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Abstract

The exploration of new physical properties for various THz-based applications, such as THz-wave sensing, modulation,
and imaging devices, is a key challenge in the research on organic-inorganic hybrid perovskite materials. These THz-
based applications require satisfactory, sensitive, and stable absorption properties with values between 0.5 and 3 THz.
To achieve these properties, candidate materials should possess a purified structure that induces regular and fixed
phonon modes without any defects or impurities. CH3NH3sPbBrs, an organic—inorganic hybrid perovskite thin film
produced by a sequential vacuum evaporation method on a flexible PET substrate, was investigated in this study.
Although the thin film contains only molecular defects related to CHsNH, incorporated into the perovskite structure,
our THz-wave absorption measurement and first-principles simulation confirmed that these molecular defects do not
influence the three phonon modes originating from the transverse vibration (0.8 THz), the longitudinal optical
vibrations (1.4 THz) of the Pb-Br-Pb bonds, and the optical Br vibration (2.0 THz). After spin-casting an ultrathin PTAA
polymer protective layer (5 nm) on the hybrid perovskite thin film, it was additionally observed that there was no
significant effect on the phonon modes. Thus, this novel flexible organic—inorganic hybrid perovskite material is a
potential candidate for THz-based applications.

Introduction

Recently, organic—inorganic hybrid perovskite (OHP)
materials have been used in several applications, such as
solar cells, light-emitting diodes, lasers, and memory
devices' ™. In the last decade, OHP materials have shown
excellent results, especially in the case of solar cells,
including a power conversion efficiency of over 25%,
because of their key physical properties, such as a high
absorption coefficient, high carrier mobility, and long
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carrier lifetime®™®. Moreover, the solution-based fabrica-
tion method for thin films is highly compatible with the
current industrial requirements of easy fabrication pro-
cesses and low unit costs!*™'2. However, attempts to
improve the main requirements of material stability and a
Pb-free nature have continued because research on OHP
materials is still focused on solar cell applications'*™°.
The exploration of new physical properties for novel
device applications requires a deep understanding of the
fundamental physical properties, such as the defects,
phonon-dispersion relations, and electronic structures.
This understanding enables the explanation of and pro-
vides the solution for several unexpected behaviors
observed in OHP-based devices, such as material
instability, migration of halogen anions, short lifetime in
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devices, and the bandgap distribution'”*°~**, Although
numerous new physical properties of OHP materials have
been discovered that have led to improvements in device
performance, the phonon-related behavior of these
materials, especially in the THz energy range (0.5-3 THz),
is yet to be fully understood**?°.

According to previous literature, OHP materials possess
both molecular vibrations from the organic portion as
well as lattice vibrations from the inorganic portion
because of the lack of chemical bonding between the
organic and inorganic parts®. An early study performed
using powder neutron diffraction showed that the motion
of the CH3NH; ' (MA™) ion was ordered, and the 2D and
3D disorder was dependent on each structure being
controlled by temperature®. However, it was not possible
to experimentally observe the molecular vibration and
rotation in CH3NH;3Pbl; (MAPDI3) and a-HC(NH,),Pbls
(a-FAPbL;) thin films®*?*®. In the case of MAPbI; thin
films formed by a typical solution-based method, two
vibrational modes at 1 and 2 THz were observed and were
attributed to the buckling of the Pb—I-Pb angles and the
Pb-I bond vibration, respectively”’. A.M.A. Leguy et al.
investigated the vibrational modes of MAPbX; (X=Cl,
Br, and I) with the help of Raman spectroscopy and the-
oretical simulations®®, Their report revealed several
interesting modes in hybrid perovskite structures. The
contribution of molecular motion was very weak in the
THz energy range. Additionally, a high absorption with a
vibration of 1.58 THz was observed for MAPbI; which
possessed a hybrid perovskite structure incorporating the
CH3NH, molecular defect that was produced using the
sequential vacuum evaporation (SVE) method*>*’.
Moreover, a-FAPbI; thin films fabricated by the SVE
method showed an absorption of 1.62 THz>*. Recent
reports imply that a vacuum-processed method such as
the SVE method can create a greater number of variable
states than a solution-processed method because vacuum-
processed methods produce smaller grains and a high
density of grain boundaries and defects***>*°, Hence, it is
crucial to focus on vacuum-processed methods to
understand the variable phonon modes.

The discovery of a significant THz-wave absorption
property in OHP thin films and the understanding of
phonon modes will enable the use of these materials in
new applications such as THz-wave sensing, modulation,
and imaging devices. This is especially significant for the
production of a simple transistor for THz-wave sensing
devices using an OHP material that is less expensive and
easier to fabricate than that produced using current
materials such as highly purified GaAs**~>* In our pre-
vious work, we showed that a flexible substrate such as
polyethylene terephthalate (PET) or polyestersulfone
(PES) can be successfully used for THz-based applica-
tions®. In short, if we can control the THz-wave
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absorption property (i.e., its phonon modes) in an OHP
thin film on a flexible substrate, we can eventually achieve
flexible THz-wave sensing, modulation, and imaging
devices.

