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Polarization loss in the organic ferroelectric
trialkylbenzene-1,3,5-tricarboxamide (BTA)¥

A. V. Gorbunov,” X. Meng,” I. Urbanaviciute,® T. Putzeys,” M. Wubbenhorst,®

R. P. Sijbesma® and M. Kemerink*>©

We investigate the polarization loss in the archetypical molecular organic ferroelectric trialkylbenzene-
1,3,5-tricarboxamide (BTA). We prove that the polarization loss is due to thermally activated R-relaxation,

which is a collective reversal of the amide dipole moments in ferroelectric domains. By applying a weak

electrostatic field both the polarization loss and the R-relaxation are suppressed, leading to an
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enhancement of the retention time by at least several orders of magnitude. Alternative loss mechanisms
are discussed and ruled out. By operating the thin-film devices slightly above the crystalline to liquid
crystalline phase transition temperature the retention time of one compound becomes more than

12 hours even in absence of supportive bias, which is among the longest reported so far for organic

www.rsc.org/pccp ferroelectric materials.

1 Introduction

Organic ferroelectric materials are starting to gain increasing
attention, although they still form a largely unexplored ‘terra
incognito’ in comparison to their inorganic counterparts.'®
The advantages organic ferroelectrics may have are no different
from those of e.g. organic semiconductors. While in the latter
the relatively easy processing on conformal and flexible substrates
and the nearly infinite freedom to modify and tailor properties
through chemical design have already lead to actual applications in
displays, solar cells and electronic circuitty, organic ferroelectrics are
still in an explorative stage — the exception to this observation being
the polymer ferroelectric PVDF and its copolymers with TrFE.>'°
A crucial characteristic of any ferroelectric material is the
retention time of the polarization."* From the lack of reported
results of experiments on retention one could possibly conclude
that, for organic crystalline and liquid crystalline ferroelectrics,
polarization retention remains a problem. Although many
papers introduce new molecular materials and concepts leading
to ferroelectric activity, the polarization retention part is typically
not addressed.’®'>™*® Some works evaluate polarization relaxation
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from temporal measurements of the second harmonic generation
(SHG) intensity. Measurements on a liquid crystalline urea-based
compound showed fast decay of SHG intensity in millisecond
range."”” On the other hand, in self-assembled umbrella-shaped
liquid crystals with flipping cyano groups, only around one fourth
of the SHG intensity was lost in 1000 minutes.* However, the
retention mechanism was not analysed. Intriguingly, none of
the mentioned reports apply direct electrical measurement of
polarization retention, which is broadly used for the characterization
of inorganic systems.”**"

Poling of a ferroelectric is a temperature- and field-driven
process.”” Besides thermal impact, the polarization loss in thin
films of highly insulating materials is commonly understood as
being caused by depolarization fields, usually arising from the
presence of non-switching “dead” layers at the metal/ferro-
electric interfaces, assuming that metal electrodes supply sufficient
compensation charges.”> > However, the underlying processes
are not yet well understood."" We will study possible intrinsic
depolarization processes in the context of extrinsic, device
related effects, such as depolarization fields.

In this work we will investigate the polarization loss mechanism
of an archetypical molecular ferroelectric material, trialkylbenzene-
1,3,5-tricarboxamide (BTA). Its structure is shown in the inset to
Fig. 1. Slightly above room temperature this material enters a
columnar hexagonal liquid crystalline mesophase that can be
aligned by an external electric field.® Upon field reversal a
dipolar switching signal is observed that can be associated with
the collective reversal of the amide groups that surround the
benzene core. Although this switching was recently shown to be
truly ferroelectric, with a Curie-Weiss temperature of ~200 °C
at which the dielectric susceptibility reaches a maximum,?® the
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Fig. 1 (a) Idealized structure of a conditioned metal-ferroelectric-metal
capacitor device used for electrical characterization after poling. Disks
represent cores of stacked BTA molecules, arrows are micro- and macrodipoles.
(b and c) Saturated ferroelectric polarization vs. applied field measured on
BTA-C10 (b) and BTA-C18 (c) under quasi-static conditions (f = 1 Hz,
T =100 °C). Solid and dashed lines are for normal and deuterated materials,
respectively. Insets: molecular structure of BTA-C10 and BTA-C18.

