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Direct Observation of Bandgap Oscillations Induced
by Optical Phonons in Hybrid Lead lodide Perovskites

Peijun Guo, Yi Xia, Jue Gong, Duyen H. Cao, Xiaotong Li, Xun Li, Qi Zhang,
Constantinos C. Stoumpos, Matthew S. Kirschner, Haidan Wen, Vitali B. Prakapenka,
John B. Ketterson, Alex B. F. Martinson, Tao Xu, Mercouri G. Kanatzidis, Maria K. Y. Chan,

and Richard D. Schaller*

Hybrid organic—inorganic perovskites such as methylammonium lead iodide
have emerged as promising semiconductors for energy-relevant applications.
The interactions between charge carriers and lattice vibrations, giving rise to
polarons, have been invoked to explain some of their extraordinary optoelec-
tronic properties. Here, time-resolved optical spectroscopy is performed, with
off-resonant pumping and electronic probing, to examine several representa-
tive lead iodide perovskites. The temporal oscillations of electronic bandgaps
induced by coherent lattice vibrations are reported, which is attributed to
antiphase octahedral rotations that dominate in the examined 3D and 2D
hybrid perovskites. The off-resonant pumping scheme permits a simplified
observation of changes in the bandgap owing to the A, vibrational mode,
which is qualitatively different from vibrational modes of other symmetries
and without increased complexity of photogenerated electronic charges. The
work demonstrates a strong correlation between the lead-iodide octahedral
framework and electronic transitions, and provides further insights into the
manipulation of coherent optical phonons and related properties in hybrid
perovskites on ultrafast timescales.

1. Introduction

Hybrid organic-inorganic  perovskites
(HOIPs) as represented by methyl-
ammonium lead iodide (MAPDI;) have gar-
nered widespread interest owing to their
promising applications in solar cells,!>?
solid-state lighting,>* detection of high-
energy photons,® in addition to excep-
tional physical responses and functions.®”!
Fundamental studies of their exceptionally
long carrier lifetimes, good defect toler-
ance, and moderate mobility via various
techniques have now indicated a polaronic
character to charge carriers in HOIPs,
which arises from the strong coupling of
excited charge carriers with the dynami-
cally disordered, soft inorganic lead-halide
framework.®"%l Such polaronic properties
may suppress unfavorable charge recom-
bination and carrier trapping, thereby
improving HOIP-based optoelectronic
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Figure 1. TA spectral maps and Raman spectra of MAPbl; and (BA),Pbl,. a) Transient AOD spectral map of the MAPblI; thin film measured at 10 K.
b) FFT of the AOD map in (a). c) Transient AOD spectral map of the (BA),Pbl, thin film measured at 10 K. d) FFT of the AOD map in (c). €) Raman
spectrum of MAPbI; single crystal measured for the (010) surface at 80 K (blue), and FFT of the AOD kinetics extracted at 754 nm (cyan). f) Raman
spectra of a (BA),Pbl, single crystal (80 K, red), thin film (80 K, blue) and FFT of the AOD kinetics extracted at 490 nm (cyan). The pump in TA experi-
ments was centered at 4 m with a fluence of 1.4 m) cm™2. Data in (e) and (f) are offset for clarity.

devices. In this context, knowledge about how lattice vibrations,
which dominate in HOIPs, impact their most critical optoelec-
tronic properties, especially the electronic bandgap, is necessary
to further understand the roles of electron—phonon interactions
and polarons in HOIPs. Direct examination of such correla-
tions, however, has proved challenging experimentally.

The structural similarity between 3D and 2D HOIPs, and
materials composed of oxide octahedral networks (i.e., oxide
perovskites), suggests that the experimental schemes developed
for probing the photophysics and mutual interactions among
different degrees of freedom in oxide perovskites might be gen-
eralized to the study of 3D and 2D HOIPs. In particular, excita-
tion of infrared-active or Raman-active vibrational modes!®l in
oxide perovskites has been exploited to probe and control the
magnetic order,”l electronic relaxation,™ and transient struc-
tural switching.™ Here we employ off-resonance excitation
(without exciting charge carriers) with infrared pump pulses,
to produce purely vibrationally excited lead—iodide perovskites
through the impulsive stimulated Raman scattering mecha-
nism. We then transiently probe the impacts of these coherent
lattice vibrations on the valence-to-conduction-band electronic
transitions and find that MAPDI; and several 2D lead—iodide
perovskites exhibit a common Raman-active vibrational mode
near 25 cm™’. On the basis of first-principles calculations and
symmetry analysis, we establish a microscopic picture of this
pronounced vibrational mode. We further distinguish Raman-
active, A, vibrational modes from other Raman-active modes
as well as from Raman-inactive modes and discuss the mani-
festation of these different types of modes in transient optical
measurements.