Hence, in this study, we investigated a CH3;NH;3PbBr;
(MAPDbBr3) hybrid perovskite thin film fabricated by the
SVE method. Advanced characterization was performed
to explore the atomic structures, bandgaps, surface
morphologies, chemical states, and THz-wave absorption
properties of the MAPbBr; thin films. We assembled
these thin films with two additional materials, namely, a
PET flexible substrate and an ultrathin (~5nm) [poly[bis
(4-phenyl)(2,4,6-trimethylphenyl)amine]] (PTAA) poly-
mer layer for protection. Although CH3NH, molecular
defects and surface Pb metal defects were observed, the
THz-wave absorption property of MAPbBr; showed three
regular and fixed phonon modes. In this study, we pro-
pose the possibility of a novel flexible THz-based appli-
cation employing an OHP material.

Materials and methods

MAPDBrj; thin films were fabricated by the SVE method
in a customized vacuum chamber®® (S. Fig. 1, see the
Supplementary Information.) A PET flexible substrate
(AHCEF-100, thickness = 225 um, AIDEN) was cleaned by
sonication in acetone for 10 min, rinsed in heated acetone
for 1 min, and then treated in a UV-ozone chamber for
30 min before loading it into a vacuum chamber. The base
pressure of the chamber installed with a thickness sensor
was 8.0 x 1072 Pa. Lead (1) bromide (PbBr,, >98% purity,
Sigma-Aldrich) was evaporated at a deposition rate of
10 A/s onto the substrates at room temperature to form a
film with a thickness of 100 nm. Then, methylammonium
bromide (CH3NH3Br, >98% purity, Sigma-Aldrich) was
evaporated at a deposition rate of 2 A/s to form a 280-nm-
thick layer on the formed PbBr, thin film to produce
MAPDBTr; thin films with a thickness of 300 nm?®. Further,
postannealing was performed at 110 °C for 10 min in a N,
glovebox. Finally, spin coating was applied at 4000 rpm for
1min to coat the resultant thin films with a PTAA
(Sigma-Aldrich) solution containing 5 mg PTAA and 4 ml
chlorobenzene. The PTAA solution was sonicated for 1 h.

To characterize all the formed and treated thin films,
we performed X-ray diffraction (XRD), UV-visible spec-
trometry (V-770, JASCO), scanning electron microscopy
(SEM), and high-resolution X-ray photoelectron spec-
troscopy. The XRD instrument was an RINT-TTRIII/NM
with a Cu Ka source manufactured by Rigaku. The SEM
equipment was a HITACHI SU9000 model, and the
characterization was carried out at an acceleration vol-
tage of 5keV and an emission current of 10 pA. A Versa
Probe II instrument with monochromated Al K,
(ULVAC-PHI) was used for all XPS measurements to
obtain C 1s, N 1s, Pb 4f, and I 4d core-level spectra. No
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Fig. 1 Comparison between before and after annealing. a The
atomic structures before and after annealing at 100 °C for 10 min. The
as-received MAPDBr3 thin film showed MAPbBr and PbBr, structures.
However, the residual elements disappeared after annealing, b UV-
visible absorption spectra before and after annealing. The optical
bandgap is 2.23 eV in the annealed sample, and ¢, d Top-view SEM
images before and after annealing. After annealing, the partially
unfilled surface also disappeared.

traces of O 15 core-level spectra were observed in any of
the samples. The binding energies were calibrated with
respect to the Au 4f;,, level (84.0 eV)3°.

The THz time-domain spectroscopy (THz-TDS) spec-
tra of the formed and treated thin films on a PET flexible
substrate were measured with a standard THz-TDS
transmission setup based on a Ti:sapphire regenerative
amplifier system, which has 35fs pulses at an 800 nm
wavelength and a repetition rate of 1kHz. We used a
2mm ZnTe (110) crystal for generation and detection to
measure the THz time-domain signal in the spectral range
from 0.2 to 2.2 THz.