poor retention of the polarization remains a problem for actual
applications. At the temperatures required for easy dipolar
switching, typically between 80 °C and 150 °C, the polarization
is lost in several minutes.”” As this loss is not accompanied by a
reduction in the hexagonal columnar packing order it must be
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attributed to a randomization of the orientation of the amide
dipoles only. The mechanism with which this happens is largely
unknown, although we previously suggested it to be connected
with R-relaxation that we associated with the collective polarization
reversal in a defect domain.”

In the present work we perform a detailed investigation of
the polarization loss mechanism in BTA and ways to mitigate it.
We demonstrate that application of an electric field that is
significantly below the coercive field suppresses both R-relaxation
and polarization loss, leading to an increase in retention time by
at least several orders of magnitude. Moreover, by operating close
to room temperature, the retention time in absence of supporting
bias can be extended to over 12 hours.

2 Results and discussion

Thin-film metal-ferroelectric-metal capacitor devices were
fabricated and measured as described before.?® In brief, electrodes
were formed by thermally evaporating Au through a shadow mask,
defining a device area around 0.04-1 mm?®. The active layer was
formed by spin coating of the symmetrically substituted benzene-
1,3,5-tricarboxamide derivatives BTA-C10 or BTA-C18, where C10
and C18 refer to the number of C-atoms in the solubilizing alkyl
chains.® Upon solvent evaporation BTA forms hydrogen bonded
columns that lay in-plane after fabrication. The desired out-of-
plane alignment (Fig. 1a) is achieved by heating the samples to
typically 100-110 °C, where the material is in a columnar
hexagonal liquid crystalline phase of relatively low viscosity,””
while applying a slowly alternating electric field. Subsequently the
devices are cooled down to the desired measurement temperature.

The saturated polarization curves of both BTA-C10 and BTA-C18
as measured under quasi steady state conditions are displayed in
Fig. 1. The measurement details can be found in the Experimental
section. Both materials show excellent saturation of the remnant
polarization P,. The frequency dependence of the coercive field and
other transient characteristics are addressed in our previous work
ref. 26 in which it is also shown that the dipolar switching is of truly
ferroelectric nature.

Despite the well-developed ferroelectric behavior, both materials
exhibit a rapid loss of polarization, ranging from several seconds to
several minutes, depending mostly on temperature. Fig. 2 shows the
normalized remaining polarization after a waiting time ¢ after full
poling, as defined in panel a. It was checked that the response to the
+and — probe pulses add up to 2P,. The data can be well described
by a stretched exponential function,

]
Dol o
where P(t) is the remaining polarization, 7 the characteristic
depolarization time and f a stretching exponent smaller than
unity. The activation energy E, of the process can be determined
using the classical Arrhenius equation t = 7, exp(—E,/kgT) with kg the
Boltzmann constant, as in Fig. 3. In the analysis of the temperature
dependence of the polarization loss, it is important that the
saturation value for the remnant polarization P, is essentially
independent of temperature, as confirmed in Fig. S2 of the ESL.{
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Fig. 2 (a) Pulse sequence used for polarization retention measurements;
a variable delay t separates poling (black) and probing (red) pulses. Eax > Ec,
f = 1-5 Hz. (b and c) Normalized polarization vs. delay time for BTA-C10
(b) and BTA-C18 (c) thin-film capacitors at various temperatures. Symbols are
experiments, solid lines are fits to eqgn (1) with = 0.5-0.75. Experiments are
performed without supportive bias, i.e. the sample is grounded during the
delay time. Each data point is obtained after full repolarization.
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The activation energies of 105 kJ mol™" for BTA-C10 and
113 kJ mol " for BTA-C18 extracted from Fig. 3 are similar to
the 108 k] mol " and 87 kJ mol™* found in our earlier work.>”
The minor differences are attributed to better alignment in the
present thin film devices than in the liquid crystal (LC) cells
used before. Interestingly, these energies are very similar to W},
=0.9-1.2 eV calculated for P(VDF:TrFE).>®

