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Room-temperature bulk photovoltaic effect in a terthiophene-based

ferroelectric liquid crystal bearing dilactate side chains

Room-temperature bulk photovoltaic effect of a ferroelectric liquid crystal based
on diphenylterthiophene bearing dilactate side chains is provided in this study. In
the polarized smectic phase of this compound, the improved bulk photovoltaic
effect was observed without electron acceptors, indicating the open-circuit voltage
of 1.1 V. A time-of-flight measurement revealed that the hole and electron

1

mobilities were retained to be over 1x107° c¢cm?V~!s™! at room temperature.

Dielectric relaxation spectra exhibited that the relaxation of dipolar fluctuation
shifted from 105 Hz to 10* Hz in the polarized smectic phase, indicating
suppression of thermal motion of the polar side chains. By doping a fullerene
derivative as an electron acceptor, the performance of the bulk photovoltaic effect
was also enhanced at room temperature, indicating the power conversion efficiency
0f 0.24 %. The double chiral structure of the dilactate side chain should restrict the
conformation of the carbonyl groups in the side chains to enhance packing of the

n-conjugated units and to stabilize the polarized structure of the smectic phase.

Keywords: bulk photovoltaic effect; ferroelectric; liquid crystalline

semiconductor; oligothiophene; lactate; ferroelectric liquid crystal

1. Introduction

Different from conventional photovoltaic effects based on p-n and Schottky junctions, a
bulk photovoltaic effect is driven by a polarization field generated over the bulk of the
ferroelectrics [1]. Therefore, an open-circuit voltage of the bulk photovoltaic effect can
exceed the bandgaps of the ferroelectrics. Considering a potential to overcome the
Shockley-Queisser limit [2], this effect has been studied in inorganic ferroelectrics such
as barium titanate, lithium niobate, bismuth ferrite, SbSI, and SnS, as well as chiral
ammonium triiodide crystals [3-9]. However, inorganic ferroelectrics have large

bandgaps, indicating small photocurrents and low power conversion efficiencies.



Conventional organic ferroelectrics including polymers, charge transfer
complexes, and hydrogen-bonding crystals are electrical insulators [10-12]. In order to
construct organic bulk photovoltaic systems, extended m-conjugated units should be
incorporated in polarized matrices. In poly(vinylidene fluoride) doped with a =-
conjugated dye and crystalline films of triphenylene derivatives bearing six ester moieties,
high photovoltages were reported although small photocurrent resulted in low power
conversion efficiency [13,14]. Shift current originated from a quantum mechanical effect
in non-centrosymmetric crystal structures has been reported in charge transfer complexes
based on tetrathiafulvalene and chloranil [15]. However, the temperature range of the
ferroelectric phase is lower than 90 K and the photovoltaic effect diminishes at room

temperature.

Typical ferroelectric liquid crystal (FLC) phase is a chiral smectic C (SmC*)
phase in which liquid crystalline (LC) molecules bearing a chiral alkyl chain were self-
organized in layers and the molecular axes tilted from the layer normal [16]. As well as
the SmC* phase, bent-core liquid crystals, ferroelectric columnar phases, and
ferroelectric nematic phase have been studied extensively [17-21]. Efficient electronic
charge carrier transports have been observed in columnar, smectic, nematic phases of LC
molecules comprising extended n-conjugated units [22-34]. FLCs consisting of extended
n-conjugated units and polar side chains exhibit switching behaviors in electronic

conduction processes [35-38]. However, a bulk photovoltaic effect has not been reported

in these FLCs.

We first reported a bulk photovoltaic effect in the FLCs consisting of extended 7-
conjugated units and chiral alkyl chains [39,40]. The spontaneous polarization in the

SmC* phase can be immobilized in the ordered chiral smectic phases, resulting in an



enhanced bulk photovoltaic effect [41-43]. The bulk photovoltaic effect was also
observed in ferroelectric columnar phases of achiral subphthalocyanine derivatives [44-
46]. The subphthalocyanine derivatives absorb visible light and indicate the photovoltaic
effect for visible light illumination although the open-circuit voltage and power

conversion efficiency have been still low.

