pubs.acs.org/JACS

Article

Organometallic-Based Hybrid Perovskite Piezoelectrics with a
Narrow Band Gap
Zhi-Xu Zhang, Han-Yue Zhang,* Wei Zhang, Xiao-Gang Chen, Hui Wang, and Ren-Gen Xiong*
Cite This: J. Am. Chem. Soc. 2020, 142, 17787−17794

Downloaded via SHANGHAI INST OF APPLIED PHYSICS on March 8, 2021 at 07:59:55 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Hybrid organic−inorganic perovskites (HOIPs) with the general
formula ABX3 hold phenomenal research interest for their great scientiﬁc and
technological potential in photovoltaic, piezoelectric, and electroluminescent
devices. It is their considerable structural diversity that oﬀers a good opportunity
to build a variety of HOIP structures with various functionalities. However, no
organometallic-based HOIP piezoelectrics have yet been found, despite the
structural diversity and functional richness of organometallic compounds such as
the ferrocene-based family. Here, for the ﬁrst time, we report an organometallicbased HOIP piezoelectric, [(ferrocenylmethyl)trimethylammonium]PbI3. Beneﬁtting from the stability of ferrocene-based cations, excellent piezoelectric
performance, comparable to that of LiNbO3, can be obtained and optimized by
tuning the anionic framework. The involvement of organometallic cations
enables a narrow band gap of 2.37 eV, much lower than those of most HOIPs
and some inorganic semiconductors. This work provides a new future direction
for the study of perovskites and will inspire intriguing research on organometallic-based HOIP piezoelectrics.

■

INTRODUCTION
Perovskite materials with the general formula ABX3 are famous
for their great application potential in photovoltaics,
optoelectronics, superconductors, and piezoelectrics.1 As an
important subclass, hybrid organic−inorganic perovskites
(HOIPs) have attracted phenomenal research interest and
brought about “perovskite fever” because of their easy
fabrication and structural ﬂexibility that cannot be achieved
in purely inorganic perovskites.2 Signiﬁcantly, it is their
structural diversity and chemical variability that open a richer
platform for structural design to obtain abundant piezoelectrics
and ferroelectrics with superior performance such as a large
piezoelectric response, high transition temperature, high
spontaneous polarization, and multifunctional integration of
ferroelectricity with photoluminescence and semiconductivity,
which are highly desirable for various applications in smart
sensing, energy harvesting, and optoelectronic devices.3
Compared with conventional halide perovskites, introducing
additional organic components into the X-site, such as the
cyanide ion (CN−), nitrite ion (NO2−), and formate ion
(HCOO−), can form another variety of HOIP derivative,
namely, metal−organic framework perovskites, to induce rich
properties.4 By replacing the divalent metals with mixed
monovalent and trivalent metals in the B-site, the double
hybrid perovskite ferroelectrics have been proven to be created
and possess excellent piezoelectric and optoelectronic properties.5 Notably, the fascinating metal-free ABX3-type organic
perovskites have also been successfully designed via a
molecular design strategy.6 However, almost all of the
© 2020 American Chemical Society

components in the A-site are purely organic cations among
the reported piezoelectrics in HOIPs. In view of this, could the
A-site be allowed to use other components such as organometallics to enrich structural diversity and endow this novel
system with piezoelectricity under elaborate design? If possible,
the combination of organometallic compounds and perovskite
structure will bring about extraordinary scientiﬁc and technical
signiﬁcance.
The discovery of ferrocene in 1951 revolutionized organometallic chemistry, and its rich reactivity has allowed the
synthesis of very useful ligands or materials ranging from
polymers to supramolecular ensembles to liquid crystals.7 Due
to the diversity of properties and the richness of functionalization, ferrocene-based materials have been favored for
promising applications in nanomedicine, biological sensing,
catalysis, batteries, and optical and redox devices.3b,8
Interestingly, ferrocene-based conjugated polymers have been
reported to exhibit sensitive ferromagnetic properties based on
the stability of spin-containing organometallic moieties and
electronic interactions.9 Recently, a narrow band gap of 1.61
eV has been observed in an organic−inorganic organometallic
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semiconductor, ferrocenium tetrachloroferrate, which is also a
ferroelastic with a Curie temperature of 407.7 K.10 However,
despite the structural diversity and functional richness of
organometallic compounds, the organometallic-based HOIP
piezoelectric has not been found.
Herein, we report a new class of organometallic-based
HOIPs: [(ferrocenylmethyl)trimethylammonium]PbI 3
((FMTMA)PbI3), (FMTMA)PbBr2I, and (FMTMA)PbCl2I.
Remarkably, they are also excellent molecular piezoelectric
materials, showing a relatively large piezoelectric response
comparable with that of LiNbO3. The diﬀerent halogen doping
on the metal skeleton subtly changes the crystal structures,
resulting in an improved piezoelectric performance. It is the
presence of organometallic components that makes a narrow
band gap (about 2.37 eV) that is lower than those of most
organic−inorganic hybrid perovskites and some inorganic
semiconductors. To the best of our knowledge, this is the ﬁrst
report on organometallic-based HOIPs with piezoelectricity.
This work opens a new chapter in the study of HOIP
piezoelectrics and provokes great interest in the new research
direction of organometallic-based HOIPs.

