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ABSTRACT: We demonstrate the formation of a well-organized thin film of two-
dimensional (2D) layered (C,4H3;NH;),Pbl, hybrid perovskite by immersing .
octadecyl amine (ODA) Langmuir—Blodgett (LB) films in an aqueous solution of 5,3 7
PbL,/HI The immersed films exhibit a sharp absorption band at 486 nm (2.55 eV),
which is assigned to the excitonic absorption. The film exhibits a bright green emission
under ultraviolet light at room temperature. The photoluminescence spectrum has a
distinct peak at 497 nm (2.49 V) and is a mirror image of the absorption spectrum. X- ., IRARARA
ray diffraction (XRD) analyses reveal that the film has a bilayer-like structure with a d- Pl /HI ( ( y
spacing of 6.4 nm, which is equal to that of a (C,;sH;;NH;),Pbl, perovskite single
crystal with a quantum well (QW) structure. Only intense peaks of the (001) (I=2, 4,
6, 8, 10, 12, 14, 16, 18, 20, 22, and 24) reflections are observed in the out-of-plane
XRD pattern, indicating that the ¢ axis is vertically oriented with respect to the
substrate surface, and the orientational order is remarkably high. Fourier transform
infrared spectroscopy reveals that the ODA molecules are protonated in the Pbl,/HI
solution. These results suggest that the nitrogen atoms of the ODA molecules in the film are protonated in the Pbl,/HI solution, and
then, inorganic layers of the Pbl octahedra are intercalated in the alkyl ammonium film to neutralize the positive charge and form a
QW structure. Fluorescence microscopy observation reveals that the 2D layered (C,3H;,NH,),Pbl, film has a relatively uniform
surface, reflecting the well-organized layered structure of the base material (ODA LB film). Because the intercalation process can be
applied to various metal cations and halogen anions, we believe that the proposed technique will aid in the development of highly
efficient 2D layered organic—inorganic hybrid perovskite materials.
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1. INTRODUCTION

Considerable attention has been paid to the development of
organic—inorganic hybrid perovskites for various applica-
tions—such as solar cells (SCs)," light-emitting diodes,”

materials. In such cases, 2D layers of organic cations and those
of metal halide octahedra are alternately stacked to form
quantum well (QW) superlattices.”

Various intrinsic properties, such as exciton dynamics,

photodetectors,3 X-ray detectors,® lasers,® and thermoelectric
devices”*—because of their outstanding properties.

Among them, two-dimensional (2D) layered organic—
inorganic hybrid perovskites are currently under spotlight
owing to the excellent tunability of their electronic and opto-
electronic properties.”” "' Furthermore, the chemical stability
of these 2D materials, especially under moisture, is also a great
asset.">™'* Most of the known 2D perovskite derivatives have
additional ammonium or diammonium cations and are
represented by the general formula (R-NH;),MX, or (NH;-
R-NH;)MX,. This formula is different from that of the 3D
perovskites, which are represented by AMX; (A = organic
cation, M = metal cation, and X = halogen anion).'” In 3D
perovskites, organic cations (A) fill the voids between the
metal halide octahedra, resulting in certain restrictions on their
sizes and shapes. In contrast, in 2D layered organic—inorganic
hybrid perovskite materials, bulky cations with various sizes
and shapes can be introduced to tune the properties of these
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electronic transport, and electron—phonon coupling, influence
the performance of the devices based on 2D layered organic—
inorganic hybrid perovskite materials. Therefore, fundamental
research is essential to open possibilities for a variety of
applications, as mentioned before.'™® Although the incorpo-
ration of bulky cations, such as in SCs, sometimes limits the
performance of the devices, the protection of the ionic lattice
of the inorganic octahedra is a major advantage of 2D layered
materials. In fact, currently, the fabrication of 2D/3D
perovskite hybrid structures is attracting significant attention
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because such a structure combines the advantages of both the
components.”’15

Following the pioneering work of Dolzhenko et al.'® on the
synthesis of single crystals of a 2D layered organic—inorganic
hybrid (C,H,,,;NH;),Pbl, perovskite (n = 9), bulk single
crystals with n = 4, 6, 8, 10, and 12 have been synthesized, and
the exciton states of the 2D materials have been extensively
studied.'”"® Bulk single crystals with larger n values (n = 14,
16, 18) have also been studied.'”” In the single crystals
fabricated via self-organization, the interfaces between the
inorganic and organic layers are inherently even. Therefore, 2D
layered organic—inorganic hybrid (C,H,,,;NH,),Pbl, perov-
skites with naturally formed QW superlattices are considered
to be ideal 2D systems, wherein the exudation of the wave
function into the adjacent layers is completely suppressed.”"**
Notably, in many cases, device applications require thin-film
fabrications, where solution processes such as spin coating and
inkjet printing have certain advantages over other methods in
terms of manufacturing cost and possible applications in
flexible electronics. Therefore, the fabrication of 2D layered
organic—inorganic hybrid perovskite thin films is of paramount
importance.