Enhanced bulk photovoltaic effect has been reported in m-conjugated FLCs
bearing lactate ester side chains [47]. Composites of the FLCs and fullerene derivatives
exhibited a high open-circuit voltage up to 1.2 V and a high external quantum efficiency
for blue and near UV light illumination at room temperature [48,49]. The spectral
sensitivity of the photovoltaic effect can be extended to a green light region in FLCs
consisting of a quinquethiophene unit and lactate moieties [50]. However, the effective
photovoltaic effect was observed only at elevated temperature. In most cases of the bulk
photovoltaic effect of FLCs, the performance remarkably lowered at room temperature.
The carrier transport in columnar and smectic phases is described by a thermally activated
hopping mechanism, resulting in deterioration of carrier mobility below room
temperature [51,52]. Polarization relaxation at room temperature also degrades the

photovoltaic effect.

In this study, we report a diphenylterthiophene derivative bearing dilactate side
chains. This compound exhibits stable photovoltaic characteristics at room temperature.
A dilactate moiety is a unit structure of a polylactide which exhibits piezoelectricity and
can be a chiral polar moiety of ferroelectric liquid crystals [53]. The current-voltage
curves exhibited an ideal diode character under dark and illuminated states, resulting in
an improved fill factor. The effective photovoltaic effect was observed even at room

temperature. Moreover, polarization relaxation in the bulk was remarkably suppressed,



due to the reduction of thermal motion of the side chains.

2. Experimental

2.1. Materials

Polylactide is a typical piezoelectric polymer. We paid attention to a dilactate structure
as a partial unit of polylactide. We synthesized fluorinated diphenylterthiophene
derivative (5,5)-1 bearing (S,S)-butyl dilactate side chains, as shown in Scheme 1. Ethyl
lactate derivative (S5)-2 was hydrolyzed to produce lactic acid derivative (5)-3, which was
condensed with (S)-butyl lactate to form dilactate (S,5)-4. By the Pd-catalyzed coupling
reaction, dilactate (S,5)-4 was converted to borate (S,5)-5 [54], which was coupled with
5,5”-dibromo-2,2’:5,2”-terthiophene by the Suzuki-Miyaura coupling reaction [55] to
produce LC compound (S,5)-1. Detailed procedures of the synthesis are indicated in
supporting information. Compared to compound 6 reported previously (Scheme 2)
[47,48], enhanced polarizability and suppressed mobility of the dilactate side chains

should be expected in compound (S,S)-1.

2.2. Characterization of the mesophases

The mesomorphic properties of compounds (S§,5)-1 was conducted by observation under
a polarizing optical microscope, differential scanning calorimetry (DSC), and X-ray
diffraction. Optical textures of chiral smectic phases were studied using a polarizing light
microscope (POM, Olympus DP70) equipped with a hand-made hot stage. X-ray
diffraction patterns of the LC phases were collected by Rigaku Rapid II, Cu Kal. The
phase transition temperatures and the transition enthalpies were determined using

NETZSCH Maia DSC 200 F3.



2.3. Polarization of compound (S,S)-1

Because the viscosity of the mesophase of compound (S,5)-1 was too high and the speed
of the polarization inversion was too slow under a DC electric field over 10° V-:em™'. In
fact, polarizing optical micrographic texture of the M* phase did not change under a DC

1

field application of 10° V-cm ' although it was partially changed by the DC field

application for several hours within 1 degree below the phase transition from the isotropic
phase. Consequently, the spontaneous polarization of the mesophase could not be
determined by the conventional Sawyer-Tower method or polarization inversion current
measurement. Alternately, thermally stimulated current [56] was measured on heating at
a rate of 0.25 K'min~! from the mesophase to the isotropic phase. Polarization was
estimated from the integration of the thermally stimulated current across the phase
transition. Besides, the change of the optical texture of the mesophase of compound (S.S)-

1 was observed by a POM under an application of a DC bias.