■

RESULTS AND DISCUSSION
HOIPs with the ABX3-type formula can normally crystallize in
two structural forms: one is a BX6-corner-sharing cubic
structure in CH3NH3SnX3,11 similar to that of BaTiO3,12 and
the other is a BX6-face-sharing hexagonal structure in
N(CH3)4CdBr3,13 similar to that of BaNiO3.14 (FMTMA)PbI3
adopts a hexagonal ABX3-type perovskite structure in which
the inﬁnite linear chains of face-sharing PbI6 octahedra along
the c axis are separated by the FMTMA cations (Figure 1a).
The anionic chains are arranged in the same manner as those
in other ABX3 perovskites (A = [(CH3)NCH2Cl]+, [(CH3)NCH2I]+, or 3-pyrrolinium; B = Cd or Pb; and X = Cl or
I),2d,3a,15 all of which adopt the BaNiO3-like hexagonal
perovskite structure. (FMTMA)PbI3, (FMTMA)PbBr2I, and
(FMTMA)PbCl2I crystallize in the same noncentrosymmetric
space group, C2 (Table S1), which belongs to monoclinic
polar point group 2, indicating the piezoelectricity or even
potential ferroelectricity. Structurally, (FMTMA)PbI 3 ,
(FMTMA)PbBr2I, and (FMTMA)PbCl2I are almost isostructural except for the diﬀerence in anionic chains (Figure 1).
From the packing view of structure along the c axis, all of the
FMTMA cations align approximately along the b axis (Figure
2a), which leads to a polar structure and thereby induces
piezoelectricity. In addition, the stacked forms of cations along
the c axis are similar to the chains which surround the PbI6
octahedra chains (Figure 2b), and so are those in (FMTMA)PbBr2I and (FMTMA)PbCl2I (Figure S1). Notably, the
characteristic feature of these hybrid perovskites is that the
FMTMA cation is organometallic rather than purely organic,
which is rare and should be the ﬁrst case in the HOIP-type
piezoelectric materials so far.
The changes in the molecular structure will directly aﬀect
the crystal structure and properties. As shown in Figure 3a, for
(FMTMA)PbI3, the Pb−I bond distances vary from 3.173 to
3.297 Å, and the Pb−I−Pb bond angles range from 75.7 to
76.4°. After halogen doping, the [PbX3]− (X = Cl, Br, I) anions
undergo slight changes. For (FMTMA)PbBr2I, the Pb−X (X =
Br, I) bond distances are in the range of 3.002−3.337 Å and
the Pb−X−Pb (X = Br, I) bond angles vary from 75.6 to 79.5°
(Figure 3b), while the Pb−X (X = Cl, I) bond distances are in
the range of 2.772−3.400 Å and the Pb−X−Pb (X = Cl, I)

Figure 1. Crystal structures of (a) (FMTMA)PbI3, (b) (FMTMA)PbBr2I, and (c) (FMTMA)PbCl2I, showing the similarities in crystal
structures and the diﬀerences in lead halide chains. H atoms were
omitted for clarity.