Qualitatively, the short retention time and modest activation
energy of depolarization both indicate that the energy barrier
between up and down polarization states is also quite modest,
as explained by Landau-Devonshire theory. This would be
consistent with the coercive field and remnant polarization
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Fig. 3 Thermal activation of the depolarization process in BTA-C10 (black
circles) and BTA-C18 (red triangles) thin-film capacitor devices. Data
points are obtained by the fits in Fig. 2, lines indicate Arrhenius behavior
with an activation energy of 105 kJ mol™ = 1.1 eV for BTA-C10 and
113 kJ mol™ = 1.2 eV for BTA-C18.

that are substantially lower compared to e.g. E. & 50 V um ™"

and P, ~ 85 mC m™” found for P(VDF:TrFE) at room temperature,”
for which thin film polarization retention times in the order of
several hours have been reported,***> and compared to inorganics
like BFO and PZT where E. ~ 50 V um™ %, P, ~ 1000 mC m_ > and
retention times in thin film can be over 10* s with an energy barrier
Wi, = 1.25 eV.333

To further interpret the data in Fig. 3, we use the model by
Vopsaroiu et al. for the depolarization switching time y,.>*

1 Wy
w - — 2
fs 21/() exp (kg T) ( )

Here, v, is the number of attempts per unit time for the system
to overcome the barrier of height Wy, and kg7 the thermal
energy. From this, an attempt frequency v, ~ 3.6 x 10> Hz is
estimated. This is a perfectly reasonable number for bond
rotations in organic molecules.*

As noted before, the activation energies mentioned above are
quite similar to the activation energies for R-relaxation as probed
by dielectric relaxation spectroscopy (DRS) of 147 + 10 k] mol ™"
and 124 4+ 10 k] mol™" for C10 and C18, respectively. This
similarity and the fact that R-relaxation is a loss channel for
polarization hints at the relevance of this process for the
polarization loss in BTA-based thin-film capacitor devices. In
the following sections, we shall therefore inspect this, and a
number of other potential depolarization mechanisms in more
detail. Apart from the R-relaxation, we shall consider loss of the
homeotropic alighment, ionic motion, and proton-tunneling.

Of these, polarization loss due to a loss of the homeotropic
alignment of columnar hexagonal phase can readily be ruled
out on basis of polarization optical microscopy (POM) performed
on LC cells, in which no change in the (black) texture upon
depolarization is observed (not shown). Moreover, depolarized
devices can immediately be repolarized, whereas (re)establishing