2.4. Photovoltaic effect measurement in sandwich cells

The 2 pm- and 4 um-thick LC cells consisting of ITO-coated glass substrates (EHC,
Japan) were used for the measurements of the bulk photovoltaic effect. A cell capillary-
filled with compound (S,S)-1 or the compound doped with [6,6]-Phenyl-C61-Butyric
Acid Methyl Ester (PCBM, 8 wt %) was heated to 120 °C on a hot stage and cooled to
the phase transition temperature to the mesophase. A DC bias (20 V or 10 V for a 4 um-
or 2 um-thick sample, respectively) for a poling treatment was applied to the cell and
cooled to 30 °C in 30 min. White light (3.5 W LED, 20 mWcm ™ 2) was illuminated on the
cell at 30 °C and photocurrent was measured varying the applied voltage, using an

electrometer Keithley 6517A.



2.5. Characterization of carrier transport

The carrier mobilities were determined by a time-of-flight (TOF) method under
atmospheric conditions [57]. The LC sample in the isotropic phase was capillary-filled
into a cell consisting of two ITO-coated glass plates on a hot stage. The third harmonic
generation of a Nd:YAG pulse laser (Continuum MiniLite II, wavelength = 356 nm) was
used for excitation of the samples. The laser pulses were illuminated on one side of the
cell, with a DC voltage application by an electrometer (ADC R8252). The photocurrent
was recorded as a voltage drop through a serial resistor using a digital oscilloscope
(Tektronics TDS 3044B). The transit time ¢r was determined from the kink points of the
transient photocurrent curves. The carrier mobility ¢ was calculated from equation 1,
where d and V are the cell thickness and the applied voltage, respectively. Hole or electron
mobilities were obtained when a positive or negative bias was applied to the illuminated

electrode, respectively.

w= - (M)

2.6. Photovoltaic effect measurement in films with planar electrodes

An ITO-coated substrate was patterned as shown in Figure S1 by concentrated
hydrochloric acid. The channel width and length were 10 mm and 0.2 mm, respectively.
The channel area was covered with a glass plate and the thickness between of the substrate
and the covering glass plate was 4 um. A high voltage exceeding 500 V was applied to
the channel area for polarization of the FLC film. A UV light of Xe lump (300 W, Ushio
Optical Modulex) was illuminated on the channel area through a UV filter. The
photocurrent generated between the electrodes was measured by an electrometer

(Keithley 6517A).



2.7. Dielectric measurement

A 2 pm-thick LC cell consisting of ITO-coated glass substrates (EHC, Japan) was fixed
on a hot stage and connected to a LCZ meter (NF 2340). The frequency was scanned from
10 Hz to 1 MHz and the amplitude of the applied voltage signal was 0.2 V. In the
polarized M* phase, the dielectric parameters were determined under the reverse bias of
1 V because the current-voltage characteristic indicated rectification because of the built-

in potential produced by the spontaneous polarization.

2.8. Surface morphology study by atomic force microscope

The morphology of thin films of compound (S,S)-1 was investigated by an atomic force
microscopy (AFM). A sample was prepared on a glass substrate by spin-coating from
cyclohexane solutions at room temperature. The AFM investigations were conducted
under ambient conditions using a Multimode Nanoscope IV (Veeco Instruments, Santa
Barbara) in tapping mode, using silicon cantilevers with a spring constant of 25 N-m !
and a resonance frequency of 300 kHz (OMCL-AC240TS, Olympus). The scan rate was

varied from 1 to 2 Hz.

3. Results and Discussion

3.1. Mesomorphic properties

Figure 1(a) shows DSC thermograms of compound (S,S5)-1. Compound (S,S)-1 exhibited
a tilted ordered smectic phase below 101.2 °C and no crystallization peak was observed
both in cooling and heating processes. The transition enthalpy was around 25 J-g~! which
was typical for a phase transition from an isotropic to an ordered smectic phase. The X-
ray diffraction pattern (Figure 1(b)) reveals this mesophase has a layer structure and

rectangular symmetry within the layers. The low angle peak at 26 = 32.01 deg. could be



assigned to (001) diffraction plane and the layer spacing was 32.0 A. An MM2 calculation
reveals that the molecular length of compound (S,5)-1 with an extended conformation is
45 A. Comparing the molecular length of compound (S,S)-1 with the layer spacing, the
FLC molecules should be tilted in 45 deg. from the layer normal. From the high angle
diffraction peaks, a rectangular lattice with lattice constants of 11.8 A and 4.7 A should
be formed within the smectic layers. The high angle peaks indicate long-range order of
molecular positions within the layers although it is disordered, compared to conventional
molecular crystals because the high angle peaks are somewhat ambiguous. In the classical
nomenclature, the M* phase is similar to a smectic K or H phase. This ordered smectic
phase is denoted as M* phase. The assignment of the diffraction angles to diffraction

indices is summarized in Table S1 in supporting information.

