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a b s t r a c t

Ferroelectric semiconductors have sparked growing attention in the field of optoelectronics, due to

their unique ferroelectric photovoltaic effect. Recently, substantial efforts have been devoted to the de-

velopment of ferroelectric semiconductors, including inorganic oxides, organic-inorganic hybrids, and

metal-free perovskites. Nevertheless, reports of ferroelectric semiconductors with a bandgap of less

than 2 eV have been scarce. Here, in combination with the incorporation of triiodide (I3
−) and the in-

troduction of chiral cations, we successfully constructed a pair of enantiomeric organic-inorganic hy-

brid ferroelectric semiconductors, (S-1,2-DAP·I)4·I3·BiI6 and (R-1,2-DAP·I)4·I3·BiI6 (R/S-1,2-DAP= (R/S)-(–)-

1,2-diaminopropane), which possess high-temperature multiaxial ferroelectric phase transition with an

Aizu notation of 422F2(s) at 405K, a narrow bandgap of 1.56 eV comparable to that of CH3NH3PbI3
(∼1.5 eV), and an impressive piezoelectric response (piezoelectric coefficient, d22 of 35 pC/N) on par

with PVDF (polyvinylidene fluoride, 30 pC/N). With intriguing attributes, (S-1,2-DAP·I)4·I3 ·BiI6 and (R-1,2-

DAP·I)4·I3·BiI6 exhibit great potential for application of self-power polarized-light detection and piezo-

electric sensors.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ferroelectric semiconductor materials have attracted tremen-

dous attention for their potential applications, such as in infor-

mation storage, conversion, and self-powered detections [1,2]. No-

tably, ferroelectric semiconductors possess a photoelectric conver-

sion mechanism different from that of conventional counterparts.

Within ferroelectric semiconductors, the internal electric field in-

duced by spontaneous polarization can separate effectively pho-

togenerated charge carriers, which in turn enhances greatly the

photophysical properties [3]. The mainstream of ferroelectric semi-

conductors is currently still dominated by conventional inorganic

oxides. However, they suffer from poor light absorption resulting

from a wide bandgap, such as BiFeO3 of 2.7 eV, BaTiO3 of 3.2 eV,

and LiNbO3 of 3.6 eV, necessitating the development of new nar-

row bandgap ferroelectric semiconductors [3,4].

Organic-inorganic hybrid halide materials have been demon-

strated as excellent semiconductor materials, spearheaded by

CH3NH3PbI3, due to their desirable optoelectronic performance,

such as strong absorption coefficient, long carrier lifetime, and high

mobility [5–8]. Moreover, organic-inorganic hybrid halide materials

have been proposed as a promising platform for the development
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of ferroelectric materials due to their structural flexibility and

variety [9,10]. Although a mass of hybrid halide ferroelectric

semiconductors has been developed with unremitting efforts,

most of the reported ones present a wide band gap (> 2 eV)

[11–15]. In this context, substantial feasible strategies have been

developed to obtain hybrid halide semiconductors with a narrow

band gap, such as chemical doping, application of high-pressure,

and tailoring perovskite layer thickness [4,16,17]. Among them,

chemical doping and high-pressure engineering can efficiently

narrow the band gap, but only to a small extent. Excess doping

or pressure usually brings about phase transition, in turn losing

ferroelectricity, as demonstrated by (CHA)2PbBr4−4xI4x (x=0–1)

[18]. The addition of perovskite layer thickness strategy is limited

to two-dimensional (2D) perovskites [19,20]. Recently, iodide

management (i.e., incorporation of iodide (I2) or triiodide (I3
−)

into the crystal lattice) has emerged as a desirable design strategy

for the achievement of narrow band gap hybrid semiconductor

materials, due to their capacities for decreasing of concentration of

deep-level defects and improvement of light absorption, as exem-

plified by (C8H11S)2Pb2I6
∗I2 (1.89 eV), (Me3S)2Pb5I14×2I2 (1.86 eV),

(bis-(2-dimethylaminoethyl)ether)3I3Bi3I14 (1.59 eV), (4-methyl-

piperidinium 4·I3·BiI6 n-propylammonium)4I3BiI6
(1.34 eV) [21–25]. Despite blooming advances, ferroelectric semi-

conductor incorporating I2 or I3
– still remains a blank. For

https://doi.org/10.1016/j.cclet.2022.108051

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

and ((1.58 eV))



C.-F. Wang, N. Wang, L. Liu et al. Chinese Chemical Letters 34 (2023) 108051

obtaining ferroelectricity, the introduction of chiral cations is one

of the ideal strategies, which has been tested [26]. Because so

long as the incorporation of chiral organic cations, according to

the chirality transfer principle, the crystal must crystallize in the

11 chiral point groups (1, 2, 222, 4, 422, 3, 32, 6, 622, 23 and

432), five of which (1, 2, 4, 3, 6) allow ferroelectricity [26–28]. It

is worth mentioning that chirality-induced ferroelectrics possess a

high probability of enjoying a satisfactory piezoelectric response

[29,30].