2. Results and Discussion

The structural and morphological information for the MAPbI;
and [CH;3(CH,);NH;],Pbl, thin film samples used in this work
is presented in Figure S1 of the Supporting Information. The
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static absorption of an MAPDI; thin film on sapphire substrate
(Figure S2a, Supporting Information) was examined as a func-
tion of temperature to establish a baseline for subsequent tran-
sient optical measurements. Since the exciton binding energy
of MAPbDI; remains nearly constant for the low-temperature
(0-160 K) orthorhombic phase,?*?! the shift to lower energy
of the exciton absorption peak with decreasing temperature
mainly arises from a reduction of the bandgap (E,); a concur-
rent narrowing of the exciton peak originates from reduced
electron—phonon interactions.) In transient absorption meas-
urements, we perturb the MAPbI; film in the orthorhombic
phase by nonresonant (i.e., nonabsorbing), sub-100 fs optical
pump pulses centered at 4 um, which is a scheme that is dis-
tinct from on-resonant electronic?? or vibrationall?*] excitations
exploited elsewhere. A schematic experimental setup is shown
in Figure S3 of the Supporting Information. The transient
changes in optical density (denoted as AOD) comparing pump-
on and pump-off conditions in the near-infrared wavelength
range (Figure 1a) consist of a derivative-like line-shape, centered
around the exciton peak at 750 nm, which oscillates above and
below zero in sub-picosecond timescales. Such periodic oscil-
lations, which signify coherent optical phonons (COPs), have
been observed in (semi)metals,* insulators,?>2% and semicon-
ductors, including MAPDI; itself??8] (but in the condition of
above-bandgap optical pumping). A key feature of using non-
resonant optical pumping here is that our data are completely
free from parasitic electronic excitations; the latter usually give
rise to large background in transient signals around the exciton
peak due to a nonequilibrium redistribution of charge carriers
near the band edge. Notably, from our data (Figure 1a) we find
that E, oscillates both above and below the static unperturbed
value, an important point to be discussed in detail later. Note
that the AOD amplitude on the red side of the exciton peak is
consistently stronger in magnitude than that on the blue side of
the exciton peak (Figure 1a), which stems from a lower slope of
the static OD versus wavelength on the blue side of the exciton
peak (Figure S2a, Supporting Information) due to contributions
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to optical absorption from band-to-band transitions.?!] A fast
Fourier transform (FFT) plotted in Figure 1b demonstrates that
the dominant COP of MAPDI; is centered at 25 cm™ (corre-
sponding to 1.33 ps, or 0.75 THz), in conjunction with some
higher-frequency modes with significantly weaker amplitudes.

To see if the nonresonant optical excitation of COPs is a gen-
eral feature of HOIPs, we also examined (BA),Pbl, (here BA
stands for CH;3(CH,);NH;3"),21 which is a member of the 2D
HOIP family. 2D perovskites exhibit strong quantum and dielec-
tric confinements of charge carriers and result in large exciton
binding energies.?*3 Again, we observe strong signatures of
COPs (Figure 1c) from a (BA),Pbl, thin film excited at 4 pum,
away from any resonances.®?l The overall higher AOD amplitude
of (BA),Pbl, compared to that of MAPDIj; is attributed to the
sharper excitonic feature of the former (Figure S2b, Supporting
Information). The FFT spectral map for (BA),Pbl, (Figure 1d)
displays two strong COP modes, centered at 25 and 50 cm™.
To correlate available Raman modes with transient COPs, we
performed low-frequency Raman scattering experiments on
MAPDI; (Figure le) and (BA),Pbl, (Figure 1f), using 946 and
659 nm lasers, respectively. These laser photon energies are
below the E, of the respective material and thereby do not intro-
duce undesirable photoluminescence background. Note that with
the 946 nm laser we could only obtain discernable Raman peaks
from single crystals but not from thin films of MAPbI;, which
we interpret as resulting from a weak nonresonant Raman scat-
tering cross section. An excellent match of the 25 cm™ phonon
mode is observed between the Raman spectrum and the FFT of
the transient COPs for MAPDI;. Some of the higher-frequency
modes in the Raman spectrum, especially that observed at
46 cm™, are not seen in the FFT of the transient response.
This discrepancy may arise from the fact that the coupling
strength of excitons with distinct vibrational modes can differ.l*’]
The manifested 2:1 ratio in intensity of the 25 cm™ and the
46 cm™ peaks from single crystal measurements in Figure le do
not translate to a 2:1 ratio in Raman scattering intensity of the
respective phonon modes, because in a single crystal the thick-
nesses of MAPbI; contributing to the intensities of these two
Raman peaks can differ; this makes a quantitative comparison
between the Raman spectrum measured on single crystal, and
FFT of the transient optical response measured from thin film,
challenging. The agreement between the Raman scattering and
transient optical measurements for (BA),Pbl, in both the thin
film and single crystal forms are exceptional over the entire
frequency range up to 60 cm™.. Although the higher-frequency
(50 cm™) peak has almost twice the frequency of the lower-fre-
quency one (25 cm™) for (BA),Pbl,, we rule out the possibility
of overtone generation because the transient response (both
Figure 1c,d) does include oscillation of E, at 50 cm™.