3.2. Nanostructure of spin-coated film of compound (S,S)-1

Fine structures on a nanometer scale of spin-coated thin films were studied by the atomic
force microscopy. A cyclohexane solution of compound (S,S)-1 was spun on a glass
substrate. The spin-coated film was heated to 105 °C and cooled to room temperature.
Figure 2(a) and (b) shows AFM topographic and phase images of the spin-coated film. A
few domains with the size of several hundred nm were observed in both images. Within
the domains, stripe patterns were formed and the width of the stripes was from 15 to 20
nm. The width of the stripes was slightly distributed. Periodical helical structures based
on the molecular chirality are often formed in chiral supramolecular materials. However,
the width of the stripes corresponded to around 5 smectic layers and much shorter than
the standard value of the helical pitch of chiral smectic compounds. In this case, it should
be plausible that the stripe pattern should be originated from the polarization domains

illustrated in Figure 2(c).



3.3. Polarization in the mesophase of compound (S,S)-1

The viscosity of the M* phase of compound (S,5)-1 was too high and the speed of
polarization inversion was slow. Under an application of a DC electric field on the order
of 10° V-em™!, an optical texture change with partial polarization inversion occurred in
several hours near the phase transition temperature to the isotropic phase. Consequently,
spontaneous polarization in the M* phase could not be determined by a Sawyer-Tower
method or a polarization inversion current measurement with a triangular wave

application.

However, obvious difference between a non-polarized and polarized M* phases
could be observed in a POM observation. Figure 3(a) shows POM textures in the non-
polarized and polarized M* phase of compound (S,S)-1 at 95 °C. The non-polarized M*
phase was obtained when the sample was cooled from the isotropic phase to the M* phase
without a DC bias. Fibrous grains with a length of several 10 um were formed in the non-
polarized M* phase. In contrast, fan-like domains typical of smectic phases were formed
when the sample was cooled from the isotropic phase to the M* phase at 95 °C in the

1

presence of a DC electric field of 1x10° V-cm™!. The optical texture was retained after

the removal of the DC bias and cooled to room temperature.

The accumulated charges in the polarized M* phase could be determined by
thermally stimulated current (TSC) measurement [56], as shown in Figure 3(b). In a non-
polarized phase, no remarkable increase in the TSC signal was observed at the transition
from the M* phase to the isotropic phase. However, a current peak appeared in the TSC
signals in the polarized M* samples. The direction of the TSC signal was inverted by the
inversion of the polarization of the M* phase. The integrals of the peaks in the positively

and negatively polarized M* phases were around 3 pC-cm 2, indicating the polarization



charges on the order of pC-cm 2 were accumulated in the polarized M* phase. It should
be noted that these values should include not only spontaneous polarization but also space
charges trapped in localized states and impurity.

In a cell with planar electrodes, a phase transition from the isotropic phase to the
M* phase was induced by an application of a DC voltage under POM observation. Figure
4 shows POM textures in the cell with planar electrodes, described in Figure S1. Without
a DC bias application, polydomain textures were formed as shown in Figure 4(a). The
cell was heated to 105 °C and the sample transitioned to the isotropic phase, and only gap
area changed to the M* phase when a DC bias over 500 V was applied (Figure 4(b)). The
other area than the gap retained the isotropic phase. The phase transition temperature was
raised by 2 K in the application of the electric field of 2.5x10* V-cm ™. This stabilization
of the M* phase should be attributed to the interaction of the ferroelectric polarization
with the electric field. From Figure 4(c) and (d), the axis of the gap area is parallel to the
polarizer axis, indicating the FLC molecules should align parallel to the gap direction and

polarization perpendicular to the gap direction should be induced.