In this work, combined with iodide management and intro-

duction of chirality, we successfully synthesized a pair of hy-

brid ferroelectric semiconductors, (R-1,2-DAP·I)4·I3·BiI6 and (S-1,2-

DAP·I)4·I3·BiI6 (R/S-1,2-DAP= (R/S)-(–)−1,2-diaminopropane), which

exhibits a narrow bandgap of 1.56 eV comparable to that of

CH3NH3PbI3 (∼1.5 eV), a high Curie temperature (Tc) of 405K, mul-

tiaxial feature and high piezoelectric coefficient (d22) of 35 pC/N.

The single crystals of (S-1,2-DAP·I)4·I3·BiI6, (R-1,2-DAP·I)4·I3·BiI6
and racemic (Rac-1,2-DAP·I)4·I3·BiI6 were obtained by evaporation

of HI aqueous solution at 323K (Fig. S1 in Supporting informa-

tion). The purity of the bulk phases of those compounds was ex-

amined by powder X-ray diffraction (PXRD) measurements (Fig. S2

in Supporting information). We carried out the circular dichroism

(CD) spectra measurements in the ultraviolet-visible (UV–vis) ab-

sorption range to demonstrate the chirality of (S-1,2-DAP·I)4·I3·BiI6
and (R-1,2-DAP·I)4·I3·BiI6. As depicted in Fig. S3 (Supporting infor-

mation), (S-1,2-DAP·I)4·I3·BiI6 and (R-1,2-DAP·I)4·I3·BiI6 exhibit ob-

vious CD signals at the same wavelength, located at around 300,

361, 415, 466nm, corresponding to those in the UV–vis absorp-

tion spectra. The CD signal responses of the (S-1,2-DAP·I)4·I3·BiI6
and (R-1,2-DAP·I)4·I3·BiI6 are opposite, revealing the enantiomor-

phic structure feature.

To determine Tc of the (S-1,2-DAP·I)4·I3·BiI6 and (R-1,2-

DAP·I)4·I3·BiI6, we performed differential scanning calorimetry

(DSC) measurements, which is an overwhelmingly reliable method

to detect the Tc of the molecular ferroelectrics [31–33]. The results

of (S-1,2-DAP·I)4·I3·BiI6 and (R-1,2-DAP·I)4·I3·BiI6 are the same

(Figs. S4 and S5a in Supporting information). As shown in Fig.

S4, an anomalous endothermic peak appears at around 405K

in the heating run, and the corresponding exothermic peak is

determined at around 394K in the cooling run, indicating that

(S-1,2-DAP·I)4·I3·BiI6 undergoes a reversible phase transition. The

large thermal hysteresis (11K) suggests that the phase transition

belongs to the first-order ones [34,35]. The phase above and

below the Tc is labeled as the high-temperature phase (HTP) and

low-temperature phase (LTP), respectively. The enthalpy change

(�H) and entropy change (�S) in the phase transition process are

determined as 9.47 J/g and 50 J mol−1 K−1, respectively. In light of

the Boltzmann equation, �S=RlnN, in which R is the gas constant

(8.314), and N is the ratio of the numbers of respective geometri-

cally distinguishable orientations, the calculated N value is about

418, disclosing that the phase transition of (S-1,2-DAP·I)4·I3·BiI6 can

be classified as the ordered-disordered ones, and the HTP is highly

disordered. Significantly, Tc (405K) of (S-1,2-DAP·I)4·I3·BiI6 is

higher than that of BaTiO3 (393K) and those of recently reported

ferroelectrics, such as (4,4-difluorocyclohexylammonium)2PbI4,

[(S/R)-N-(1-phenylethyl)ethane-1,2-diaminium]PbI4 and (n-

propylammonium)2CsAgBiBr7 [15,36,37]. Similarly, (Rac-1,2-

DAP·I)4·I3·BiI6 also exhibits high-temperature reversible phase

transitions at 448K (Fig. S5b in Supporting information).