This journal is © the Owner Societies 2017
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structural order is a comparatively slow process. In Section S7 of
the ESIT it is shown that only insignificant distortions of the
repolarization current transients occur at high temperatures,
even after extensive delay times. Moreover, the integrated remnant
polarization value does not change in the whole time range of the
measurement, indicating intact homeotropic alignment.
Alternatively, one can imagine that slow ionic motion may
lead to partial or complete screening of the polarization surface
charges in the active layer. In this case, ‘repolarization’ would
imply a redistribution of the screening ions which would give
rise to a transient switching current that has different kinetics
than a true polarization reversal. This is not the case. Apart
from having a different magnitude, repolarization transients
have the same characteristics and shape as those corresponding
to a normal polarization reversal, as seen in Fig. S7-2 of the ESL.{
Polarization loss through proton transfer from nitrogen N-H
to the neighboring carbonyl group results in the iminol tautomeric
form of the amide, as concisely illustrated in Fig. 4a and in detail
in Fig. S8 of the ESL{ This mechanism has recently been
proposed to underlay ferroelectric behavior of hydrogen bonding
compounds.®*®?” Concerted proton transfer has been studied
theoretically in formamide dimers, and in those dimers in the
gas phase, the proton transfer has a high activation energy of
around 42 kJ mol " and a low barrier for reversal (6.5 kJ mol *).*®
To investigate the relevance of the proton tunneling scenario
outlined above, we prepared deuterated BTA-C10d and BTA-C18d
as described in the ESI,{ Sections S4-S6. In terms of structural
properties and phase behavior the deuterated materials are very
similar to the normal protonated materials as is shown in
Sections S1 and S3 of the ESL{ Also the P-E curves of deuterated
BTAs are very similar to those of normal BTA as is visible in
Fig. 1.
In Fig. 5 the retention behavior of all materials are compared.
Focusing on the measurements without bias support - the ones
with bias support will be discussed below - it is clear that
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deuteration has only a minor influence on the depolarization,
possibly causing a minor speed-up of depolarization. As tunnel-
ing processes depend, in lowest order, exponentially on the
mass of the tunneling particle, a much stronger and opposite
effect would be observed in case proton tunneling was responsible
for the depolarization. Hence, proton tunneling can be ruled out.

Also in case R-relaxation is responsible for the polarization
loss, an effect of exchanging H with D would be expected.
However, the effect of isotopic substitution on R-relaxation,
which is related to hydrogen bond strength, is much smaller
than the effect on a proton transfer mechanism. Due to the
lower zero point energy of the N-D bond, it is slightly shorter
than the N-H bond, but donor-H:--acceptor bond lengths of
deuterated hydrogen bonds tend to be longer and slightly weaker
than their protonated counterparts.®® Experimental evidence of
bond weakening upon deuteration will be given below.

Inspired by the strong positive effect the application of a
supportive bias was found to have on the retention of blended
ferroelectric-semiconductor resistive memory diodes,*® we
repeated the retention experiments while applying a supportive
bias of 10 V um™"' («E,) to the device during the waiting time
between poling and readout. For all materials the retention is
heavily affected by the supportive field, even though this field is
significantly lower than the coercive field, see the open symbols
in Fig. 5. Qualitatively similar effects were previously observed
for both organic®' and inorganic ferroelectrics.*' For all measured
materials the application of a supportive field stabilizes the
polarization at longer times. This behavior is in marked contrast to
that observed on the phase separated memory diodes mentioned
above where the depolarization under supportive bias continues to
occur, albeit at a lower rate than when the device is grounded.*’
We attribute this difference to the very different depolarization
mechanism in both systems: minimization of the energy
associated with the stray field in non-ferroelectric domains
versus R-relaxation.

Fig. 4 Possible polarization loss mechanisms. (a) Proton transfer mechanism, only showing the relevant part of stacked BTA molecules. Step 1 (left):
proton uptake and tautomerization; step 2 (middle): intermolecular proton transfer by tunneling along the molecular stack; step 3: rotation of amide
groups. (b) R-relaxation process in BTAs proposed in ref. 27. The BTA core is depicted as a dark gray disk and the amide groups as green arrows indicating
the orientation of the dipole moment (side chains are omitted for clarity). Hydrogen bonds between the amide groups are shown as dotted lines and the

macrodipole direction is indicated by large yellow arrows.
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Fig. 5 Normalized depolarization curves for BTA-C10 (a and c) and BTA-C18 (b and d) thin-film capacitors. Panels (a and b) and (c and d) are for normal
and deuterated materials, respectively. Symbols refer to measurements without (closed) and with (open) a supportive field of ~10 V um’l. Blue squares:
75 °C; red circles: 95 °C. The depolarization plot in panel (a) for 75 °C with a supportive field has only two data points due to breakdown of the device. To
maintain the consistency of the experiment (to measure all the characteristics on the same sample) the device has not been changed.