3.4. Bulk photovoltaic effect in sandwich-type cells

Compound (S,5)-1 exhibited the bulk photovoltaic effect in the polarized M* phase for
white light illumination. Figure 5 exhibits current-voltage characteristics under
illumination of white LED (20 mW-cm 2) at room temperature, using a 4 um-thick
sandwich-type cell. For polarization of the cells, a DC voltage of 40 V was applied to the
cell in the isotropic phase and the cell was cooled to 50 °C retaining the DC voltage.
When a negative bias was applied to the front electrode, it was polarized positively. The

current-voltage characteristics were measured by illuminating the front electrode.

As shown in Figure 5(a), the open-circuit voltage and short circuit-current were



1.12 V and 13.0 pA-cm 2 at room temperature, respectively. The fill factor reached 0.49,
indicating efficient dissociation of excitons and effective inhibition of recombination of
charge carriers. Total power conversion efficiency was 0.036 %. In the negatively
polarized state, the polarity of the photovoltaic effect was inverted, as shown in Figure
5(b). The open-circuit voltage and the short circuit current decreased to 0.9 V and
3.6 pA-cm 2, respectively. The electron and hole mobilities were almost same although
the electron generation efficiency was lower than that of the holes, as mentioned later. In
the positively polarized state, the illuminated light was absorbed near the front electrode
and the hole current contributed mainly to the total photocurrent, while the electron
current was predominant in the photocurrent in the negatively polarized state. The open-
circuit voltage, the short-circuit current, and the fill factor of compound (S§,S)-1
remarkably improved compared to compound 6 bearing lactate ester moieties [48]. The
open-circuit voltage was 1.1 V in the positively polarized state, which was lower than the
HOMO-LUMO gap of 2.4 eV for compound (S,5)-1, determined by UV-VIS absorption
spectrum (Figure S2). But this value was higher than those of conventional junction-based

photovoltaic cell.

It is noted that compound (S,S)-1 indicated the bulk photovoltaic effect at room
temperature unlike compound 6. In the polarized smectic phase of compound 6, the open-

circuit voltage and short-circuit current remarkably decreased to 0.6 V and 0.8 pA-cm 2

at room temperature from 1.0 V and 6 pA-cm 2 at 70°C, respectively [48].

In the non-polarized state of compound (S,5)-1, no rectification character was
observed in the current-voltage characteristics, as shown in Figure S3(a). The behavior
was photoconductor-like. In the non-polarized M* phase, excitation dissociation

efficiency should be very low at the zero external bias and increase with the external



electric field.

In the bulk photovoltaic effect, the open-circuit voltage should be proportional to
the sample thickness. On the other hand, polarization is often relaxed in the bulk of soft
crystals or ordered liquid crystal phases. In the bulk photovoltaic effect of the ferroelectric
phase of compound 6 bearing monolactate moieties, the open-circuit voltage decreased
in thick cells because of the polarization relaxation in the bulk, as reported previously
[47]. The open-circuit voltage and the short circuit current of a 2 um-thick cell were 1.0
V and 6 pAcm 2, respectively, although these values decreased to 0.65 V and 2 pAcm 2
for a 4 pum-thick cell. Figure S3(b) exhibits the current-voltage characteristics in the
polarized M* phase of samples with different thicknesses. The open-circuit voltage was
1.1 Vand 0.9 V for 4 um-thick and 2 pm-thick sample, respectively. The open-circuit
voltage did not decrease with the cell thickness in the polarized M* phase of compound
(S5,5)-1. This result indicates that the polarization should be stabilized in the M* phase,
due to the closer packing of double chiral side chains. The polarized state should be
stabilized by inhibition of rotation of carbonyl groups in the lactate dimer side chains,
due to steric hindrance of chiral moieties. Recently, Kishikawa and coworkers reported
long-term stability of a polarized state in ferroelectric columnar LC phase of urea
derivatives bearing chiral side chains. In the ferroelectric phase, a helical twisted
columnar structure was formed to stabilize the polarized columnar structure by interaction

between chiral side chains [58].

3.5. Carrier transport properties

Hole and electron mobilities in the M* phase were measured by the TOF technique. At
70 °C, non-dispersive photocurrent curves were obtained for holes and the hole mobility

was determined to be 2x1073 cm?*V !s! (Figure S4(a)). The hole mobility was



independent of the electric field and the temperature. For electrons, the transient
photocurrent curves were dispersive. However, the kink points were unambiguously
determined in double logarithmic plots of the transient photocurrents and the electron
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mobility was estimated to be 2x107° cm*V !'s™!, which was independent of the electric

field and the temperature (Figure S4(b)).