To date, several techniques for the fabrication of thin films
of 2D layered organic—inorganic hybrid perovskite materials
have been reported. Liang et al.>> proposed a two-step dipping
technique, in which thin films of metal halides are dipped into
an organic solution of ammonium ijodide; the inorganic thin
films can be fabricated by either vacuum evaporation or spin
coating. This technique is suitable for intercalating relatively
small organic cations into lead halides. However, in general, its
application to bulky cations with longer alkyl chains is not
straightforward because of the limitation of void sizes in the
inorganic base materials. Takeoka et al.** fabricated thin films
of the 2D layered organic—inorganic hybrid
(NH;(CH,),NH;)PbBr, perovskite in reverse order. First,
the thin films of NH;Br(CH,);,NH;Br were fabricated by spin
coating. Next, the organic films were immersed in a solution of
lead bromide to achieve intercalation. Intercalation procedures
are a versatile technique for fabricating 2D layered organic—
inorganic hybrid perovskite thin films and facilitate the
variation of the organic and inorganic components.

Nonetheless, there are certain problems that should be
overcome; for instance, films fabricated using solution
processes tend to exhibit a certain surface roughness with
disorders such as grain boundaries and/or defects. Further-
more, different cr?rstallographic phases tend to coexist in the
thin-film systems.'> For instance, a spin-coated thin film of a
2D layered organic—inorganic (C ,H,,NH;),Pbl, hybrid
perovskite exhibited absorption and photoluminescence (PL)
emission spectra with two unresolved peaks because of the
coexistence of two different crystallographic phases.'”"”
Therefore, a suitable method is required for the fabrication
of homogeneous thin films of 2D layered organic—inorganic
hybrid perovskites.

The Langmuir—Blodgett (LB) technique is powerful and
can assemble organic molecules into tailored 2D molecular
sheets. Furthermore, long-chain alkyl ammonium salts are well
known as useful building blocks for constructing high-quality
LB films.”™** Era and Oka demonstrated the fabrication of
thin films of 2D layered PbBr- and Pbl-based hybrid
perovskites.””** First, a monolayer of docosyl ammonium
bromide was formed on a special aqueous subphase containing
PbBr, (or Pbl,) and methylammonium bromide (or iodide).

Next, the layer was sequentially transferred onto a solid
substrate using the LB technique to build multilayered
structures.”””® Era and Oka further proposed a method to
prepare LB films of a different 2D layered PbBr hybrid
perovskite. In this method, an asymmetric bilayer-like film is
formed on the aqueous subphase, wherein the PbBr octahedra
are sandwiched between the monolayers of docosyl ammo-
nium and hexadecyl ammonium. Next, the floating layer is
sequentially transferred onto a solid substrate to form the LB
multilayer.”” Despite the sophistication of these techniques,
their application is limited to a narrower range of
compositions. For instance, when the hydrophilicity of a
molecule exceeds a certain level, the floating layer with the
bilayer-like unit tends to dissolve in the aqueous subphase
upon compression. Furthermore, in general, the transfer ratios
of the floating layers to the solid substrates are sensitive to
various conditions, such as pH, temperature, and ions of the
subphase.”® Because different molecular species show different
sensitivities to these subphase parameters, these techniques
cannot be straightforwardly applied to various molecular
systems.

An alternative solution to overcome these problems might
be to start from the LB films of alkyl amines instead of those of
the alkyl ammonium salts because the method for fabricatin%
LB films of alkyl amines is well established. Takahashi et al.’
reported that organic molecules of some species can be
intercalated in the LB film of octadecyl amine (ODA). Honda
et al.’” suggested that lead iodide octahedra can be intercalated
in the ODA LB film to form a thin film of 2D layered organic—
inorganic hybrid perovskites; however, the layered structure of
the film was not elucidated.