Figure 2. Packing view of structure for (FMTMA)PbI3 along the c
axis from (a) the parallel viewing angle and (b) the central viewing
angle.
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Figure 3. Comparison of anionic chains of (a) (FMTMA)PbI3, (b)
(FMTMA)PbBr2I, and (c) (FMTMA)PbCl2I. Two-dimensional
ﬁngerprint plots for the FMTMA cations in (d) (FMTMA)PbI3,
(e) (FMTMA)PbBr2I, and (f) (FMTMA)PbCl2I.

bond angles range from 74.1 to 83.4° for (FMTMA)PbCl2I
(Figure 3c). Obviously, the PbX6 (X = Cl, Br, I) octahedra
gradually become more distorted with the doping of a halogen
atom from Br to Cl in which the positive Pb2+ and negative X−
charge centers do not coincide and become more deviated,
leading to greater polarity of the [PbX3]− chains. In the HOIP
systems, besides the anionic component, we also have to
consider the cations and intermolecular interactions in the
crystal structure. The environment of cations and intermolecular contacts can be observed by the two-dimensional (2D)
ﬁngerprint plots of the FMTMA cation in (FMTMA)PbI3,
(FMTMA)PbBr2I, and (FMTMA)PbCl2I.16 The environments
of FMTMA cations in these crystals are indeed almost the
same (Figures 3d−f and S2). Speciﬁcally, the short contacts
between the cation and its surroundings with minima (di, de)
of (1.011, 1.010) in (FMTMA)PbI3, (0.993, 0.993) in
(FMTMA)PbBr2I, and (0.989, 1.009) in (FMTMA)PbCl2I
are very close. Therefore, apparently the diﬀerences among
(FMTMA)PbI3, (FMTMA)PbBr2I, and (FMTMA)PbCl2I are
mainly focused on the anionic chains, which is the main reason
for the diﬀerence in their physical properties. In this case,
diﬀerent from other previously reported HOIP-type materials
in which the cations and intermolecular contacts are essential
to physical properties,3a,17 the environment of FMTMA
cations remains almost unchanged as the anionic skeleton
changes because of the unique organometallic HOIP-type
structure containing ferrocene structure with speciﬁc good
stability. This also gives us the opportunity to optimize the
performance of materials by tuning the anionic skeleton.
From the powder X-ray diﬀraction (PXRD) patterns (Figure
4a), after halogen doping of Br or Cl, some diﬀraction peaks
disappear, and some show shifts and splits compared to those
in (FMTMA)PbI3, revealing the introduction of halogen (Br
or Cl) into the anionic skeleton and the changes in the crystal
structure. These PXRD patterns match well with the simulated
ones (Figure S3), verifying the phase purity. The physical
properties depend on the structure of the materials. The SHG
eﬀect is a sensitive tool for detecting the presence of inversion
center symmetry in crystal structures because the SHG
response exists only in noncentrosymmetric crystals except
those belonging to the 432, 622, and 422 point groups. As
shown in Figure 4b, all (FMTMA)PbI3, (FMTMA)PbBr2I, and

Figure 4. (a) Powder X-ray diﬀraction (PXRD) patterns of
(FMTMA)PbI3, (FMTMA)PbBr2I, and (FMTMA)PbCl2I. (b)
Comparison of the second-harmonic generation (SHG) intensity
for (FMTMA)PbI3, (FMTMA)PbBr2I, and (FMTMA)PbCl2I.

(FMTMA)PbCl2I exhibit obvious SHG signals, indicating that
they crystallize in the noncentrosymmetric space groups,
consistent with the crystal structure analyses. The SHG
intensity shows a gradual strengthening trend from
(FMTMA)PbI3 to (FMTMA)PbBr2I to (FMTMA)PbCl2I,
reaching a value in the neighborhood of 0.3 times that of KDP
(KH2PO4) (Figure S4), which suggests that tuning the halogen
atom in the anionic skeleton would optimize the performance.
In addition, the change in the anionic framework has caused
a structural distortion which may lead to a change in the
molecular dipole moment and increased polarity of the
structure. The gradual increase in SHG intensity from
(FMTMA)PbI3 to (FMTMA)PbBr2I to (FMTMA)PbCl2I
may be caused by the variation in dipole moments and
polarizations, which are closely related to the SHG characteristics.18 On the basis of the point charge models of their crystal
structures (Figure S5), the spontaneous polarization values of
(FMTMA)PbI3, (FMTMA)PbBr2I, and (FMTMA)PbCl2I can
be estimated to be 0.005, 0.354, and 0.511 μC cm−2,
respectively, and the corresponding dipole moments in a
structural unit cell were estimated to be 0.0103 × 10−29, 0.7097
× 10−29, and 0.9503 × 10−29 C m, respectively. The SHG
intensity shows the same change trend with polarization. Thus,
the change trend in SHG intensity from (FMTMA)PbI3 to
(FMTMA)PbBr2I to (FMTMA)PbCl2I can be attributed to
the change in dipole moments and the enhancement of
polarization caused by the structural distortion.
To further study their application in capacitors, we measured
the dielectric permittivity, which is the most important
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Figure 5. Calculated longitudinal piezoelectric moduli of (a) (FMTMA)PbCl2I, (b) (FMTMA)PbBr2I, and (c) (FMTMA)PbI3. They are
presented as three-dimensional (3D) surfaces. (d) PFM resonance peaks of PVDF, (FMTMA)PbCl2I, (FMTMA)PbBr2I, and (FMTMA)PbI3. (e)
Plots of PFM amplitude signal versus drive voltage of PVDF, (FMTMA)PbCl2I, (FMTMA)PbBr2I, and (FMTMA)PbI3.