For dialkylterthiophene derivatives, alkynylterthiophene derivatives, and
phenylterthiophene derivatives, the electronic carrier mobilities were on the order of 102
cm?V!s™! in the smectic phases which had long range orders within the smectic layers
[27,28,31,59]. The hole and electron mobilities in the M* phase of (S,S)-1 were one order
magnitude lower than those in the ordered smectic phase of these compounds. This should
be attributed to the bulky branched lactic acid moieties inhibiting closer packing of the

n-conjugated units.

Figure 6 shows transient photocurrent curves for holes and electrons at room
temperature. Even at room temperature, non-dispersive transient photocurrent curves
were obtained and the hole and electron mobilities were retained to be over 1073
cm?V's™!, In most cases of m-conjugated ferroelectric liquid crystals, carrier transport
characteristics degrades below room temperature because of carrier trapping in localized
states and defects produced by contraction of the liquid crystal phases [39,40,46]. As
indicated in Figure S4, the field-dependence of the hole and electron mobilities were weak,
indicating small energetic and spatial disorders in the polarized M* phase, assuming the
disorder formalism [59,60]. As shown in Figure 3(a), large homogeneous domains with
the size of several ten um were formed in the polarized M* phase. The domain size was
much larger than the sample thickness. Compared to the non-polarized state, defect

density of the polarized domains should be suppressed to be low. Moreover, molecular



dipoles aligned in the polarized M* phase not to broaden the density of states compared
to the non-polarized M* phase in which molecular dipoles were not macroscopically
oriented.

In compound 6 reported previously, non-dispersive transient photocurrent curves
were obtained for hole while featureless dispersive ones were observed for electron at 70
°C [46]. The hole mobility was 1.3x107> cm?V~!s™! while the electron mobility could not
be determined by the TOF method. As shown in Figure S6, transient photocurrents were
dispersive both for holes and electrons at room temperature. The slope of the transient
photocurrents in double logarithmic plots was around 1, indicating the presence of carrier
traps in the bulk of compound 6. This result indicates superior carrier transport property
of compound (S,S5)-1 to that of compound 6 at room temperature. The bulkier dilactate
side chains of (S,5)-1 than the lactate moiety of compound 6 did not deteriorate the

electronic charge carrier transport in the M* phase of compound (S,S)-1.

3.6. Dielectric relaxation spectra

Figure 7(a) exhibits dielectric relaxation spectra of compound (S,S5)-1 in the non-polarized
M* phase at room temperature. Relaxation based on dipolar rotation around the molecular
axis was observed around 10° Hz. The Goldstone mode as precession of the LC molecules
around the helical axis should be remarkably slow, compared to conventional chiral
smectic C phase of ferroelectric liquid crystals. The resonance frequency should be lower
than 10 Hz because of the high viscosity of the M* phase. As shown in Figure 7(b), the
relaxation around 10° Hz in the non-polarized state shifted to 10* Hz in the polarized M*
phase because of suppression of dipolar rotation around the molecular axis by the
polarization field [61]. This relaxation should be attributed not to rotation but to flip-flap

motion of polar moieties of the LC compound. The Goldston mode should also be



suppressed in the polarized M* phase although the low frequency shift could not be
clearly determined, due to the limitation of the apparatus. In the polarized M* phase, the
relaxation of polarization was successfully suppressed to retain the internal electric field
driving the bulk photovoltaic effect.

Figure S7 exhibits the dielectric relaxation spectra of compound 6 in non-
polarized and polarized states at room temperature. The dielectric constant of compound
6 was six times larger than that of compound (S,S5)-1. This smaller dielectric constant of
(5,5)-1 should be attributed to suppression of the flip-flap motion of dipoles of carbonyl
groups which are fixed in the dilactate side chains. In compound 6, the relaxation process
based on the flip-flap motion of the dipoles was observed around 10° Hz although the
lower frequency shift was not observed in the polarized state as observed in the polarized
M* phase of compound (S,S)-1. These relaxation spectra indicates that fluctuation of
dipoles in the dilactate side chains of compound (S,S5)-1 should be effectively suppressed
compared to compound 6 bearing lactate ester moieties.