In the following, we primarily focus on MAPbI; because the
temperature dependence of E, is clearer than that for (BA),Pbl,
(Figure S2, Supporting Information) and its vibrational proper-
ties can be more reliably calculated owing to the fully resolved
orthorhombic crystal structure.?¥ First, fluence-dependent tran-
sient measurements were performed to determine the mecha-
nism behind the excitation of COPs. As shown in Figure 2a,b,
the amplitude of the transient response is linearly proportional
to the pump fluence (rather than linear proportional to the elec-
tric field strength), suggesting an impulsive stimulated Raman
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Figure 2. Temperature and fluence dependence of the transient optical
response. a) Pump fluence dependent AOD kinetics of the MAPblI; film
at 10 K. b) Extracted dependence of the AOD amplitude on the pump
fluence from (a); error bars are generated by multiple measurements of
the infrared pump power. c) Temperature-dependent AOD kinetics of the
MAPbI; film at a fixed fluence of 0.53 m| cm™2. The region confined by the
black-dashed lines contains coherent artifact due to pump reflection from
the back of the substrates and are left out. d) FFT of the AOD kinetics
shown in (c).

scattering (ISRS) process of excitation.?>*¢l In our earlier
experiments, we found that pumping at other than 4 pm (e.g.,
at 3.2 um) can also excite the same COPs.’”) In ISRS, the non-
resonant excitation pulse duration (less than 100 fs) is signifi-
cantly shorter than a single period of the vibrational oscillation
(about 1.3 ps here) and the phonon mode is Raman active (as
verified by our Raman scattering measurements). Figure 2c,d
presents the AOD kinetics and the corresponding FFT spectra
measured at different temperatures. The coherence time is
seen to decrease with increasing temperature, which we ascribe
to more pronounced electron—phonon interactions at higher
temperature. A small blueshift of the COP frequency is found
to accompany the decrease of temperature due to stiffening of
the lattice.l?8l

To resolve the microscopic atomic motions corresponding
to the observed COP in MAPDI; at 25 cm™, we performed
first-principles calculations of the vibrational normal modes
for the orthorhombic phase of MAPDI;, which belongs to the
Pnma space group and has 48 atoms in a primitive cell.?9*
The definition of the crystalline a, b, and ¢ axes are consistent
with an earlier report,*! with the b axis being the long axis of
the cell. Because the electronic density of states near the band
edges are dominated by Pb and I atoms, here we confine our
analysis to the first 72 phonon branches, since the 73rd to 144th
branches have higher frequencies and are mainly contributed
by motions of the MA cations®! and are hence irrelevant to
our study (note that the frequency of the 73rd branch has an
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Figure 3. First-principles calculation of the vibrational modes and the associated AE,. a) Correlation between the AE, and the phonon displacements
along the eigenvectors of the first five lowest-frequency A; vibrational normal modes. b) Eigenvector of the A, mode at 1.15 THz. Here Q and —Q indi-
cate the positive and negative phonon displacements, respectively. The orientation of the a, b and c axes are shown in c). c) Eigenvectors of the B,, mode

at 116 THz (top) and the schematics showing how the Q and —Q configurations are related by different symmetry operations. d) Dependence of AE,
on the temperature for the A; modes; legend of a) applies to d) as well. e) Estimated temperature rise of the 1.15 THz phonon following the ISRS process
(the estimation is based on data shown in Figure 2c); error bars are generated from averaging the oscillation amplitude of the first three oscillations.