We take (S-1,2-DAP·I)4·I3·BiI6 as an example to analyze struc-

ture in the LTP and HTP because (S-1,2-DAP·I)4·I3·BiI6 and

(R-1,2-DAP·I)4·I3·BiI6 are enantiomorphic each other. To dis-

close the mechanism of paraelectric-ferroelectric phase transition

for (S-1,2-DAP·I)4·I3·BiI6, we performed the variable-temperature

single-crystal X-ray diffraction measurements. Racemic (Rac-1,2-

DAP·I)4·I3·BiI6 adopts a centrosymmetric space group of P21/c

(point group of 2/m). In the LTP (ferroelectric phase), (S-1,2-

DAP·I)4·I3·BiI6 adopts a 0D structure, and crystallizes in the mono-

clinic space group of P21 (point group of 2) with a cell parameter:

a=14.2307(4) Å, b=14.1214(3) Å, c=24.3679(6) Å, β =105.702(3)°
and V=4714.17 Å3 (Table S1 in Supporting information). The asym-

metric unit is composed of eight different geometry configurations

S-1,2-DAP cations, two I3
– anions, eight free I– anions and two dis-

crete BiI6
3– octahedral. As shown in Fig. 1a, the structure of (S-

1,2-DAP·I)4·I3·BiI6 can be regarded as a sandwich structure, which

consists of organic cation layers, I– anion ones and ones composed

of alternating I3
– anions, and discrete BiI6

3– octahedral. By weak

N–H…I and C–H…I hydrogen bonds, S-1,2-DAP cations act as bridg-

ing linkers to bond the I– anion layers and layers composed of I3
–

anions and BiI6
3– octahedral (Fig. 1b). Polar structure brings about

spontaneous polarization (Ps) along the [010]-direction, i.e., b-axis.

In the HTP, (paraelectric phase), The space group changes to

tetragonal group space of I4122 (point group of 422) with a cell

parameter: a=10.1224(6) Å, c=47.470(3) Å, and V=4863.92 Å3

(Table S1). As depicted in Fig. 1c, BiI6
3– octahedral become more

geometrically regular, and the organic cations become disordered

around the crystallographic C2 rotation axis parallel to the c-axis

(Fig. 1d). The relationship of cell parameters between the HTP and

LTP can be described to be bLTP ≈ aHTP + bHTP, aLTP ≈ bHTP - aHTP

and cLTP ≈ 1/2aHTP +1/2cHTP- 1/2bHTP (Fig. 1e). Since the crys-

tallographic symmetry changes from the point group of 422 (E,

2C4, C2, 2C’2, 2C"2) to 2 (E, C2), (R-1,2-DAP·I)4·I3·BiI6 and (S-1,2-

DAP·I)4·I3·BiI6 belong to the ferroelectric species with Aizu nation

422F2(s) [31]. In view of the change in the number of symmetry

element, the ferroelectric phase possesses four equivalent polariza-

tion directions, i.e., (R-1,2-DAP·I)4·I3·BiI6 and (S-1,2-DAP·I)4·I3·BiI6
are of multiaxial ferroelectrics (Fig. 1e).

To confirm the paraelectric-ferroelectric phase transition of (S-

1,2-DAP·I)4·I3·BiI6 and (R-1,2-DAP·I)4·I3·BiI6, we measured the sec-

ond harmonic generation (SHG) signal as a function of tempera-

ture. As shown in Fig. 2a, in the LTP, the SHG signal response of (S-

1,2-DAP·I)4·I3·BiI6 exhibits an active state, which is in line with the

polar point group of 2. As the temperature rises to around Tc, the

SHG signal intensity drops sharply, and decreases to zero above Tc.

Chiral point group of 422 are not SHG-active, due to restriction of

Kleinman symmetry [32,33]. This variable-temperature SHG signal

response agrees with the paraelectric-ferroelectric phase transition

for the 422F2(s) type.

Usually, paraelectric-ferroelectric phase transitions are charac-

terized by the anomalies of dielectric permittivity (ε = ε′ − iε′′, in
which ε′ and ε′′ represent the real and the imaginary parts in sev-

eral) at around Tc [34,35]. Then, we measured variable-temperature

ε′ of the (S-1,2-DAP·I)4·I3·BiI6 at 1MHz. As shown in Fig. 2b, the

steplike anomaly of ε′ is observed at around 405 and 394K in the

heating and cooling run, respectively, corresponding to the DSC re-

sults, indicating that there is a reversible phase transition.