The applied supportive electric field in our experiment
(Fig. 5) is much larger than the depolarization field Eg*' that
would arise due to the finite screening length of the metal
electrode.**

Pl _d
E0EF 2ep | &

d A

metal __
Epeal — _

(3)

Here, &, &r, and ¢ are the vacuum permittivity and relative
dielectric constant of the ferroelectric material and electrode,
respectively, 4 is the screening length of the metal, and d is the
thickness of the ferroelectric layer. Taking as reasonable para-
meters 1=0.5A, P;=25mCm 2, ¢z =11, .= 6.9 and d = 0.7 pm
leads to EF°®' ~ 0.6 V um . However, in our previous work
using pyroelectric measurements we observed an unpolarizable
layer of BTA material near the electrodes.”® The depolarization
field due to this interfacial layer can be calculated as:!

int dianS

Elf=—— 4
d go&intd ( )

Taking, for instance, the interface layer thickness dj, = 4 nm
and the corresponding relative dielectric constant &;,¢ = 10 gives
a depolarization field Ef* ~ 16 V um ™.

3196 | Phys. Chem. Chem. Phys., 2017, 19, 3192-3200

We also evaluate the dipole moment M* = PsV* of the typical
domain, ¢f. eqn (2), for BTA-C10 from the fact that under a
supportive field of E,p, ~ 10 V pum™ " the equilibrium polarization

*

is ~70% of P, (Fig. 5a and c). Hence, i—i = % = exp (%) ,
giving M* =~ 66 D. This corresponds to roughly 7 BTA molecules,
as the dipole moment induced by three amide groups in a single
BTA molecule is around 10 D.® Moreover, using the known remnant
polarization value, the typical domain volume V* ~ 9 x 10~% m?
was estimated, which is a reasonable estimate for a stack of ~7 BTA
molecules.

To substantiate the assignment of R-relaxation as the main
culprit for polarization loss and to further rationalize the effect
of supportive bias, we have investigated the effect of deuteration
and a DC-bias field on the dielectric relaxations. The main
results are summarized in Fig. 6.

In previous work>®?*” we have discussed the o-relaxation in
general terms as orientation fluctuations of short BTA stacks
in an isotropic environment, which give rise to orientation
polarization based on the macrodipole being collinear to the
long columnar axis. In the paraelectric, i.e. isotropic phase, this
process is the dominant relaxation process, the strength of
which can reach remarkable values Ae ~ 60 for BTA-C18
indicating a dipole-dipole (Kirkwood) correlation factor far

This journal is © the Owner Societies 2017
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Fig. 6 (a) Effect of deuteration on the dielectric loss spectrum of BTA-C18 at 110 °C; (b) activation plot of the relaxation times ., (blue symbols) and tx

(red) for deuterated (open) and hydrogenated (filled) BTA-C18; (c) effect of a DC bias field on the dielectric relaxation spectra of BTA-C18d at 110 °C. The
measured loss spectra (symbols) have been fitted to three symmetric relaxation functions accounting for the R- and a.-process (dashed and dotted lines,
respectively), and the RC-time constant of the ITO-liquid crystal cell. The full line represents the sum of those three individual terms. (d) Temporal
evolution of the relaxation strength Acg (upper graph) and time 7z of the R-relaxation (middle) as response to the bias field Eias (bottom). Each symbol

corresponds to a full spectrum as shown in panel c.

above unity.*” Consequently, Ae depends on the effective
normal dipole moment of the BTA unit (x~ 10 D, see above) as
well as on the number of stacked BTA molecules. Under
equilibrium conditions, the mean stack length should repre-
sent the minimum free energy state balancing the molecular
interaction energy (maximizing H-bonds and other energetic
contributions) with the loss in entropy as the result of column
formation. Hence, by altering the strength of the H-bonds via
deuteration as discussed above, we would expect a shift of the
chemical equilibrium towards shorter stacks resulting in a speed-up
of the rotational diffusion of the BTA stacks as manifested by
the a-relaxation time.