abrupt jump to 9.94 THz from 4.56 THz for the 72nd branch).
Table S1 in the Supporting Information summarizes the band
indices, frequencies and irreducible representations of the
72 normal modes. The schematic drawing of a typical mode
profile for each representation (including Ag, Big, By, Bg, A,
By, By, and Bsy) is shown in Figure S4 of the Supporting
Information. To correlate the calculated normal modes with the
E, oscillations arising from the COP, we computed the change
of E, (designated as AE,;) due to phonon displacements for all
72 phonon branches. Figure 3a shows the calculated AE, due
to phonon displacements along both the positive and nega-
tive directions for the 5 lowest-frequency A, modes (out of the
eight A, modes in total; see Table S1, Supporting Information).
Note that all the plots of AE, versus phonon displacement in
Figure 3a exhibit asymmetric line-shapes around the equilib-
rium configuration (i.e., at zero phonon displacement). In con-
trast, for all the non-A, modes (such as Byg, By, etc), the AE, is
symmetric with respect to positive and negative displacements
(Figure S5, Supporting Information). Because the E, oscillates
both above and below the static value in the transient measure-
ments, we must assign the ISRS-driven COP to one of the A,
modes (which are all Raman active). Here, we assign the COP
to the 1.15 THz mode, which is schematically illustrated in
Figure 3b. As plotted in Figure 3a, the 1.15 THz mode induces
large and nearly linear AE, in both the positive and negative
directions in distinction from the other vibrational modes (i.e.,
the ones at 0.33, 0.99, and 2.48 THz). We do not eliminate the
possibility that the 0.99 THz or the 1.55 THz mode is respon-
sible for the observed COP. Nevertheless, each of the three
modes (the 1.15-, 0.99-, and 1.55 THz modes as depicted in
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Figure 3D, Figure S6b,c in the Supporting Information) involves
mainly the antiphase octahedral rotation within the a—c plane as
well as the a—b plane (the three axes are defined in Figure 3c),
although of different weights: for example, the 1.15 THz mode
has a stronger contribution through octahedral rotations in the
a—c plane, whereas rotations for the 0.99- and 1.55-THz modes
are more distributed in the a-b plane. Here, antiphase means
that two corner-connected octahedra rotate along opposite direc-
tions (i.e., one clockwise and the other counterclockwise).

As illustrated in Figure 3c for a Raman-active B,, mode at
1.16 THz (as an example), any vibrational normal mode with
irreducible representation other than A, possesses some
characters of “~1” (see ref. [41]); the corresponding symmetry
operations (examples in Figure 3c include a mirror reflection
in the a—b plane or a 180° rotation along the ¢ axis) force the
positively displaced as well as the negatively displaced config-
urations to be degenerate, leading to the symmetric AE, with
respect to phonon displacements (Figure S5, Supporting Infor-
mation). This type of degeneracy should lead to an observed
oscillation frequency in transient optical experiments that is
twice that of the frequency of the corresponding vibrational
normal mode. Such degeneracy also results in the zero first-
order derivative of AE, with phonon displacement near the
origin (Figure S5, Supporting Information), hence dictating
a negligible AE, under very small perturbations, and the AE,
should also scale quadratically with the pump power. This is in
sharp contrast to the dependence of AE, on phonon displace-
ment for the A, modes, which exhibits a finite first-order deriv-
ative near the equilibrium (Figure 3a). For the same reason,
the change of other material properties (such as efficiency of
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Figure 4. Low-frequency Raman spectra and transient optical response from above-bandgap optical pumping. a) Polarization-angle dependence of
the Raman spectrum for an MAPbI; single crystal measured on the (010) surface at 80 K; 0° is defined to be parallel to the [100] direction defined in
the tetragonal phase. Correlation of the intensity of the 25 cm™ Raman peak with the polarization angle for MAPbI; in b), and for N=1and N =2 in
c). d) Raman spectra of MAPbI; as a function of temperature measured on the (010) surface (crystalline direction here is defined in the orthorhombic
phase); the literature reported temperatures of phase transitions®4 (161 and 330 K) are indicated by the white-dashed lines. e) Transient AOD spectral
map acquired using 400 nm pump measured at 10 K under a fluence of 0.16 m) cm™2. f) Dependence of AOD kinetics (taken at 782 nm) for MAPbl;

on the pump fluence. Curves in f) are offset for clarity.

second harmonic generation, polarizability, spontaneous polari-
zation, elasticity, etc) arising from the displacements along a
non-A, vibrational normal mode is expected to vanish at very
small displacement amplitude. This argument may, in part,
explain the dominant appearance of A, modes in ultrafast ISRS
investigations as reported elsewhere, 3>l even though the
ISRS process does not preclude the excitation of other non-
Ag, Raman-active vibrational modes (such as By, B, and Bj,
modes in the present case).

