulses (pumped and
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Fig. 1. Cross-sectional SEM images of the (DMAPAJPbI, films.
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the y axis is delay time, and color denotes AA. Large spectral
oscillation is observed. Figure 2(c) displays the TA spectra at dif-
ferent delay times. Initially, after excitation, a bleach peak cen-
tering at 546 nm is observed, with two positive “shoulders”
caused by photoinduced absorption'??). After that, the bleach
peak redshifts to 541 nm at 60.5 ps and then blueshifts to
549 nm at around 163 ps. The shift of bleach peak indicates
the bandgap of the perovskite film is oscillating for an amplitude
of 33 meV.

Previous reports show that bandgap oscillation observed in
TA spectra of perovskites could be the result of many factors,
such as coherent optical phonons and optical Stark effect.
Laser pulses induce coherent lattice displacement and vibration,
known as coherent optical phonons, and some vibrational
modes will modulate the bandgap. The bandgap oscillation
period is correlated to vibration frequency, which is on the order
of femtoseconds to picoseconds!'”). The optical Stark effect is a
coherent interaction between the light field itself and matter>*),
Therefore, the time scale of Stark-induced bandgap oscillation
will not be longer than the bandwidth of laser pulses, which
is tens to hundreds of femtoseconds. The period of bandgap
oscillation in Fig. 1(a) is around tens to hundreds of picosec-
onds. It cannot be explained by optical phonons and the optical
Stark effect.

To elucidate the bandgap oscillation mechanism observed in
this work, we perform TA experiments on films with different
thicknesses, using different pump wavelengths. The dependence
of the oscillation on the pump wavelength and film thickness is
shown in Figs. 2(d) and 2(e), respectively. Increasing the pump
photon energy makes the oscillation amplitude stronger, indi-
cating that the oscillation is induced by the excess energy of
pump photon (2.53-3.10 eV) relative to (DMAPA)PbI,
bandgap (2.27 eV). The oscillation period has a positive corre-
lation with film thickness, suggesting that the bandgap shift may
be relevant to something longitudinally passing through the per-
ovskite film. We also studied the effect of varied pump beam flu-
ence on the same film. A positive correlation is also observed
between oscillation amplitude and the pump fluence, while
the oscillation period remains constant. Based on these depend-
encies, we hypothesize that the oscillation originates from the
cross-plane transport of CLAPs.

When the energy of the absorbed photon is higher than the
bandgap, hot electron-hole pairs are generated. As hot excitons
quickly cool down, excess energy is transferred to the perovskite
lattice through electron-phonon coupling, generating a tran-
sient stress at the incident surface. This stress results in a strain
wave (CLAP), which propagates from the surface into the deeper
sample at the sound speed'*>?°!.

Figure 2(f) elucidates why the CLAP causes an oscillation in
TA measurement. The CLAP contains a tensile strain at the
wavefront and a compressive region behind; they are separated
by the center of the CLAP!*”). The strain modifies the bandgap of
the perovskite that it influences. The bleach peak is redshifted
when the lattice is compressed, or blueshifted when the lattice
is stretched®). As the CLAP bounces back and forth between
the surfaces, the fraction of stretched/compressed regions alters.
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Considering that the TA is the averaged result of the photoin-
duced changes through the entire sample, a blueshift and a red-
shift of TA spectra are observed.

In the TA spectra, only one swing in bandgap is observed
instead of periodic oscillations, indicating that the CLAP only
bounces once on the substrate-perovskite interface. That is
caused by the low reflectivity of the CLAP on the interface of
perovskites and glass, which we used as the substrate. The reflec-
tion coefficient (a,.) of the phonon of the perovskite—glass inter-
face calculated by the acoustic mismatch model®”! is as small as
0.053, indicating that glass—perovskite interface is incapable of
reflecting phonons. If the substrate is made by sapphire, which
has a stronger phonon reflectivity (o, = 0.42), more periods of
oscillations in the TA spectra may be observed'*”.