Figure 1 shows the lengths of the ¢ axes for bulk single
crystals of 2D layered organic—inorganic (C,H,,,;NH;),Pbl,
(n=4,6, 89 10, 12, 14, 16, and 18) hybrid perovskites
plotted against the number of carbon atoms in the alkyl
ammonium chain (closed circles). The single crystals have
layers of lead iodide octahedra separated by those of the alkyl
ammonium chains, forming QW structures.'®>° The crystal
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Figure 1. Length of the ¢ axis plotted against the number of carbon
atoms along alkyl ammonium chains for bulk crystals of 2D layered
organic—inorganic (C,H,,,;NH;),Pbl, (n = 4, 6, 8, 9, 10, 12, 14, 16,
and 18) hybrid perovskites (closed circles). The d-spacing of the
prepared thin film is depicted as an open square for comparison.
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systems are orthorhombic (space group type: Pbca or Pbc21),
and the unit cell has a bilayer-type structure (interlayer spacing
of the sheets of lead iodide octahedra is one half of the ¢ axis
length). The length of the ¢ axis increases linearly with the
number of carbon atoms, as shown in Figure 1 (although the
crystals are known to undergo structural transitions from
orthorhombic to monoclinic structures at higher temperatures,
they are not included in Figure 1'”7). Therefore, the
development of a versatile technique for fabricating organized
thin films of 2D layered hybrid perovskites necessitates the
acquisition of a powerful tool to control the interlayer spacing
to tune the electronic and opto-electronic properties of thin-
film systems.

We demonstrate that a well-organized thin film of the 2D
layered organic—inorganic (C,gH;,NH,), Pbl, hybrid perov-
skite can be fabricated by immersing the ODA LB film in a
Pbl,/HI solution. The structures and optical properties of the
fabricated films were investigated using X-ray diffraction
(XRD), ultraviolet (UV)—visible absorption spectroscopy,
fluorescence spectroscopy, Fourier transform infrared (FT-
IR) spectroscopy, and fluorescence microscopy. The character-
ization results confirmed that the nitrogen atoms of the ODA
LB film were protonated and that the inorganic layers of the
lead iodide octahedra were intercalated in the film to neutralize
the positive charge. Furthermore, the 2D layered organic—
inorganic (C,sH;,NH;),Pbl, hybrid perovskite contained one
single crystallographic phase, whereas different polymorphs
tend to coexist in the thin-film systems fabricated by
conventional solution processes such as spin coating.'” Our
analyses reveal that the structure of the fabricated 2D layered
organic—inorganic (C,sH3,NH,),Pbl, hybrid perovskite film is
equivalent to that of a single crystal of the 2D layered organic—
inorganic (C;sH3,NH;),Pbl, hybrid perovskite and that the
orientational order is remarkably high. Furthermore, fluo-
rescence microscopy revealed the uniformity of the film surface
observing a step structure created in the film. We believe that
the present work will give impetus to research in this field and
promote practical applications of these materials.

2. RESULTS AND DISCUSSION

Figure 2a shows the UV—visible absorption spectra of the
ODA LB film with 21 layers deposited on both sides of the
glass substrate, after immersing it in the PbL,/HI (0.5 mM/1.0
mM) solution for 1—50 min. After the immersion, the
transparent ODA LB film gradually turns yellow. As shown
in Figure 2a, a distinct absorption band emerges at 486 nm
(2.55 eV), and its absorbance increases with time (see also the
inset of Figure 2a). After SO min of immersion, the absorbance
reaches 0.91.

Figure 2b depicts a photograph of the 21-layered ODA LB
film after immersion in the aqueous Pbl,/HI solution for 50
min under UV irradiation (365 nm). Evidently, the immersed
area exhibits a bright green emission at room temperature (the
movie is available in the MP4 format in the Supporting
Information). Figure 2c shows a typical PL spectrum of the
film; the absorption spectrum is also shown for comparison.
The PL spectrum has a distinct peak at 497 nm (2.49 eV) and
is a mirror image of the absorption spectrum, as shown in
Figure 2c.