To confirm the polarization reversal in (S-1,2-DAP·I)4·I3·BiI6,
we measured the polarization-electric (P− E) field hysteresis loop

along the b-axis direction on a single-crystal slice at 333K with

the double-wave method at frequency of 50Hz (The detailed

process for determination of the b-axis direction can be seen in

Supporting information). Notably, the measurements were carried

out at relatively high temperature to facilitate reversal of Ps, which

is common for molecule-based ferroelectrics [36]. As shown in Fig.

2c, the obtained current density-electric field (J–E) loop exhibits

two opposite peaks in the different directions of the electric field.

Such J–E response is due to the polarization reversal upon the elec-

tric field exceeding a particular value, known as the coercive field

(Ec). The P–E loop calculated from the J–E loop possesses a high

rectangularity, which unambiguously proves ferroelectricity of (S-

1,2-DAP·I)4·I3·BiI6 (Fig. 2c). The Ps and Ec are determined to be 1.62

μC/cm2 and 11kV/cm, respectively. The Ps of (S-1,2-DAP·I)4·I3·BiI6

2
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Fig. 1. The packing structure of (S-1,2-DAP·I)4·I3·BiI6 in the LTP (a) and HTP (c) (H atoms are omitted for clarity). (b) Distribution of hydrogen bonds of S-1,2-DAP cations.

(d) Two-fold disordered S-1,2-DAP cations around C2 rotation axis in the HTP. (e) The relationship of the unit cells of (S-1,2-DAP·I)4·I3·BiI6 between the LTP and HTP. The red

and blue edges represent the crystal lattice of the LTP and the HTP, respectively. The red arrow represents the spontaneous polarization direction in the LTP. The blue arrows

represent the possible equivalent polarization directions. Only the Bi atoms are shown for clarity.

Fig. 2. The ferroelectricity and related properties of (S-1,2-DAP·I)4·I3·BiI6. (a) The SHG signal intensity a function of temperature. (b) The ε′ in the different temperature at

1MHz. (c) The P− E hysteresis loop at 333K.

is greater than those recently reported ferroelectrics, such as

[(2-aminoethyl)trimethylphosphanium)]2PbBr4 (0.95 μC/cm2),

and (4,4-difluorohexahydroazepine)2PbI4 (1.1 μC/cm2), but is

smaller than those of (4,4-difluoropiperidinium)2PbI4 (10 μC/cm2),

(4-(aminomethyl)piperidinium)PbI4 (9.8 μC/cm2), (S)−3-F-

(pyrrolidinium)CdCl3 (5.79 μC/cm2), (R)−3-F-(pyrrolidinium)CdCl3
(5.63 μC/cm2), (isoamylammonium)2(methylammonium)2Pb3Br10
(5 μC/cm2), (C4H9NH3)2CsPb2Br7 (4.2 μC/cm2), and

(C4H9NH3)2PbCl4 (2.1 μC/cm2) [14,37-43]. (R-1,2-DAP·I)4·I3·BiI6
possess similar ferroelectricity and related properties (Fig. S6 in

Supporting information).

In a ferroelectric crystal, there are equivalent directions of Ps,

and the probability of occurrence of these polarization directions

is equal. Therefore, a ferroelectric crystal usually shows a multi-

domain structure, which minimizes the energy of the system.

Piezoresponse force microscopy (PFM) has been fully proven to

be a useful tool for characterizing the domain structure of ferro-

electrics at the nanoscale. Vertical and lateral PFM imaging can

detect the out-of-plane and in-plane components of polarization,

respectively [44]. Each PFM component consists of amplitude and

phase signal, which reflect the intensity of piezoelectric response

and direction of polarization, respectively. We simultaneously mea-

sured the lateral and vertical PFM on a bulk single crystal in the

same area (5×5 μm2) at room temperature. As depicted in Figs.

3a-e, the observed domains with irregular shapes are irrelevant to

the topography, indicating that the signal originates from the po-

larization state rather than from the interference in topography.