Inspecting Fig. 6a we indeed notice a substantial shift of t,, for
deuterated BTA-C18 over its protonated counterpart. Considering a
BTA stack as a Brownian rigid rod, we can predict a relation
between the (stack) length ¢ and its rotational diffusion time t
according to T oc /*.**** Inserting 1,(C18h) ~ 4 x 1,(C18d) in this
relation we obtain a ratio between the columnar length of deuter-
ated BTA-C18 over BTA-C18h in the order of 44/, = +/1/4 = 0.63,

This journal is © the Owner Societies 2017

implying that deuterated stacks are in average 1/3rd shorter than
their hydrogenated counterparts. This general speed-up of the
a-process persists in the whole temperature range investigated as
shown in Fig. 6b.

Interestingly, Fig. 6b also reveals an isotope effect on the
Rrelaxation though this effect is restricted to the ferroelectric state.
In analogy to the o-relaxation, the deuterated BTA-C18 is charac-
terized by an R-process being up to 1 decade faster. Moreover, the
activation energy of BTA-C18d at about 100 k] mol~" is markedly
lower compared to a maximum E, ~ 140 k] mol~* for BTA-C18h.

In ref. 26 we have discussed the R-relaxation as a time-
dependent macro-dipole fluctuation that involves nucleation
and one-dimensional diffusion of inversion defects within long
columnar stacks. The elementary step for such inversion is the
rotation of three amide groups of a particular BTA molecule
involving the breakage and subsequent reformation of 3 or
(more likely) 6 H-bonds. While under high (poling) field conditions
this mechanism ultimately results in a full inversion of an entire
macrodipole and thus the build-up of a macroscopic polarization,

Phys. Chem. Chem. Phys., 2017, 19, 3192-3200 | 3197
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these fluctuations are present all the time and lead to thermally
driven spontaneous columnar inversions and thus randomization
of the initial polar order of the columnar stacks on a longer
time scale.

The observed effects on the R-relaxation in BTA-C18d seem
to support our physical picture. Deuteration obviously lowers
the activation barrier for the elementary BTA-inversions by
weakening the strength of the H-bonds. Hence both the apparent
activation energy is lowered while the characteristic time-scale for
column inversion is shortened. We would thus expect that the
deuterated versions of the BTAs would show inferior retention
properties. The results in Fig. 5 might indeed point in this direction,
at least what concerns the initial part of the polarization decay.

While, as seen from Fig. 5, deuteration might have some
small effect on the retention behavior, the application of a DC
bias field in the order of 10 V um ™' appears to be an effective
measure to stabilize the remnant polarization to about 70-90%
of its initial value. This finding is more remarkable since the
supporting field is well below the coercive field strength of
~25V um™ . Having just confirmed a link between the R-relaxation
and the microscopic switching mechanism during poling and
depolarization, we would expect a strong sensitivity of the
R-relaxation to a DC bias as well.

To contest this idea, we have performed DRS-measurements
using a low amplitude AC field (0.2 V um ") superimposed by a
variable DC bias of up to 8 V um™" (=40 V over a sample
thickness of 5 pm). The results are displayed in Fig. 6c and d
showing three selected loss spectra (panel c) at 0 V pm™",
+8 Vum ! and —8 V um™?, as well as the time dependence
bias field along with the strength A¢ and the relaxation time of
the R-process (panel d). The following observations can be
made from Fig. 6d:

(i) While a bias field as low as 4 V um ™" has no significant
effect on the relaxation spectrum of the initially “virgin”
sample, a field of 8 V um ™' causes a dramatic decrease in the
strength Aey of the R-process.

(ii) The reduction in Asg goes along with a speed-up of the
R-relaxation for both positive and negative bias fields, which
can be described by the approximate relation —log(tgr) oc log(eg).
The slow-down at both polarities is most clearly seen from the
sign of the steps in log(tg) upon returning to zero bias.