Previously, Ishihara et al.'® reported the existence of a
common sharp absorption band located at 2.56 eV together
with a step-like absorption starting at ~2.88 eV for a series of
bulk single crystals of (C,H,,,;NH;),Pbl, perovskites (n = 4,
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Figure 2. (a) UV—visible absorption spectra of the ODA LB film with
21 layers deposited on both sides of a glass substrate after immersing
it in an aqueous PbL,/HI (0.5 mM/1.0 mM) solution for 1—50 min.
The inset shows the peak absorbance at 486 nm plotted against the
durations for which the LB film was immersed in the Pbl,/HI
solution. (b) Photograph of the LB film with 21 layers, deposited on a
glass substrate, obtained under UV radiation (365 nm). (c) Typical
PL spectrum of the 21-layered LB film after immersion in the aqueous
PbL,/HI (0.5 mM/1.0 mM) solution for SO min (solid line). The
excitation wavelength was 350 nm. The UV-—visible absorption
spectrum is shown by a dashed line for comparison.

9, 10, and 12). For our sample, the distinct peak located at 486
nm coincides well with the band reported for the relevant
single crystals together with the increase in absorption starting
at ~440 nm (2.8 eV).'® Thus, the sharp absorption at 486 nm
(2.55 eV), observed in our study, can be ascribed to the
excitonic band, whereas the absorption starting at ~440 nm
can be considered to be the absorption edge of the
(CysH3,NH;),Pbl, perovskite semiconductor. Further, the
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Figure 3. (a) Out-of-plane XRD profiles of the 21-layered ODA LB film before and after immersion in the aqueous Pbl,/HI (0.5 mM/1.0 mM)
solution for S0 min. The intensity data for the as-deposited ODA LB film are magnified 40 times for 4° < 26. The data for the LB film after
immersion are magnified 40 times for 9° < 26. (b) Out-of-plane XRD profile of the LB film with 21 layers after immersion in the aqueous Pbl,/HI
(0.5 mM/1.0 mM) solution for SO min, together with a simulated XRD pattern for a bulk single crystal of the 2D layered (C,3H3,NH,),Pbl, hybrid
perovskite.33 (c) Orthorhombic crystal structure of the 2D layered organic—inorganic (C,sH;,NH,),Pbl, hybrid perovskite viewed along the b
axis.”® Lead and iodine atoms are shown in green and yellow colors, respectively.

band at 486 nm coincides well with the principal absorption
band previously reported for a spin-coated film of 2D layered
(C,sH;,NH,),Pbl, hybrid perovskite.'> However, for the spin-
coated 2D layered (C,sH;,NH,),Pbl, film, a weak second
band caused by a different polymorph of the film was also
reported at a longer wavelength.'” For our system, a second
band, similar to that observed by Kore and Gardner,"” is not
detected, indicating the homogeneity of the films fabricated in
this study. The absorption and PL spectra of our films suggest
that an excitonic band is formed in our thin system. This result
is consistent with the previously reported bulk crystals and thin
films of 2D layered (C,H,,,;NH;),Pbl, hybrid perovskite
systems,'°">° wherein 2D sheets of the inorganic Pblg
octahedra and those of alkyl ammonium were alternately
stacked to form QW superlattices.

Figure 3a shows the typical out-of-plane XRD profiles
obtained before and after immersing the 21-layered ODA LB
films in the aqueous solution of Pbl,/HI. The XRD profile of
the as-deposited film exhibits distinct peaks at 26 = 1.68, 5.09,

and 8.47°, which are in good agreement with those observed in
earlier studies on Y-type ODA LB films.”" The peaks at 20 =
1.68, 5.09, and 8.47° can be assigned to the (001), (003), and
(005) planes. The d-spacing of the as-deposited ODA LB film
is 5.2 nm.”'

The XRD profile of the films drastically changes after
immersion. The three peaks at 20 = 1.68, 5.09, and 8.47°
disappear, and 12 new and distinct peaks emerge at 260 = 2.78,
5.52, 823, 10.99, 13.75, 16.55, 19.28, 22.07, 24.86, 27.73,
30.54, and 33.42°, as shown in Figure 3a. Figure 3b also shows
the same XRD profile of the LB film after immersion, together
with a simulated XRD pattern for a bulk single crystal of the
2D layered (C,4H;,NH;),Pbl, hybrid perovskite.”> The
layered structure of the bulk single crystal viewed along the
b axis is shown in Figure 3c. The crystal system is
orthorhombic with a space group of Pbca (61) (D3;) (Z =
4) with a = 0.87825(1), b = 0.85401(1), ¢ = 6.4472(11) nm, f3
=90° and U = 4.83376(11) nm>."”
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The organic layers of alkyl ammonium and inorganic lead
iodide octahedra are stacked to form QW superlattices.
Because the unit cell has a bilayer-like structure along the ¢
axis, the interlayer spacing of the inorganic lead iodide
tetrahedra is one half of lattice constant c.