Assuming the relative dielectric constant, & to be 20 in a DC field, the open-circuit
voltage, expected Vo was estimated. Accumulated charge density which was determined
by the TSC measurement q is expressed as equation 2, where & and d is vacuum dielectric

constant and sample thickness, respectively:

q = et @
The expected Vo is estimated to be 3.5%10? V, using & of 8.85x107'2 Fm !, ¢ of
3x107%C-cm ™2, and d of 2x10~* cm. The experimental V,. was around 1 V, which was
much lower than the expected value. If ¢ was on the order of 10 C-cm 2, which was
deduced from the spontaneous polarization in the SmC* phase of oligothiophene

derivatives bearing lactate moieties, the expected V,. should be several V. This



discrepancy is attributed to the space charges injected into the ferroelectric liquid crystal
layer. Polarization field promoted charge injection into the LC layer and some portion of
the charge should be trapped in defects to form space charge which should be stabilized
in the polarized medium, as reported in organic electrets [62]. The accumulated charge
included not only polarization but also space charges formed in the LC layer. Moreover,
the space charges also shielded the polarization field to reduce the potential difference

between the electrodes.

3.7. Bulk photovoltaic effect in cells with planar electrodes

The bulk photovoltaic effect was also observed in cells with planar electrodes. The
photovoltaic measurement in this alignment was often applied to the characterization of
vacuum-deposited films and thin crystalline plates of inorganic ferroelectrics, such as
bismuth ferrite and SnS. Figure 8 shows photocurrent as a function of the applied voltage
for positively and negatively polarized state. The electrode-gap was 150 um. Photocurrent
dependent on the polarization was observed under zero external bias. The photocurrent
flowed in the direction of polarization field, which was opposite to the polarity of the
polling bias prior to the illumination. The inversion of the polling polarity resulted in the
inversion of the photocurrent polarity as observed in a sandwich cell. The open-circuit
voltage was 2.4 V for the both polarities. The open-circuit voltage is proportional to the
distance between the electrodes in an ideal bulk photovoltaic effect. The observed open-
circuit voltage was comparable to the band gap of the ferroelectric liquid crystal. However,
the open-circuit voltage should exceed 40 V from the open-circuit voltage 1.1 V in a
sandwich cell with a thickness of 4 pum. The LC molecules oriented parallel to the planar
electrodes although orientation of the molecular dipoles should relax in the area between

the electrodes. Space charges originated from injected carriers should screen the internal



electric field. The short-circuit current was 0.4 nA corresponding to 60 pAcm 2, assuming
the cross section of the electrode was 0.8 cmx20 nm. In most cases of bulk photovoltaic
effects in inorganic and organic materials, current voltage characteristics have been linear
although non-linear dependences were observed in the high field regions. This suggested
inhomogeneous distribution of the polarization field in the channel area, due to space
charges injected from the electrodes, Schottky barrier formation, or inhomogeneous

relaxation of the polarization.

3.8. Bulk photovoltaic effect of (S,S)-1 doped with fullerene derivative

Figure 9 shows current-voltage characteristics in the M* phase of compound
(§,9)-1 doped with PCBM (8wt%). N-type PCBM microcrystals were segregated in the
M* phase of p-type compound (S,5)-1 to form bulk heterojunctions, as reported
previously [46-49]. In contrast to previously reported terthiophene and quinquethiophene
derivatives bearing lactic ester moieties, the bulk photovoltaic behavior was also observed
even at room temperature. In the positively polarized state, the open-circuit voltage, short-
circuit current, and fill factor were 0.95 V, 124 pA-cm 2, and 0.40, respectively. The
power conversion efficiency was 0.24%. The photovoltaic effect was enhanced by doping
of PCBM although the enhancement was not so remarkable as the case of the previously
reported terthiophene and quinquethiophene derivatives bearing monolactate moieties
[46-49]. The solubilities of fullerene derivatives such as PCBM are higher in compound
(8,9)-1 than those in compound 6 bearing monolactate esters and PCBM molecules
dispersed in the p-type LC domains should quench the photogenerated excitons. The
lower dielectric constant of compound (S,S)-1 than compound 6 should lower the exciton
dissociation efficiency. The fill factor decreased in the doped sample, due to the increased
structural disorder in the phase-separated M* phase. However, the fill factor remarkably

improved from the value of 0.2 for compound 6 [48].