storage density, and low dielectric loss make them competitive
candidates for miniature ﬁlm capacitor applications.
In order to elucidate the piezoelectric property, we
performed the density-functional calculation using the
generalized gradient approximation in the Perdew−Burke−
Ernzerhof form as implemented in the Vienna ab initio
simulation package (VASP).21 The wave functions were
expanded in a plane-wave basis set with an energy cutoﬀ of
500 eV, and the k points in the Brillouin zone of the primitive
unit cell were sampled on a 3 × 3 × 4 mesh. The density
functional perturbation theory was used to calculate piezoelectric constants.22 We used the experimental data for their
initial structures ﬁrst. Then, lattice parameters and atomic
positions were fully relaxed until the Hellmann−Feynman
forces on the atoms were less than 10 meV Å−1. The calculated
lattice parameters of the primitive unit cell are listed in Table
S2 and compared with experimental data. We calculated their
longitudinal piezoelectric modulus,23 as shown in Figure 5a−c.
The largest values are 15.9 pC N−1 for (FMTMA)PbCl2I, 12.7
pC N −1 for (FMTMA)PbBr 2 I, and 8.5 pC N −1 for
(FMTMA)PbI3. As expected, by doping diﬀerent halogens
into the anionic skeleton, the piezoelectric performance has
been improved to reach 15.9 pC N−1, comparable with that of
LiNbO3.24
To conﬁrm the calculation results, we measured the
piezoelectric properties of (FMTMA)PbI3, (FMTMA)PbBr2I,
and (FMTMA)PbCl2I ﬁlms using the piezoresponse force