To investigate the IR absorption spectrum of MAPbBrs3,
we performed a first-principles calculation based on
density functional theory as implemented in the Vienna
ab initio simulation package (VASP)*’~%°, The projector-
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augmented wave potentials were used to describe the
valence electrons, and the exchange-correlation func-
tional was treated with the generalized gradient approx-
imation of Perdew—Burke—Ernzerhof with the DFT-D3
van der Waals correction®®™3, The plane-wave kinetic
energy cutoff was chosen to be 500 eV. The equilibrium
lattice constant of cubic MAPbBr; was calculated as a =
5.991 A, which agrees well with the experimental result of
5.969 A **, The vibrational property at finite temperatures
was calculated by the temperature-dependent effective
potential (TDEP) approach rather than the conventional
frozen-phonon approach, since the latter approach does
not well describe the finite-temperature equilibrium
phases that are different from the zero-temperature
phase®™*. In the TDEP approach, we performed a
molecular dynamics (MD) simulation within the canoni-
cal ensemble at 300 K to compute the finite-temperature
force constant matrix (FTECM)***°. The FTFCM was
fitted by considering all the forces and displacements
between any two atoms with a cutoff length of 6 A at
every time step. We used a 2 x 2 x 2 supercell structure of
cubic MAPDBr; to describe the free rotation of the MA
molecules as well as long-range vibrational modes. The
corresponding reduced Brillouin zone was sampled only
at the T point. To remove the imaginary phonon modes
and to obtain the converged FTFCM, we ran the MD
simulation for a total of 120,000 time steps (120 ps). We
also computed the time-averaged Born effective charge
(BEC) tensor, which was used with the I'-point phonon
eigenvectors, to obtain the IR absorption spectrum®. For
comparison, we also calculated the vibrational property
using the finite displacement (FD) method with the same
supercell structure””.

Results and discussion

The atomic structure of MAPbBr; in Fig. la depicts a
typical organic—inorganic hybrid perovskite structure
with (100) and (200) peaks of cubic MAPbBr;>%. The
structures of PbBr, and MABr are also observed, which
disappeared after postannealing at 110 °C for 10 min. This
behavior is similar to that observed in our previous
research on an MAPbI; thin film®®. However, unlike
MAPDI;, we observed a small intermediate state, such as
the CH3NH, molecular defect incorporated in the hybrid
perovskite structure in MAPbBr; ***®* The MAPbBr; thin
films, observed with optical bandgaps of 2.28 and 2.23 eV
before and after postannealing, respectively (Fig. 1b),
revealed a slight redshift in the XRD data, which is con-
sistent with the formation of more stoichiometrically
stable MAPbBr;. After annealing, the partially empty
surface was filled with a step structure and a large-sized
grains (Fig. 1c, d).

In the surface morphologies before and after annealing
are shown in Fig. 2a-d, revealing that we found large
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Fig. 2 Thin film morphologies. SEM images of a MAPbBr;,

b Annealed MAPbBr3, ¢ PTAA/MAPDBr;, d Annealed PTAA/MAPDBTs,
and e Cross-sectional view. We confirmed the thicknesses of the
formed MAPbBr; and PTAA to be 300 nm and 5 nm, respectively.

\ J

grains with a size of over 500 nm. Interestingly, the sample
observed before annealing shows an unfilled surface
(Fig. 2a). However, the annealed sample presents a fully
filled surface composed of larger grains with clearer grain
boundaries and step structures (Fig. 2b). After PTAA
spin-casting, we could not observe any significant change
on the film surface (Fig. 2¢, d). In the cross-sectional view
in Fig. 2e, the thicknesses of the MAPDbBr; and PTAA
layers are 300 and 5 nm, respectively.

The chemical state of the CH;NH, molecular defect was
observed in the C 1s core-level spectra before and after
annealing (Fig. 3a)**°***, The C-O bonding state in the
annealed sample originated from exposure to air during
sample transfer from the vacuum chamber to the N,
glovebox. Interestingly, there are no new chemical states
in the N 1s, Pb 4f, and Br 3d core-level spectra after
annealing. This means that a small quantity of the C-O
state, such as an impurity, is located only at the surface
and that there is no influence on the main structure of
the MAPDbBr; hybrid perovskite (S. Fig. 2a—d). Surface

0:5 1.IO 1.I5 2:0 25
Frequency (THz)

Fig. 3 Molecular defect and THz-wave absorption. a Curve fittings
of C1s core-level spectra before and after annealing. The chemical
state of CH3NH, molecular defect is observed clearly. The C-O
chemical state originated from the exposure to air during the sample
transfer and b THz-TDS measurements with three absorptions at 0.8,
and 14, and 2.0 THz. The PA (1/cm) is close to 2000.

depletion occurs by annealing, as observed from the Pb®"
chemical state (Pb metal) in the Pb 4f core-level spectrum
of the annealed sample (S. Fig. 2c). However, this deple-
tion, which induces the occurrence of the Pb metal ele-
ment on the surface, does not affect the original MAPbBr3
hybrid perovskite structure. After the annealing step, the
intensity of the CH3;NH, molecular defect decreased.
Instead of the CH3;NH;" molecule, it is the molecular
defect that is incorporated in the main hybrid perovskite
structure, and it is located at the grain boundaries®.
However, this structure with the defect does not appear
significantly in the XRD data (Fig. la). This difference
between MAPDI; (tetragonal) and MAPDbBr; (cubic)
structures may be due to their material stability, resulting
from different tolerance factors®. Additionally, we con-
firmed the protective effect of the ultrathin PTAA layer
(S. Fig. 3), from the observation that there was no change
in the chemical states of MAPbBr; after exposure to air
for 1 week®.

