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ABSTRACT: Bulk photovoltaic effect (BPVE) is a promising
optoelectronic phenomenon for generating steady-state photocur-
rent without a bias voltage. Nevertheless, the simple and rational
design of materials exhibiting the BPVE remains an important
topic in the relevant fields. Here, we report the observation of the
BPVE in a simple chiral-polar pair of layered perovskite-type lead
iodides in the crystal space group of P1 (#1), which were synthe-
sized by assembling R- and S-chiral organic cations, respectively.
The sign of the zero-bias photocurrent is altered by the R/S-
chirality of the assembled cations, which define the direction of
electric polarization derived from the electric dipole moment of
each chiral organic cation aligned in a crystal. The strategy of
chirality control in a crystal is expected to be useful when search-
ing for BPVE materials.

Noncentrosymmetry brings numerous opportunities for induc-
ing a wide variety of functional characteristics in materials, such
as ferroelectricity, piezoelectricity,%? second-harmonic genera-
tion,>* circular polarized luminescence,>® Rashba splitting,”®
and bulk photovoltaic effect (BPVE).%1011121314 Among these
characteristics, BPVE has been attracting attention as a promising
optoelectronic phenomenon for generating steady-state photocur-
rent without a bias voltage. The conventional photovoltaic effect
causes separation of the photo-excited carriers by the built-in
electric fields at the heterointerfaces with spatial inhomogeneity
such as p-n junctions,'® whereas that in BPVE is driven by innate
crystal asymmetry even in homogeneous materials. Therefore, the

BPVE has been mainly investigated in ferroelectric materi-
als.9'1°’11'12'13’14

On the other hand, given that the BPVE is allowed in noncen-
trosymmetric materials without an inversion center belonging to
20 point groups (Table S1),1617 this effect can be investigated not
only in ferroelectric materials but also in general noncentrosym-
metric materials. One of the promising approaches for materials
design is the chemical introduction of chirality, which definitely
breaks the spatial inversion symmetry, into an appropriate system.
The chirality-introduced systems should belong to 10 noncentro-
symmetric point groups of chiral or chiral-polar point groups in
the above-mentioned 20 point groups that allow the BPVE (Table
S1). However, the introduction of chirality in pure inorganic sys-
tems is very difficult owing to the poor materials designability
and processability. Thus, organic-inorganic hybrid materials con-

taining chiral organic species can be potential candidates for the
targets in this strategy.*8°

In this work, we focused on a class of layered organic-inorganic
hybrid perovskite-type (OIHP) lead(ll) iodides with a typical
formula of (B)a(A)n-1Pbnlsan+1 as a candidate platform. Monocation
A" acts as a “perovskitizer” that occupies the central cavity of the
corner-sharing Pbls octahedra, and monocation B* acts as a
“spacer” that is confined in the interlayer space of the [(A)n-
1Pbnlsn+1]?" sheets.?® These OIHP lead(l1) iodides possess a merit
of high designability in the replacement of organic cations A* and
B*, unlike pure inorganic systems.??223 Similar to the layered
lead(I1) iodides,?*?>% the prototype form (A)Pbls, which is repre-
sented as (MA)Pbls (A* = MA* = methylammonium ion), is a
high-performance photovoltaic material,?’?® because of the char-
acteristic low trap density for the photo-induced charge carriers in
the [Pbls] framework.?®

Herein, we report the observation of the BPVE under white-
light irradiation in chiral-polar OIHP lead(lIl) iodides synthesized
by  pre-assembling a chiral cation of (R)/(S)-f-
methylphenethylammonium ion ((R)/(S)-MPA*) as B*. The com-
pounds are a pair of R- or S-enantiopure series, (R-
MPA)2(MA)Pbzl7 (R-1) and (S-MPA)2(MA)Pb2l7 (S-1). The sign
of zero-bias photocurrent is altered depending on the chirality of
(R)/(S)-MPA*, which can be associated with the electric polariza-
tion produced by the alignment of electric dipole moments in the
inserted chiral cations.