parameter for describing the electrical properties of dielectric
materials. Under the electrostatic ﬁeld, the energy storage
density of material can be calculated with w = 1/2ε0εrE2, where
w is the energy storage density (J m−3), ε0 is the vacuum
dielectric constant (ε0 = 8.85 × 10−12 F m−1), εr is the
dielectric permittivity of materials, and E is the breakdown
electric ﬁeld (V m−1). The most commonly used capacitors are
high-dielectric ceramics. Although ceramics have relatively high
dielectric constants and large breakdown ﬁelds, they tend to
have high dielectric loss and almost no mechanical ﬂexibility
and contain potential toxic elements, which severely hinder
their applications.19 In this work, the electrical strengths of
(FMTMA)PbI3, (FMTMA)PbBr2I, and (FMTMA)PbCl2I are
measured to be 22.5, 22.5, and 23.5 MV m−1 on the basis of
thin ﬁlms of about 2 μm, respectively. They have the same
dielectric permittivity (εr is about 8) at diﬀerent frequencies
near room temperature (Figure S6). Hence, the energy storage
densities of (FMTMA)PbI 3 , (FMTMA)PbBr 2 I, and
(FMTMA)PbCl2I are calculated to be about 1.79, 1.79, and
1.95 J cm−3, respectively, comparable with those of highdielectric ceramics.20 Moreover, compared to dielectric
ceramics, (FMTMA)PbI3, (FMTMA)PbBr2I, and (FMTMA)PbCl2I possess a low dielectric loss (lower than 0.02, as shown
in Figure S7). Combined with their easy and environmentally
friendly processing, other properties such as their light weight,
low processing temperature, mechanical ﬂexibility, high energy
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microscopy (PFM) technique and compared the results with
that of a poly(vinylidene ﬂuoride) (PVDF) ﬁlm. In the
measurements, the conductive PFM tip supplies voltage to the
sample in contact mode and the piezoelectric motion is
recorded as the amplitude parameter. We ﬁrst drove each ﬁlm
across the resonance frequency with a 2 V biased PFM tip. The
obtained curves are shown in Figure 5d. It is seen that all
curves exhibit clear resonance peaks at diﬀerent frequencies,
which can be ﬁtted well in the damped simple harmonic
oscillator (DSHO) mode, and thus the amplitude and quality
factor (Q factor) parameters are obtained.25 The Q factor
represents the ampliﬁcation of the amplitude signal. Hence, we
can calibrate the amplitude by dividing the Q factor to get the
eﬀective amplitude. Figure 5d shows the calibrated strongest
resonance peak observed in the PVDF ﬁlm, followed by
(FMTMA)PbCl2I, (FMTMA)PbBr2I, and (FMTMA)PbI3
successively. Next, such measurements were performed under
a set of drive voltages from 0.2 to 2 V with a step of 0.2 V.
Because the piezoelectric motion of the cantilever is proportional to the applied voltage, the plot of the amplitude signal
versus the drive voltage should be linear, as illustrated in Figure
5e. The slope of the plot represents the eﬀective piezoelectric
coeﬃcient. PVDF served as a standard whose piezoelectric
coeﬃcient is known as 33 pC N−1. To ensure the reliability
and accuracy of measurements, we used the same PFM tip for
all tests. By comparing the plot slopes, the piezoelectric
coeﬃcients of (FMTMA)PbCl2I, (FMTMA)PbBr2I, and
(FMTMA)PbI3 ﬁlms were evaluated to be 20.6, 15.4, and
10.6 pC N−1, respectively, close to the calculated values. In
addition, the domains were also observed on the (FMTMA)PbI3 ﬁlms (Figure S8), and the switching spectroscopy PFM
measurements show typical square phase loops and butterﬂyshaped amplitude loops (Figure S9), as observed in other
ferroelectrics,2d,26 suggesting the potential ferroelectricity.
When a piezoelectric material is subjected to an external
mechanical force, a shifting of the positive and negative charge
centers in the crystal takes place to result in the changes in
dipole moment and polarization, which will give rise to the
positive and negative charges on its two opposite surfaces and
induce the detectable current in a circuit (Figure 6a,b). To
exploit the energy-harvesting capability based on the piezoelectric eﬀect of (FMTMA)PbCl2I, we fabricated a device with
an electrode-(FMTMA)PbCl2I-electrode (Figure S10) sandwich structure, as schematically shown in Figure 6c. The
generated output voltages were recorded after repetitively
striking under a certain external mechanical stress. As shown in
Figure 6c, the fabricated piezoelectric device of (FMTMA)PbCl2I exhibits an output voltage of about 4 V. The superior
performance of electromechanical energy conversion suggests
that (FMTMA)PbCl2I has great application potential in selfpowered energy-harvesting devices.
In addition to the piezoelectricity, (FMTMA)PbI 3 ,
(FMTMA)PbBr2I, and (FMTMA)PbCl2I exhibit semiconducting behaviors as well. To investigate the optical band gap,
ultraviolet−visible (UV−vis) absorption spectra were recorded. Figure 7a displays a stepwise absorption feature, and
the absorption edge gradually red shifts from (FMTMA)PbI3
to (FMTMA)PbCl2I. From the Tauc plots (inset of Figure 7a),
the band gaps (Eg) are calculated to be 2.37 eV for
(FMTMA)PbI3, 2.32 eV for (FMTMA)PbBr2I, and 2.28 eV
for (FMTMA)PbCl2I, respectively, and are smaller than those
of other lead halide perovskite piezoelectrics or ferroelectrics
such as ((CH3)3NCH2I)PbI3 (2.82 eV),3a EA4Pb3Br10 (∼2.70

Article

Figure 6. (a, b) Conceptual model of the piezoelectric eﬀect in
(FMTMA)PbCl2I. (c) Schematic diagram of a fabricated piezoelectric
energy-harvesting device and the generated output voltages displayed
by the digital oscilloscope for (FMTMA)PbCl2I.