In experiments where free electrons were directly excited by
the pump pulse, the two-temperature model has been fre-
quently invoked to determine the strength of electron—phonon
interactions. In the present case, the particular A, vibrational
mode at 25 cm™! was excited and then relaxes through various
dissipation channels by phonon-phonon and phonon-electron
interactions. With experimental and computational data in hand,
we are positioned to estimate the effective temperature rise for
the 25 cm™ phonon mode following ISRS before any dissipation
processes of the COP take place. We first identify the depend-
ence of the static OD on the lattice temperature measured using
the white light probe in the transient absorption setup with
the pump beam blocked (Figure S7, Supporting Information),
which permits us to evaluate the magnitude of AE, in accord-
ance with the amplitude of AOD, for which we average over
the first 3 periods of oscillation (Figure 2¢) at different lattice
temperatures. The AE, are determined to be in the range of 0.3
to 0.1 meV, which varies with lattice temperature from 10 to
135 K. Based on the first-principles calculated AE, induced by the
change of the temperature (T,y) of the A, phonon modes (with
temperatures of all the other phonon branches fixed) shown in
Figure 3d, we can then assess the rise of phonon temperature
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of the A, phonon modes measured at different lattice tempera-
tures. The result is shown in Figure 3e if we assume the excited
COP correspond to the 1.15 THz phonon mode. We find that the
temperature rise of the 1.15 THz mode is in the range of 1to 2 K
(under the same fluence) and decreases with increasing lattice
temperature. Note that different ATy, plots can result if we asso-
ciate the COP to the 0.99 or 1.55 THz mode.

As the transient optical measurements were based on
polycrystalline thin film samples, for which the crystal-direc-
tion-dependent properties are lost, we further performed
polarization-dependent Raman  scattering measurements
on single crystalline MAPbI; for the (010) surface of the
orthorhombic phase. Note that the [001] direction defined for
the tetragonal phase of MAPDI; is along the long axis; this
long axis is changed to the b-axis, or the [010] direction for
the orthorhombic phase.*”! As shown in Figure 4a, the shape
of the Raman scattering spectrum is maintained for different
polarization angles, but the intensities of the peaks vary with
the polarization angle in a uniform fashion and exhibit a quasi-
fourfold symmetric pattern as demonstrated in Figure 4b.
An exact fourfold symmetric intensity distribution is not
expected because the measurements were performed for the
orthorhombic but not for the tetragonal phase, where the
former phase does not have fourfold rotational symmetry along
the long axis. On-average, the Raman scattering efficiency is
found to peak at 45° from the main crystalline axis. However,
we found that the angular distribution of the peak intensity can
slightly vary from spot to spot and from crystal to crystal, since
the sudden changes in the lattice parameters on going from
the tetragonal to the orthorhombic phase may result in the
formation of polycrystalline domains*! or incommensurately
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modulated structures®! in HOIPs. Interestingly, additional
Raman scattering measurements along the long axis, cross-
plane direction of (BA),Pbl, and (BA),(MA)Pb,I; (denoted as
N =1and N = 2 in the plots) reveal similar fourfold patterns
in the polar plot of the Raman intensity with polarization angle
(Figure 4c and Figure S8 in the Supporting Information), and
all three materials (MAPbI3, N =1 and N = 2) exhibit a strong
Raman peak at 25 cm™, which may arise from very similar, if
not identical, inorganic-framework dominated antiphase octa-
hedral rotations. In fact, transient optical measurements on
additional Pb-I based 2D HOIPs all reveal the prevailing tran-
sient response at 25 cm™! (Figure S9, Supporting Information),
which are not infrared-active (Figure S10 in the Supporting
Information). Note that we did not observe any transient oscilla-
tions from the tetragonal phase of MAPDI;, which is consistent
with the temperature dependent Raman spectra (Figure 4d) that
exhibit diffuse Raman central peaks in the cubic and tetragonal
phases, resembling the Raman scattering characteristics of
MAPDBr; and CsPbBr;, as reported elsewhere.[1%]