Hence, we expect that the vibrational modes of the
MAPbBr; thin film with a large number of grains
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originate from the main hybrid perovskite structure, such
as MA (molecular vibrations), lattice vibrations
(Pb—Br-Pb and independent Pb/Br vibrations), and
defects, such as C-O, Pb%", and CH;NH, molecules,
included in a defect-incorporated distorted structure®>*’.
In the THz-wave absorption measurement using the
THz-TDS system, we observed three main peaks at 0.8,
1.4, and 2.0 THz with power absorptions (PAs) of 400,
1500, and 1750 cm ', respectively (Fig. 3b). In fact, the
optical phonon modes of MAPDbBr; single crystals and
solution-prepared polycrystalline structures have been
previously reported®”®. However, our measurement
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shows the different features at room temperature, and we
assume this difference is due to the SVE method, which
can control the defect structures®*>*®, Additionally, we
confirmed that there were no significant THz-wave
absorption effects from the PTAA polymer layer and
the PET flexible substrate. (Fig. 3b and S. Fig. 4) Inter-
estingly, there is also no change in the THz-wave
absorption property due to the C—O impurity, CH3NH,
molecular defect, Pb metal element, and ultrathin PTAA
layer. This means that the THz-wave absorption property
of the MAPbBr; thin film incorporating several critical
impurities and defects is fixed and stable.

To analyze the origin of the three fixed and stable THz-
wave absorptions observed in our experiment, we calcu-
lated the phonon-dispersion relation and the IR absorp-
tion spectrum. Since the cubic phase of the OHP is
stabilized by the rotation of organic molecules at finite
temperatures, the conventional FD method provides the
imaginary modes in the calculated phonon-dispersion
relations. To include the molecular rotation effects in the
room-temperature (RT) cubic phase of MAPbBr; we
performed a molecular dynamics simulation at 300 K and
calculated the RT phonon-dispersion relation using the
FTFCM described in the Methods section. Figure 4a
shows the TDEP-based RT phonon-dispersion relation of
cubic MAPbBTr3;, exhibiting no imaginary phonon modes,
whereas the frozen-phonon approach produced significant
amounts of imaginary phonon modes, as shown in Fig. 5a.
In addition, we observed phonon softening, which cannot
be described by conventional phonon approaches. This
softening observation was attributed to the free molecular
rotation, which reduces the “local” interaction between the
“frozen” MA molecule and the PbBrs frame.

Based on the RT phonon dispersion, we calculated the
IR absorption spectrum as shown in Fig. 4b. We found
three main peaks at approximately 0.6, 1.2, and 1.8 THz,
which match well with our experimental observations. The
frozen-phonon approach was also applied to compute the
IR spectrum, which shows a peak at a much higher fre-
quency, as shown in Fig. 5b, for comparison. To under-
stand the main origin of the three IR absorption peaks, we
show the corresponding phonon vibrational modes in
Fig. 4c—e. We found that the strong IR absorption peaks
are mainly associated with the vibrational modes of the
Pb-Br inorganic frame. The first and second peaks cor-
respond to the transverse and longitudinal optical vibra-
tions of the Pb—Br—Pb bonds, respectively, as shown in
Fig. 4c, d. The optical Br vibration modes that are nearly
normal to the Pb—Br-Pb bonds with stationary Pb atoms
(Fig. 4e) lead to the third peak. The animation of all the
vibrational modes contributing to the three IR peaks can
be found in the Supplementary Information.

In conclusion, to explore the possibility of novel THz-
based applications using OHP materials, we investigated
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the phonon modes of MAPbBr; hybrid perovskite thin
films on a PET flexible substrate with an ultrathin PTAA
protective layer fabricated by the SVE method. We con-
firmed that there is no influence from defects such as
C-0O/Pb metal impurities and CH3NH, molecular defects
on the THz-wave absorption property, which shows three
fixed and stable absorptions at 0.8, 1.4, and 2.0 THz. The
phonon modes from this study originated from the
transverse vibration (0.8 THz), the longitudinal optical
vibrations (1.4 THz) of the Pb-Br-Pb bonds, and the
optical Br vibration (2.0 THz). We thus present this newly
developed candidate organic—inorganic hybrid material
for THz-based applications such as THz-wave sensing,
modulation and imaging devices.
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