The positions of the 12 peaks in the out-of-plane XRD
pattern of the LB film after immersion coincided well with the
simulated XRD peaks for (001) (I=2, 4, 6, 8, 10, 12, 14, 16,
18, 20, 22, and 24), as shown in Figure 3b. Notably, the XRD
pattern with peaks corresponding to only the (00 1) (I =2, 4,
6, 8, 10, 12, 14, 16, 18, 20, 22, and 24) reflections indicates
that the structure of our thin film after intercalation is
equivalent to that of the corresponding (C,sHy,NH,),Pbl,
single crystal, as schematically shown in Figure 3c, and that the
¢ axis is vertically oriented with respect to the substrate surface.
In other words, organic and inorganic layers are aligned parallel
to the substrate surface. Note that the reflection of X-rays
occurs only when [ is even, if the structure of the film after
immersion is equivalent to that of the (C,gH;,NH;),Pbl,
single crystal based on the reflection conditions for an
orthorhombic crystal with a space group of Pbca.’*
Furthermore, it is worth mentioning that the orientational
order is fairly high, considering the higher-order reflections.

Therefore, it is probable that the corner-sharing Pblg
octahedra are intercalated in the ODA LB films to form a
well-organized (C,gH3,NH;),Pbl, thin film, associated with
the protonation of the nitrogen atoms in the ODA molecules,
as schematically shown in Figure 4. We hypothesize that the
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Figure 4. Schematic of the intercalation process. Nitrogen atoms of
ODA molecules are protonated, and the lead iodide octahedral layers
are intercalated to neutralize the positive charge.

structure of our intercalated thin films is equivalent to that of
the corresponding (C,sH;,NH;),Pbl, single crystal, as
illustrated in Figure 3c. The XRD analyses reveal that two
different d-spacing values (d = 5.2 and 6.4 nm) could coexist in
the LB film when the immersion time is less than 18 min
(Figure S1). However, d = 5.2 nm, which is deduced for the as-
deposited ODA LB film, disappears later (when the immersion
time is more than 18 min), indicating the homogeneity of the
resulting film. The intercalation mechanism is further verified
using FT-IR spectroscopy data as explained later in this
section.

Figure 5 shows the UV—visible absorption spectra of the
ODA LB films with various numbers of layers (3, 7, 11, 15, and
21 layers) after immersing them in the aqueous solution of
PbL,/HI for 50 min. As shown in the inset, the peak
absorbance at 486 nm increases in proportion to the number
of layers, indicating that the layer-by-layer transfer of the

1.2
1.0F T T T 2=
1.0} 486 nm| osf A
21layers Y 806l i
0.8 15layers 204k J
8 \ =
& 11 layers 0.2k il
206 ,
4 7 layers 0.0 L L L o
2 0 5 10 15 20
0.4F 3 Iayers‘ Number of layers
0.2+
] 1 | 1 1 I

0.0
350 400 450 500 550 600 650 700
Wavelength (nm)

Figure S. UV—visible absorption spectra of the ODA LB films with
various numbers of layers after immersing them in the aqueous
solution of PbL,/HI for 50 min. The inset shows the absorbance peak
at 486 nm plotted against the number of layers.

floating ODA layers onto the substrates is reproducible and
that intercalation successfully proceeds irrespective of their
thicknesses.

Figure 6 shows a typical fluorescence microscopy image of
the ODA LB film after the immersion of the sample in the

Excitation :
360-370 nm

Fluorescence®

Quariz substrate

(C45H3;NH;),Pbl,
nanosheets

Figure 6. Typical fluorescence microscopy image of the ODA LB film
(21 layers) after immersing it in the aqueous solution of PbL,/HI for
50 min. The step structure was illuminated with UV light of 360—370
nm, and the PL image was obtained while blocking unwanted spectral
components (<410 nm) using an optical filter set.

aqueous solution of PbI,/HI for 50 min; the sample was
illuminated with UV light of 360—370 nm. Nanometer-scale
step structures can be often formed naturally by lowering of
the air/water interface due to evaporation of water during the
LB film deposition. The fluorescence image was obtained at
such an area with the nanometer-scale step structure. As shown
in Figure 6, a step structure is evident, reflecting the step
structure created in the base material (ODA LB film). The
gradual increase in brightness along the steps and the
uniformity indicate that the proposed technique can facilitate
a precise control on the thickness of the 2D layered
(C,5H;,NH;),Pbl, hybrid perovskite, although some scratched
and peeled areas can be recognized.