Finally, we compare the 4 um excitation results with those
obtained from above-bandgap pumping experiments. Figure 4e
displays a transient spectral map acquired using 400 nm
pumping, and selected kinetics are plotted in Figure 4f for dif-
ferent pump fluences. Although the signatures of COPs are
still discernable, they appear to decohere much more rapidly
in comparison to those shown in Figure la. Furthermore, the
initial oscillation amplitude of AOD is more than one order of
magnitude stronger than that achieved using 4 um pumping.
We attribute these observations to strong interactions of charge
carriers with the COPs, which can impulsively drive the COP
through electron—phonon interactions during the sub-pico-
second hot carrier relaxation process (which is more efficient
than the ISRS process) but can also scatter and cause the COP
to lose coherence more rapidly.

3. Conclusion

We have employed off-resonance infrared optical pumping to
examine the dominant lattice vibration response of MAPDI;
in an extremely clean fashion and delineated the associated
impact on the electronic bandgap of the material, which is cor-
roborated by symmetry arguments and first-principles calcula-
tions. Our observations are consistent with the formation of
a rotationally disordered octahedral network in the tetragonal
phase of MAPDI; as determined from MeV ultrafast electron
diffraction experimentation,! as well as the spontaneous sym-
metry breaking in the respective cubic phase.”] Our work
sheds light on further manipulating COPs in the structur-
ally diverse HOIPs! for the generation of effective magnetic
fields!"”! as well as the access to nonequilibrium ferroelectric
phases!®2>20l and quantum phases,**>% which have been pre-
viously pursued with materials such as oxide perovskites. The
similarity (and difference) of the rotations of octahedra between
3D and 2D hybrid perovskites, and between inorganic and
hybrid perovskites, are among the remaining questions, since it
has been demonstrated that hydrogen bonding plays an impor-
tant role in mediating the octahedral tilts.”] Another intriguing
question for MAPDI; is whether the lattice vibration following
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the ultrafast laser excitation initiates toward positive or nega-
tive phonon displacements, and its correlation with the initial
change of the bandgap, which can be further investigated with
ultrafast electron®? or X-ray diffraction methods. Such investi-
gation may provide hints for the anomalous dependence of the
bandgap of MAPDI; on lattice temperature.

4. Experimental Section

Fabrication of MAPbI; Sample: Methylamine solution (CH3;NH,,
40 wt% in H,0) and N-methyl-2-pyrrolidinone (NMP) were purchased
from Aldrich. Hydriodic acid (HI, 57 wt% in H,O) and lead iodide
(Pbl,, 99.9985% metals basis) were purchased from Alfa Aesar. Ethyl
ether (anhydrous) and acetone were obtained from Fisher Chemical.
All chemicals were used as received without further purification.
CH;3NHj;l was synthesized by dropwise adding equimolar of HI to react
with CH3NH, with stirring in a 100 mL round bottom flask, which was
soaked in ice bath to slow heat generation. Next, the mixture solution
was rotary evaporated at 60 °C to dry off the water. Then, as-formed
yellow solid was washed with copious amount of ethyl ether on a filter
paper and followed by vacuum filtration. The CH3NH;l powder thereby
obtained was dried in a vacuum oven at 60 °C overnight to yield pure
product. Fabrication of MAPbI; thin film follows the method reported
previouslyP3 with slight modifications. In detail, 1:1 molar ratio of
CH;NHj3l and Pbl, was dissolved in NMP to make 40 wt% precursor
solution. The precursor solution was spin-coated on acetone-cleaned
sapphire substrate at 3000 rpm for 25 s. The wet film was then quickly
immersed in a 50 mL ethyl ether bath for 2 min, after which the
as-formed CH3;NH;Pbl; thin film was annealed at 100 °C for 10 min in a
humidity-controlled atmosphere with a petri dish covered atop.