Compounds R-1 and S-1 are antisymmetrically isostructural
and crystallize in the noncentrosymmetric space group of P1 (#1)
with characteristics of chirality and polarity. The crystal structures
of R-1 and S-1 are depicted in Figure 1. Along the c-axis direction,
these compounds comprise of alternating stacking of double lay-
ers of the (R)/(S)-MPA* layer (B* cationic layers as a “spacer”)
and [(MA*)Pb2I7]?>" bilayers ([(A)n-1Pbnl3n+1]?" anionic layer),
where the MA* ions are located inside the [Pb2l7]* bilayers and
act as a “perovskitizer.”?°

The asymmetric units of R-1 and S-1 have crystallographically
unique six (R)/(S)-MPA* and three MA* cations. Each (R)/(S)-
MPA* and MA* cation possesses a characteristic electric dipole
moment, which is caused by partial positive and negative charge
distributions in the ammonium and phenyl/alkyl groups of the
ionic molecule, respectively. The magnitude of the electric dipole
moments of the organic cations, (R)-MPA* and MA*, was evalu-
ated to be 10.773 D (averaged value) and 2.735 D, respectively,
by density functional theory (DFT) calculations (Figure S1).
These values seem to be significant, in particular for (R)-MPA*.



However, the values for (R)-MPA* almost cancel out each other
when the cations are viewed along the c* axis (perpendicular to
the ab plane), reflecting that an average angle of electric dipole
moments is 81° to the ab plane, whereas that of MA* is 15° (Fig-
ure S2). Consequently, these electric dipole moments of organic
cations produce an electric polarization (Pm) approximately along
[010] and [010] for R-1 and S-1, respectively (Figure 2). The Pm
value was calculated by the summation of electric dipole moments
of each organic cation including R-/S-MPA and MA per the unit
cell volume. The angle between Pm and b-axis (/ab-plane) is 3.84°
(/3.83°). The evaluated magnitude of Pm in the unit cell is 1.06 pC
cm2 for R-1 (Figure S2), in which the contributions of (R)-MPA*
and MA* in Pm are 0.54 uC ecm and 0.52 pC cm, respectively.
The evaluated Pm value is comparable with those reported for
ferroelectric layered OIHP lead(Il) halides.%033233 The sign re-
versal of Pm between R-1 and S-1 (Figure 2) reflects the sym-
metry constraint of the chiral-polar system. Because the structures
of the enantiomers are converted by an inversion operation with a
combination of mirror and two-fold rotation operations in the
chiral-polar system, the electric polarization is simultaneously
reversed between the enantiomers (Figure S3).

Figure 1. Crystal structure of R-1 and S-1 along [100] with color
codes Pb (lavender), I (pink), C (gray), N (blue). The Pbls-units
are displayed as polyhedra, and H atoms are omitted for clarity.

Regarding the inorganic part (the [Pb2l7]* bilayer) of the crystal
structure, two types of Pb—I bonds are defined: 1) axially direc-
tional Pb—I bonds (i.e., stacking direction), which are nearly verti-
cal to the [Phzl7]* bilayer, and 2) equatorially directional Ph-I
bonds, constructing the layer framework (Figure S4).

An optical absorption spectrum of R-1 measured using a Kl
pellet is shown in Figure 3. The absorption spectrum displays
several absorption peaks in the ultraviolet-visible (UV-VIS) light
region. The Tauc plot, (4/v)? vs. energy with the absorbance A,
estimates a band gap of ~2.08 eV (inset of Figure 3).3* This can
allow a direct transition, as shown in this type of perovskite-type
lead(I1) halide materials.3® The circular dichroism spectra for both
enantiomers were measured using thin film technique (Figure
55).35
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Figure 2. Perspective views perpendicular to the Pb—I bilayers
(along the c*-axis) for R-1 and S-1. The small green arrows repre-
sent the summation of calculated electric dipole moments of one
MA* and two MPA* projected on the ab plane. The large green
arrows represent the electric polarization originated from organic
molecule cations in the ab plane. The organic components are
omitted for clarity.
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Figure 3. An optical absorption spectrum of R-1 measured using
a Kl pellet. Inset: (44v)? versus energy (Tauc plot) with red solid
line intercept representing a band gap of approximately 2.08 eV.