We also studied the photovoltaic effect of pure and PCBM-doped compound

(S,5)-1 for AM1.5 illumination (100 mWcm 2), as shown in Figure S8. The results are

summarized in Table S2. Both in the pure and PCBM-doped samples, the open circuit
voltages were almost same as the cases of white LED illumination although short-circuit
currents while the short circuit currents and fill factors were lower than the cases of white
LED illumination. Compared to white LED, AM1.5 light contains longer wavelength
component including in infrared light, resulting in lower power conversion efficiencies

for AM1.5 illumination.

4. Conclusions

A m-conjugated FLC (S,5)-1 bearing dilactate side chains was synthesized for an
improved bulk photovoltaic effect. This compound exhibited a polarizable chiral ordered
smectic phase below 101 °C. The polarization was estimated to be 3 uC-cm 2 by a TSC
measurement. However, this value should include not only ferroelectric polarization but
also space charges injected from the electrodes in the polling treatment. Compound (S,S5)-
1 indicated the bulk photovoltaic effect without any electron acceptors even at room
temperature with an open-circuit voltage of 1.1 V and the power conversion efficiency of
0.036%. The power conversion efficiency was enhanced by PCBM-doping in compound
(8,9)-1 to be 0.24%. The time-of-flight measurement revealed that the effective carrier
transport was retained at room temperature. The hole and electron mobilities exceeded
1x107 cm?V !s7! at room temperature. Dielectric relaxation spectra revealed that the
relaxation of dipolar fluctuation shifted from 10° Hz to 10* Hz in the polarized smectic
phase, indicating suppression of thermal motion of the polar side chain. The double chiral
structure of the dilactate side chains should suppress thermal fluctuation of the dipole

moments of the carbonyl groups in the side chains. As a result, the polarized structure in



the M* phase was stabilized and the increased intermolecular packing of the n-conjugated

units should enhance the carrier transport at room temperature.
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Figure 1. (a) DSC thermograms of compound (S,S)-1 at cooling and heating rates of 10

K-min™!. (b) X-ray diffraction pattern of compound (S,5)-1 in an ordered smectic phase



at room temperature. The inset indicates a schematic illustration of molecular packing in

the smectic phase.
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Figure 2. (a) AFM topographic and (b) phase images of a spin-coated film of compound
(S,5)-1. (c) Schematic for polarized domains in the stripe pattern observed in the AFM

images. Symbols ® and &) are direction of polarization of the domains.
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Figure 3. (a) Polarizing optical micrographic textures in the non-polarized and polarized
M* phase of compound (S,5)-1 at 95°C. The sample thickness was 2 um. The upper and
lower images show the textures formed without a DC bias for a non-polarized M* phase
and under the application of the DC bias of 20 V for a polarized M* phase, respectively.

(b) Thermally stimulated current as a function of the temperature for compound (,5)-1.



Figure 4. Polarizing micrographic textures of compound (S,5)-1 in a cell with planar

electrodes with a gap of 0.2 mm at (a) room temperature with no DC bias, (b) 105 °C

with a DC bias of 700 V. POM images of the gap area of the sample at room

temperature with the polarizer axis (c) parallel and (d) tilted to the gap direction.
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Figure 5. Current-voltage characteristics in the M* phase of compound (5,5)-1 polarized
(a) positively and (b) negatively when white light (LED, 20 mW-cm 2) was illuminated

at room temperature. The sample thickness was 4 pm.
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of compound (S,5)-1 at 20 °C. The excitation light was THG of a Nd:YAG laser

(wavelength = 356 nm) and the sample thickness was 4 um.
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Figure 9. Current-voltage characteristics in the M* phase of compound (S,5)-1 doped
with PCBM (8 wt%), with (a) positive and (b) negative polarization when white light
(LED, 20 mW-cm2) was illuminated at room temperature. The sample thickness was 4

pum.