Fabrication of 2D Peroyskite Samples: Single crystals of (BA),Pbl,
and (BA),(MA)Pb,l; crystals were synthesized according to previously
published method.?) (BA),Pbl, perovskite precursor solution was
prepared by dissolving presynthesized (BA),Pbl, crystals (0.432 g,
0.5 mmol) in T mL DMF to make a 0.5 m solution. (BA),(MA)Pb,l;
perovskite precursor solution was prepared by dissolving presynthesized
(BA),(MA)Pb,l; crystals (1.483 g, 0.2 mmol) in 1 mL DMF to make a
0.1 m solution. The solution was stirred on a 75 °C hot plate for 1 h,
subsequently filtered using a 0.45 um filter, and kept on the 75 °C hot
plate throughout the thin film fabrication process. The (BA),Pbl, and
(BA),(MA)Pb,l; films were fabricated by spin-coating 75 uL of the
perovskite solution on sapphire substrates at 7000 rpm (1200 rpm
for samples used for THz measurements) for 30 s. After the spin-
coating process ended, the samples were immediately transferred to a
100 °C hot plate for annealing for 5 min. The substrates were cleaned
via ultrasonication in acetone, isopropanol, and further subjected to
ozone cleaning (Jelight Company, Inc., Model 18) for 10 min before use.
The precursor solution preparation and the thin film fabrication were
done in a N, glovebox.

Optical Characterization: A custom setup was employed for static
optical absorption experiments. Transient absorption measurements
were performed using a 35 fs amplified Ti:sapphire laser operating at
800 nm at a repetition rate of 2 kHz. The broadband probe pulses were
generated by focusing a portion of the amplifier output onto an Al,0;
window. The MIR pump pulses were generated via difference frequency
mixing of signal and idler beams with an optical parametric amplifier and
were reduced in repetition rate down to 1 kHz. The 400 nm pump pulses
were produced by frequency doubling of the 800 nm amplifier output with
a BBO crystal. The probe pulses were mechanically time-delayed using
a translation stage and retroreflector. Low frequency Raman spectra
were acquired using 946 nm laser excitation for MAPbl; and 659 nm for
layered perovskites (N =1and N = 2). A description of the Raman system
has been published elsewhere.® The samples were mounted in a cold-
finger liquid-nitrogen or closed-cycle helium cryostat under a pressure
below 1 1077 Torr. Two notch filters were used to suppress the Rayleigh
scattering, so that Raman signals with frequencies down to 10 cm™' can
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be captured. All the Raman spectra were acquired with a 20x objective
under the parallel configuration. For the THz time-domain spectroscopy,
a1 mm thick (110) ZnTe crystal was excited by 35 fs, 800 nm pulses from
a Ti:sapphire amplifier at 1 kHz repetition rate to generate THz pulses.
Another identical ZnTe crystal was used to detect the transmitted THz
pulses via the standard electro-optic sampling technique.

First-Principles Calculations of the Electronic Structure and Lattice
Dynamics: First-principles calculations based on the density functional
theory using the Vienna Ab initio Simulation Package (VASP) were
performed.’>8 The generalized gradient approximation (GGA)P%
for the exchange-correlation functional® within the context of the
projector augmented wave methodl® as implemented in VASP was
used. In order to treat the dispersion forces from nonlocal electron—
electron interactions more properly, the van der Waals density functional
(vdW-DF) method was adopted, particularly, the optB86b-vdW
functional .4 The crystal structure of MAPbI; in this study adopts the
orthorhombic phase with the Pnma space group (No. 62). The structure
was fully relaxed using a 4 x 4 x 4 T-centered k-point mesh with a
kinetic energy cutoff of 550 eV. The convergence thresholds for the total
energy and residual force are 108 eV and 5 x 107 eV A7, respectively.
Since the phonon modes relevant in the experiments are in the long
wavelength limit, the phonon frequencies and eigenvectors at the T’
point using the unit cell by means of finite-displacement method as
implemented in Phonopy were calculated,®® as well as a comprehensive
group-theoretical analysis of the normal modes of vibrations. In order
to reveal the correlation between the change in the bandgap and the
phonon displacements relevant to a given vibrational normal mode,
the bandgap was calculated as a function of atomic positions, which
are displaced according to a given phonon mode, namely, +AZ¢Z,
where €¢ is the normalized phonon mode eigenvector and A¢ is the

h 1 hog
Maws[2+"( keT )]
where s and o index the phonon branch and the atom, respectively. M,
o, n, and T are the atomic mass, phonon frequency, phonon population
and temperature, respectively. As a result of this equation, a correlation

between the change in the bandgap and the temperature of a specific
phonon mode can be established, as depicted in Figure 3d.

vibrational amplitude, which is defined as AZ =
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