Note that the intercalation process results in an exciton band
at 486 nm, even when the number of layers of the ODA LB
film is only 3. PL was also confirmed by fluorescence
microscopy as for the sample. Because the unit cell of the
2D layered (C,4H;,NH;),Pbl, hybrid perovskite has a bilayer-
like structure (the interlayer spacing is one half of the unit cell
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length along the ¢ axis, as shown in Figure 4), the intercalated
thin film can have only one QW structure when the number of
layers in the ODA LB film is 3. In other words, the proposed
technique can enable the fabrication of organized thin films of
the 2D layered (C,3H;,NH;),Pbl, hybrid perovskite while
controlling the number of QWs starting from single QW.
Figure S2 depicts the peak absorbance at 486 nm plotted
against the immersion time of the LB films with various
numbers of layers. Although the intercalation reaction seems
almost over after S0 min regardless of the film thicknesses, the
kinetics appears slower when the number of ODA layers is
more than 11. We postulate that there should be a certain limit
for fabricating thicker films. The studies to optimize
intercalation conditions for thicker samples are in progress.
Figure 7 shows the typical FT-IR spectra in the wavenumber
range of 2700—3450 cm™' for the 21-layered ODA LB film

80x10™ T T T T

Absorbance

| 1 1 1
2800 3000 3200 3400
Wavenumber (cm)

Figure 7. Transmission FT-IR spectra of the 21-layered ODA LB film
before (thick solid line) and after immersion (thin solid line) in the
aqueous Pbl,/HI solution.

before and after immersion in the aqueous Pbl,/HI solution.
The thick solid line represents the spectrum of the as-
deposited ODA LB film, whereas the thin solid one represents
that after immersing it for 50 min. The spectrum of the as-
deposited film has a broad and somewhat weak peak at 3332
em™'. A weak N—H stretching band of the aliphatic primary
amine is located in this wavenumber region. For instance, the
N—-H stretch of octylamine, which is a hydrogen-bonded
coupled doublet, occurs at 3290 and 3372 cm™’, which can be
assigned to the NH, symmetric (v,NH,) and asymmetric
(v,NH,) stretching bands, respectively.” Although the weak
band observed at 3332 cm™" can be assigned to either v,NH,
or V,,NH, of ODA, further investigations for the assignment
are currently in progress.

After the immersion of the LB film in the PbL,/HI solution,
the band at 3332 cm™" disappears and a broad band appears in
the wavenumber range of 3000—3200 cm™.” Primary amine
salts exhibit a strong and broad absorption in the 2800—3200
cm™' range, which can be assigned to the asymmetric and
symmetric NH;* stretching bands.’*”” The strong band
observed in the 3000—3200 cm™ range can be ascribed to
the asymmetric and symmetric N—H stretching bands of the
NHj;" groups, which should appear owing to the protonation of
the nitrogen atoms of the ODA molecules in the LB film when
it is immersed in the Pbl,/HI solution. Although the
assignment of the fine structure of the band is not
straightforward, the broad band in the 3000—3200 cm™

range agrees well with that reported for a 2D layered lead
iodide hybrid perovskite thin film, both in terms of position
and shape, indicating the formation of alkyl ammonium salts.*®

Based on the FT-IR spectra and XRD profile analyses, we
can assume that the ODA molecules in the LB film are
protonated in the aqueous PbI,/HI solution and that the
inorganic layers of the Pbly octahedra are intercalated in the
organic layers of octadecyl ammonium to neutralize the
positive charge, as schematically shown in Figure 4.

Both the spectra of the as-deposited (thick solid line) and
intercalated (thin solid line) LB films show two distinct peaks
at 2850 and 2917 cm™, which can be assigned to the CH,
symmetric (v,CH,) and asymmetric (v,,CH,) stretching
bands, respectively. Furthermore, the spectrum of the as-
deposited LB film exhibits a small peak at 2954 cm™, which
shifts to 2951 cm™" after the intercalation; both these peaks
can be attributed to the asymmetric CHj stretching bands
(D asCH3)'

The peak positions of v,CH, and v,(CH, are sensitive to the
conformations of the hydrocarbon chains.”**~*' For example,
when a hydrocarbon chain is in a solid crystalline state with an
all-trans conformation, the v,CH, and v,,CH, bands are
observed at 2848 and 2918 cm™', respectively. In contrast,
when a hydrocarbon chain is in an isotropic (liquid) state,
containing gauche forms, the v,,CH, and v,CH, bands are
obtained at 2926 and 2856 cm™', respectively. The upward
shift of the two bands (v,,CH, and v,CH,) indicates an
increase in the number of gauche conformers in hydrocarbon
chains. Therefore, the peak positions are suitable indicators for
evaluating the order of hydrocarbon chains.”**~*!