eV, EA = ethylammonium), 27 (4-aminotetrahydropyran)2PbBr4 (3.12 eV),28 and (cyclohexylammonium)2PbI4
(2.95 eV)29 and much smaller than those of some inorganic
semiconductors, such as Nb2O5, ZnO, and GaN (larger than
3.0 eV).30 Diﬀerent from the remarkable improvement in
piezoelectricity, the band gap shows only a slight change after
halogen doping compared to that of parent (FMTMA)PbI3,
which may be attributed to the fact that the band gap of the
hybrid perovskite is related not only to the inorganic metal
skeleton but also to the organometallic cations.
To gain deep insight into the electronic structure and
interpret this phenomenon, we calculated the band structure
and partial density of states (PDOS) of (FMTMA)PbI3 based
on density functional theory (DFT). Because of the similar
structure among (FMTMA)PbI3, (FMTMA)PbBr2I, and
(FMTMA)PbCl2I, we selected (FMTMA)PbI3 as an example
to calculate. As shown in Figure S11, the conduction band
(CB) minimum and the valence band (VB) maximum are
localized at diﬀerent points in the Brillouin zone, suggesting
the indirect band gap feature, agreeing well with the gradual
UV−vis absorption edge. The band gap is calculated to be 2.70
eV, close to the experimental value except slightly diﬀerent
from that owing to the limitation of the DFT methods. Here,
we focus on the PDOS to explore the assignment of the band
gap (Figure 7b). From PDOS, obviously, H 1s states almost
fully overlap with the C 2s2p and N 2s2p states over nearly the
whole energy region, indicative of strong covalent interactions
17791
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reported. From the advantage of easy fabrication, this work
would open great perspectives for organometallic-based
HOIPs in the ﬁeld of multifunctional piezoelectrics.

■

EXPERIMENTAL SECTION

■

ASSOCIATED CONTENT

Materials. All reagents and solvents in this experiment were
reagent grade and used without further puriﬁcation. Lead chloride,
lead bromide, and lead iodide were dissolved in N,N-dimethylformamide. Then equimolar (ferrocenylmethyl)trimethylammonium iodide
was dissolved into the three solutions while being stirred and heated.
Brown crystals of (FMTMA)PbCl 2 I, (FMTMA)PbBr 2 I, and
(FMTMA)PbI3 were obtained via slow evaporation of the solvent
at 323 K. The phase purity of as-grown crystals was conﬁrmed by the
PXRD (Figure S3) and infrared (IR) spectroscopy (Figure S12)
results. The thermogravimetric analysis shows the good thermal
stabilities of (FMTMA)PbCl2I, (FMTMA)PbBr2I, and (FMTMA)PbI3 (Figure S13).
Thin-Film Preparation. The precursor solution of (FMTMA)PbI3 was prepared by dissolving 30 mg of crystals in 500 μL of
dimethyl sulfoxide. Then, 15 μL of precursor solution was spread on
clean ITO (indium tin oxide)-coated glass (1 × 1 cm2). A thin ﬁlm of
(FMTMA)PbI3 was obtained after evaporating the solution at 343 K
for 30 min. The thin ﬁlm preparation procedures of (FMTMA)PbCl2I
and (FMTMA)PbBr2I are the same as those of (FMTMA)PbI3.
Measurements. Single-crystal X-ray diﬀraction, PXRD, SHG, UV,
dielectric measurements, and computational methods are described in
detail in the Supporting Information. The X-ray crystallographic
structures have been deposited at the Cambridge Crystallographic
Data Centre (deposition numbers CCDC 2006718−2006720) and
can be obtained free of charge from the CCDC via www.ccdc.cam.ac.
uk/getstructures.

* Supporting Information
sı

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.0c09288.
Figures S1−S13 and Tables S1−S2 (PDF)
X-ray crystallographic data for (FMTMA)PbI3 (CIF)
X-ray crystallographic data for (FMTMA)PbBr2I (CIF)
X-ray crystallographic data for (FMTMA)PbCl2I (CIF)

Figure 7. (a) UV−vis absorbance spectra of (FMTMA)PbI3,
(FMTMA)PbBr2I, and (FMTMA)PbCl2I. The inset shows the
Tauc plot for determining the band gap with 2.37 eV for
(FMTMA)PbI3, 2.32 eV for (FMTMA)PbBr2I, and 2.28 eV for
(FMTMA)PbCl2I. (b) Partial density of states (PDOS) of
(FMTMA)PbI3.
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