To verify the presence of the CLAP, a front-face TR experi-
ment is performed using 400 nm pump beam. A 2D color
map is shown in Fig. 3(b), where the color represents AR/R this
time. AR/R is proportional to the change in refractive index
(An) of perovskite caused by the pump beam at the air interface.
A pair of antisymmetric peaks is observed around the band edge,
according to Kramers—Kronig relationship; the inverse Hilbert
transform of An is proportional to AA, and therefore, this pair
of peaks is relevant to bandgap bleach in the TA experiments. A
set of sharp oscillations over wavelengths between 550 and
800 nm stem from the interference of probe light reflected from
the front side and back side of the sample film'*"’,

In Fig. 3(b), an oscillation over time can also be observed.
AR(t)/R(t) at different wavelengths are shown in Fig. 3(c). This
figure shows that the oscillation periods at different wavelengths
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Fig. 3. (a) Scheme of front-face TR experiments; (b) 2D contour plot of TR
spectra; (c) time-dependent AR/R at selected wavelengths; (d) dependence
of oscillation period on wavelength of probe light; (e) elucidating the origin of
oscillation observed in TR experiments.
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are different. The periods are calculated by a fast Fourier trans- ~ So, the sample is pumped and probed at different sides.
form (FFT) and plotted in Fig. 3(d). The oscillation period was Oscillation over wavelength is also observed in BTR due to
positively correlated with the probe wavelength, confirming the  the interference at the front and back surfaces.
cross-plane ballistic transportation of CLAPs"*"/, In Fig. 4(c), which plots the time evolution of AR/R at differ-
Figure 3(e) explains this time-dependent oscillation. The  ent wavelengths, the oscillation over time between 0 and 300 ps
CLAP itself is a discontinuity of the refractive index; therefore  is also caused by the interference of the probe beam reflected at
it can reflect the probe beam. The probe light reflected by the  the perovskite—air interface and by the CLAP, the same mecha-
CLAP interferes with those reflected at the perovskite-air inter- ~ nism as in TR. Besides that, a “bump” in AR/R can be seen at the

face. As the CLAP is propagating into the sample at sound veloc- ~ same delay time across all probe wavelengths. This is attributed
ity, the interfering distance is changed, leading to the oscillation ~ to the arrival of the CLAP at the front surface.
in probe intensity. The oscillation period T can be computed by The arrival time should be correlated to film thickness, so we

the following equation!®”’;

performed BTR measurement on samples with different thick-

nesses. The CLAP arrival time in films at different thicknesses is
y) shown in Fig. 4(d). A linear correlation is displayed, indicating
I= 2nV, cos 6’ that the CLAP transports ballistically inside the perovskite film.
The slope of the curve, 2386 m/s, is the sound velocity in the film.
This number is larger than the sound velocity in typical 2D R-P
perovskites®?), indicating more efficient transport of acoustic
phonons in the lattice of the D-] phase.

We also attempt to look for CLAPs in 3D (MAPDI;) and R-P
phase 2D perovskites. TR experiments show that CLAPs can be
generated by optical excitation in these materials”*?. However,
no or very small bandgap oscillations are observed in the TA
experiments. That suggests a strong coupling between excited
charge carriers and the lead-halide framework, and long modu-
lation of strain on the bandgap in the D-J phase perovskites. In
D-]J phase perovskites, the two cations that separate the adjacent
organic layers are connected by a covalent bond instead of van
der Waals interactions, resulting in a larger elastic modulus in
cross-plane  direction compared to the R-P phase!’®.

where 1 is the probe wavelength, 7 is the refractive index at the
corresponding wavelength, V is the sound velocity, and 6 is the
probe light incidence angle. The equation predicts longer oscil-
lation periods at longer probe wavelengths, which agrees well
with the observation. The only exception is that longer oscilla-
tion is observed at 532 nm than at 558 nm, which is explained by
the change in refractive index around the band edge.

To gain a deeper insight into the influence of the CLAP, BTR
measurement is performed under a 400 nm pump. Figure 4(b)
shows the 2D contour plot of BTR spectra of a 704 nm-thick
(DMAPA)PbI, film. The difference between the BTR and the
TR is that the pump beam is incident from the substrate side.
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This oscillation is caused by the interference of the probe laser
beam reflected at the air-perovskite interface and reflected by
the CLAP. The motion of the CLAP changes the interference
distance, leading to the spectral oscillation. In BTR, the arrival
of the CLAP at the free surface was observed, and the sound
velocity was calculated to be 2386 m/s with that information.

In 3D and 2D R-P phase perovskites, notable CLAP transport
can only be observed in TR experiments. Large bandgap oscil-
lation perovskites from the TA experiments indicate a stronger
coupling between carriers and lattice and the larger effect of local
strain on band energy in the D-J phase. This observation pro-
vides opportunities for future dynamical bandgap modulation
in D-J phase perovskites.
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