As shown by the thick and solid lines in Figure 7, the peak
positions of the v,CH, and v,,CH, bands of the as-deposited
LB film occur at 2850 and 2917 cm™, respectively. This result
is consistent with that for hydrocarbons in all-trans
conformations. Takahashi et al.”' reported that the tilt angle
of the hydrocarbon chain of the ODA LB film is 4.5°, which
was estimated from the transmission and reflection—
absorption FT-IR spectra.”’ However, the tilt angle of the
chain is 3.4°, if we assume that the structure of the film is
equivalent to that of the bulk single crystal of the 2D layered
(CysH;3,NH;),Pbl, perovskite and that the ¢ axis is vertically
oriented with respect to the substrate surface, as shown in
Figure 4."” Presently, studies are in progress to determine the
orientation of hydrocarbon chains in these thin films, before
and after intercalation, using infrared g—polarized multiangle
incidence resolution spectrometry.*”*> The corresponding
results will be published elsewhere.

3. CONCLUSIONS

We demonstrated the fabrication of a well-organized thin film
of the 2D layered (C,4H3;NH,),Pbl, hybrid perovskite by
immersing the ODA LB films in an aqueous solution of Pbl,/
HI (0.5 mM/1.0 mM). The immersed films exhibited a sharp
absorption band at 486 nm (2.55 eV), and the growth of the
band stabilized after 50 min of immersion. The immersed area
exhibited a bright green emission under UV light (365 nm) at
room temperature. The PL spectrum exhibited a distinct peak
at 497 nm (2.50 eV) and was a mirror image of the absorption
spectrum.

The XRD analyses indicate that the structure of the LB film
after the immersion is equivalent to that of a room-temperature
structural phase of the bulk single crystal of the
(C,5H;3,NH;),Pbl, perovskite, in which 2D layers of the lead
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iodide octahedra and those of octadecyl ammonium are
alternately stacked to form a QW structure.' Furthermore, only
intense peaks of the (00 1) (I=2, 4, 6, 8, 10, 12, 14, 16, 18, 20,
22, and 24) reflections were observed in the out-of-plane XRD
patterns, indicating that the ¢ axis was vertically oriented with
respect to the substrate surface. The observation of the higher-
order reflections up to (0 0 24) also indicates that the
orientational order is remarkably high.

The absorbance of the exciton band located at 486 nm (2.55
V) increases in proportion to the number of layers of the LB
film, indicating that the number of QWs can be controlled
layer-by-layer starting from 1. The fluorescence microscopy
observation revealed that the surface of the film was uniform,
reflecting the layer-by-layer deposition of the ODA LB film
(base material). The FT-IR spectra indicated that the ODA
molecules in the film were protonated in the aqueous Pbl,/HI
solution and that the inorganic layers of the Pbls octahedra
were intercalated in the alkyl ammonium film to neutralize the
positive charge.

Based on all these data, we can conclude that the present
technique enables the fabrication of well-organized thin films
of 2D layered (C,sH;,NH,),Pbl, perovskite with a QW
superlattice. Because the preparation conditions of the ODA
LB film have been well established and the intercalation
technique can be applicable to a wide range of metal cations
and halogen anions, we believe that this technique will be
beneficial in research on 2D layered organic—inorganic hybrid
perovskite materials.

4. METHODS

4.1. Chemicals. The film-forming compound, ODA
(CH;(CH,)sNH,) (GC grade >99.0%), was purchased
from Sigma-Aldrich Co. LLC. Chloroform (GC grade
>99.0%), used as the spreading solvent, was purchased from
FUJIFILM Wako Pure Chemical Corporation. The basic
subphase was prepared by dissolving NaOH (FUJIFILM Wako
Chemicals, >96.0%; 1.4 mM) in pure water (PURELAB Flex
UV). Lead(I) iodide (>98%) and hydriodic acid (55—58%,
mass/mass), used for intercalation, were purchased from
Tokyo Chemical Industry Co., Ltd. and FUJIFILM Wako
Chemicals, respectively. All these chemicals were used without
further purification.