The voltage dependence of current (1-V curve) was measured
on a single crystal for both R-1 and S-1 between external poten-
tials of + 1 V (Figure S6). First, the electrodes were attached to
the [010] direction of the single crystal, which was parallel to the
positive direction of the electric field (Figures 4(a) and S7). Under
white-light irradiation with a power of 16 kW m, the currents of
R-1 and S-1 increased by approximately three orders of magni-
tude from 5 pA and 10 pA in the dark to 1.96 nA and 2.93 nA at 1
V, respectively (Figure S6). The light-wavelength dependence of
1=V curves was observed at several wavelengths from 400 nm to
730 nm by changing band-path filters (Figure S8). This analysis
revealed a clear light-wavelength-dependent variation at a shorter
wavelength just below 600 nm (2.07 eV). This trend indicates that
the photo-excited carriers are generated by higher energies be-
yond the band gap (~2.08 eV).

The BPVE was clearly observed in the 1=V curve for the [010]
parallel alignment with a zero-bias photocurrent, which is a cur-
rent detected at 0 V, |lo] ~ 0.1 nA, and an open circuit voltage, |Vo|
~ 50 mV, for both R-1 and S-1 (Figure 4(a)). The magnitude of
the detected lo is comparable to that reported in the ferroelectric
layered OIHP lead(ll) halides.3* Although we conducted the /-7
measurement also for the racemic compound (rac-1), the BPVE
was not observed (Figures 4(a) and 4(b)). Notably, the BPVE
depends on the Pm of the materials, namely the signs () of lo and



Vo are inverse between R-1 and S-1 with opposite Pm (Figure
4(a)): lo < 0 and Vo > 0 for R-1 and lo > 0, Vo <0 for S-1. These
sign assignments of lo and Vo were checked in the four devices for
each enantiomer, and one of the data sets is shown in Figure S9.
In addition, the reproducibility of the BPVE was assessed by re-
peating white-light irradiation on the samples, where repeatable
switching of the zero-bias photocurrent was observed for at least
four cycles (Figure S10). To elucidate the correlation with Pm in
BPVE, the Pm-perpendicular directional photocurrent, in which
the electrodes were attached to the perpendicular to [010] in the
ab plane of the crystal, was measured for both crystals of R-1 and
S-1 (Figures 4(b) and S11). In this configuration, lo and Vo were
no longer detected (Figure 4(b)), indicating that the BPVE is as-
sociated with polarity along [010] in R-1 and S-1. However, the
signs of lo and Vo are opposite from those predicted from the in-
ternal electric field produced by Pm. Here, considering that the Pm
is a partial electric polarization generating only from the organic
molecule cations, one possible scenario is that the direction of
total electric polarization, which consists of electric dipole mo-
ments produced by the charge distribution of both the inorganic
layers and organic molecule cations, could be almost antiparallel
to Pm in the ab plane. From the materials design viewpoint, alt-
hough the BPVE in R-1 and S-1 are dominated by polarity, it
should be noted that the BPVE is tunable by selecting chiral com-
ponents in the synthetic procedure through correlation between
polarity and chirality in a chiral-polar system.
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Figure 4. Schematic views of the photocurrent measurement con-
figuration for single-crystals of R-1 and S-1. [010]-axis is placed
((a) top) parallel and ((b) top) vertical to the direction of the ap-
plied electric field. The Pn is displayed by the green arrows. The
expanded views of 1=V curves near 0 V measured with irradiation
(blue, red, and gray circles and lines) and without irradiation
(black circles and lines) of simulated solar white-light, which was
measured in ((a) bottom) parallel and ((b) bottom) perpendicular
configurations between [010] and the applied electric field.

In summary, we have successfully demonstrated the BPVE in
an enantiomer set of noncentrosymmetric layered OIHP lead(ll)
iodides, in which chiral cations were rationally introduced to
break the spatial inversion symmetry. The sign of the zero-bias
photocurrent, which originates from the photovoltaic effect, de-
pends on the direction of electric polarization, which is produced
by the alignment of electric dipole moments in the inserted chiral
organic cations. Although the polarity is consequently crucial, this

work indicates that the introduction of chiral groups in the system
is useful for the design of BPVE materials in the case that the
correlation present between chirality and polarity. This work
shows the potential of OIHP systems as material-tailoring plat-
forms for realizing novel functionalities induced by spatial inver-
sion symmetry breaking.
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