For the lateral PFM, the amplitude patterns (Fig. 3a) agree with

phase patterns (Fig. 3b), in which domain walls with weak piezo-

electric responses separate the domains with strong piezoelectric

responses. However, the domain structures of vertical PFM are dif-

ferent from lateral PFM (Figs. 3d and e), implying that there is the

existence of non-180° domains [45]. Hence, (S-1,2-DAP·I)4·I3·BiI6
should belong to the multiaxial ferroelectrics, which is consistent

with the structural analysis. To confirm (S-1,2-DAP·I)4·I3·BiI6 pos-

sesses the switchable Ps, we measured switching spectroscopy lat-

eral PFM at a selected point. The phase-bias loop (red line) and

amplitude-bias loop (blue line) were recorded in Fig. 3f. When the

3
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Fig. 3. The PFM measurement results of (S-1,2-DAP·I)4·I3·BiI6. The lateral PFM (a) amplitude and (b) phase images. (c) The topographical image. The vertical PFM (d) ampli-

tude and (e) phase images. (f) The signal of the lateral PFM phase (red line) and amplitude (blue line) as functions of tip DC bias voltage at a selected point.

Fig. 4. The UV–vis absorbance spectrum of (S-1,2-DAP·I)4·I3·BiI6. The inset shows

the Tauc plot for fitting the indirect band gap of 1.56 eV.

applied bias voltage exceeds the coercive voltage, the phase is re-

versed, demonstrating that the Ps is switchable. The polarization

switching behavior with hysteresis gives rise to the amplitude-

bias butterfly-like loop. Furthermore, measurements of ferroelec-

tric domains switching for (S-1,2-DAP·I)4·I3·BiI6 were carried out.

As shown in Fig. S7a (Supporting information), applying a+45V

voltage pulse with a duration of 5 s on a selected point (marked

by green), the polarization direction appears the reverse (Fig. S7b

in Supporting information), confirming its ferroelectricity.

The quasi-static method was employed to measure the

piezoelectric coefficient (d22) on the single-crystal of (S-1,2-

DAP·I)4·I3·BiI6 along the b-axis at room temperature [46]. As

shown in Fig. S8 (Supporting information), the d22 of (S-1,2-

DAP·I)4·I3·BiI6 was determined to be about 35 pC/N, which is

greater than those of LiNbO3 (11 pC/N), MDABCO–NH4I3 (14 pC/N),

and TGS (triglycine sulfate, 22 pC/N), comparable to that for PVDF

(polyvinylidene fluoride, 30 pC/N), but is smaller than those of

(4-aminotetrahydropyran)2PbBr4 (76 pC/N), [(CH3)4N][FeCl4] (80

pC/N), (TMBM)MnBr3 (112 pC/N), (TMCM)CdBr3 (139 pC/N), and

(TMCM)MnCl3 (185 pC/N) [36,47].

To evaluate the bandgap of (S-1,2-DAP·I)4·I3·BiI6 and (R-1,2-

DAP·I)4·I3·BiI6, the UV–vis absorption spectrum was recorded at

room temperature. As shown in Fig. 4, the (S-1,2-DAP·I)4·I3·BiI6
possesses a gradually decreasing absorption edge in the range from

540nm to 840nm, implying an indirect bandgap. Using the Tauc

equation (for details process see Supporting information), the value

of bandgap was determined to be about 1.56 eV (inset of Fig. 4),

which is an abnormally narrow bandgap among reported ferroelec-

tric semiconductors, and even almost comparable to CH3NH3PbI3
(∼1.5 eV) (Fig. S9 in Supporting information). (R-1,2-DAP·I)4·I3·BiI6
also possesses the same bandgap, 1.56 eV, (Fig. S10 in Supporting

information). The narrow bandgap of (S-1,2-DAP·I)4·I3·BiI6 and (R-

1,2-DAP·I)4·I3·BiI6 is ascribed to the introduction of I3
− ions, as re-

ported by the previous reports [21–25]. I-5p orbitals of I3
− ions

lower the bottom of the conduction band.

In summary, we have developed a pair of chiral hybrid com-

pounds, (R-1,2-DAP·I)4·I3·BiI6 and (S-1,2-DAP·I)4·I3·BiI6. Benefited

from intercalation of I3
− ions, (R-1,2-DAP·I)4·I3·BiI6 and (S-1,2-

DAP·I)4·I3·BiI6 exhibit a narrow bandgap of 1.56 eV compara-

ble to that of CH3NH3PbI3, which is confirmed by UV–vis ab-

sorbance spectrum. Moreover, by the introduction of chirality, (R-

1,2-DAP·I)4·I3·BiI6 and (S-1,2-DAP·I)4·I3·BiI6, possess multiaxial fer-

roelectricity and efficient piezoelectric response of 35 pC/N. This

work provides inspiration for the direct design of molecular ferro-

electric with the desired function.
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