4.2. LB Film Fabrication. Prior to the spreading of the
solution, the substrate (glass, fused quartz, and Si wafer) was
partially immersed in the aqueous subphase using a clip, and
the ODA/chloroform solution (1.0 mM) was applied dropwise
at the air/water interface. After leaving the ODA for 5 min at
the air/water interface, the film was compressed by applying a
pressure of up to 50 mN/m and then transferred onto the
substrate using the LB technique, in which an LB trough
(Takahashi Seiki Co. Ltd., Type: Tycoon) was used. The
dipping speed was S mm/min for the upward and downward
strokes, and the transfer ratio was unity. During the entire
fabrication process, the pH and temperature of the subphase
were maintained in the ranges of 9.8—10.2 and 19-23 °C,
respectively. Prior to the LB film deposition, the surface
pressure—area per molecule isotherms were measured and
confirmed to be coincident with those reported in previous
studies,’ indicating that an organized monomolecular film was
formed at the air/water interface (Figure S3). An LB trough
(NIMA Technology Ltd., Type: 622) was used for the surface
pressure—area per molecule isotherm measurement.

47818

A substrate with the dimensions of 1 mm X 13 mm X 38
mm or 1 mm X 8 mm X 38 mm, cut from a glass slide (Type
S1111, Matsunami Glass Ind. Ltd., Japan), was used for the
UV-—visible absorption spectroscopy and XRD measurements.
A fused quartz substrate with the dimensions of 1 mm X 13
mm X 38 mm (Sprasil P-30, Ohyo Koken Kogyo Co. Ltd.,
Japan) was used for the UV—visible absorption spectroscopy,
fluorescence spectroscopy, and XRD measurements. An Si
substrate with a dimension of 0.68 mm X 13 mm X 38 mm, cut
from a Si wafer (both sides polished, <100>, p-type, contained
B as the dopant; Valqua FFT Inc.), was used for transmission
FT-IR spectroscopy. Prior to use, the glass and quartz
substrates were soaked overnight in a KOH-saturated
(Sigma-Aldrich Co. LLC, >86.0%) ethanol solution and used
immediately after rinsing with pure water. The Si substrate was
cleaned by sonication in isopropyl alcohol and used
immediately after rinsing with chloroform.

4.3. Intercalation Procedure. A cylindrical glass tube
(inner diameter: 16 mm; depth: 45 mm) or a conventional
rectangular UV quartz cuvette was filled with an aqueous Pbl,/
HI (0.5 mM/1.0 mM) solution at 19—23 °C, and the as-
deposited ODA LB films were immersed in the solution for 1—
S0 min.

4.4. Characterization. The UV—visible absorption spectra
were measured at 25 °C using a Shimadzu UV 1650 PC or
Thermo Spectronic 200 spectrometer. The PL spectra were
measured at 25 °C using a Hitachi F-7100 fluorescence
spectrophotometer with an excitation wavelength of 350 nm.
The fluorescence microscopy image was obtained using an
Olympus IX83 inverted microscope with an optical filter set,
by which the sample was illuminated with UV light of 360—
370 nm, blocking unwanted spectral components (<410 nm).
Transmission FT-IR absorption spectra were measured at 25
°C using a JASCO FT/IR-300 spectrometer. The spectrometer
was purged with dry nitrogen gas to reduce absorption due to
water vapor. Nonpolarized normal incident light was trans-
mitted through the as-deposited and intercalated ODA LB
films. To obtain a high signal-to-noise ratio, the spectra were
recorded at a resolution of 4 cm™" by co-adding 256 scans. The
out-of-plane XRD analyses were performed using a Rigaku
SmartLab X-ray diffractometer with Cu K, radiation (4 =
0.15418 nm) (X-ray tube voltage and current: 45 kV and 200
mA, respectively) and a Rigaku MiniFlex diffractometer with
Cu K, radiation (4 = 0.15418 nm) (X-ray tube voltage and
current: 30 kV and 15 mA, respectively). The structural data of
the corresponding bulk single crystal of (C,gH;,NH,),PbL,
were downloaded from the Cambridge Crystallographic Data
Centre’' in the CIF format, and the powder XRD simulation
was performed using commercial software (CrystalDifftract
Ver.6.93, CrystalMaker Software Ltd.).
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Out-of-plane XRD profiles of the 21-layered ODA LB
film after immersion in the aqueous PbL,/HI (0.5 mM/
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