(iif) After turning off the bias, the R-relaxation recovers its
former strength and longer relaxation time, though there is a
clear underlying trend towards longer relaxation times upon
prolonged field-exposure.

It is particularly the correlation between the strength and
the relaxation time of the R-process, which supports our physical
picture about the R-process. In this view, 1D-diffusion of an
inversion defect is thought responsible for the fluctuation of the
macrodipole of an individual BTA-column. Here, the length of an
individual BTA-stack, consisting of n BTA units, determines the
maximum dipole moment that causes an approximately linear
dependence of Aeg(n) according to Aeg oc nu with u being the
dipole moment of a single BTA molecule. On the other hand, the
characteristic time for inversion of such a stack should be given
by the diffusion time ¢, over the length n x Az, where Az denotes
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the mean stacking distance. Hence we expect tg ~ tp oc (nAz)% a
relation that leads us to —log(tg) oc 2log(Aegr) confirming our
empirical expression above.

The effect of a strong DC field on the R-relaxation remains
counterintuitive on the first sight: does the speed-up and
partial suppression of the R-process mean that the average
stack length shortens? This implication is highly unlikely to
occur since strong DC fields are known to rather improve the
columnar order as e.g. witnessed by POM. An alternative inter-
pretation can be found by re-inspecting Fig. 6c. For all three
spectra, referring to different bias conditions, we notice a clear
broadening of the R-process over the “Debye” limit (=slope of
unity in log-log-presentation of the dielectric loss) indicating
that the R-relaxation comprises a distribution of relaxation
times instead of a single-relaxation time process,”> which is
consistent with the dispersive switching kinetics observed
earlier.”® We think that the application of a DC bias selectively
suppresses the slowest modes corresponding to the longest
BTA-stack fraction by virtue of defect pinning due to the DC
bias field. In other words, the defect diffusion in long BTA-stacks
is modified by a field-induced asymmetric barrier that causes
defect drift and defect trapping/annihilation. Consequently, the
apparently up-shifted R-peak is just the remainder of the former
distribution in relaxation times predominantly representing the
fastest fraction of the inversion fluctuations originating from the
shortest columnar fraction. As such, the size of roughly 7 BTA
molecules that was found in the discussion of eqn (3) and (4)
above should be regarded as a typical size of the domains that
are stabilized by the field; smaller (larger) domains are less
(more) stabilized and will therefore contribute more (less) to the
depolarization.

Having established the mechanism underlying polarization
loss and its activated nature, an evident pathway to improve
retention is to operate the devices at as low temperatures as
possible. In the case of BTA-C10 and BTA-C18 that would mean
to operate at the lower end of the switching-friendly columnar
hexagonal LC phase, i.e. around 5-15 °C and 55-75 °C, respectively,
just before the crystalline phase is formed, see ESI{ Section S3. In
this range, any limited switchability at lower T is expected to be
kinetic in nature. However, most likely due to the increasing
viscosity with decreasing temperature it is generally hard to obtain
any switching response below the temperatures shown in Fig. 2.%°
As this article puts emphasis on elucidating the depolarization
mechanism, we chose a non-extreme, but therefore still workable
measurement temperature of 40-45° to prove the retention
enhancement at lower temperatures. For BTA-C10 we obtained
the saturated P-E-curves as shown in Fig. 7a. Note that the
values for P, (37 mC m ?) and E. (32 V um ") do not deviate
significantly from those in Fig. 1 and Fig. S2 (ESIt), whereas E.
is higher at lower T as it is expected for ferroelectric materials.
Panel b shows the corresponding retention measurements.
After 4.5 x 10" seconds, i.e. ~12 hours still more than 50%
of the polarization remains. The associated time constant t
(eqn (1)) is plotted as the rightmost point of BTA-C10 data (black
circles) in Fig. 3 and fits well in the trend obtained from higher
temperatures, suggesting the dominant polarization loss mechanism
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remains unchanged. This finding is important as it shows that
the polarization retention of liquid crystalline ferroelectrics is
not fundamentally limited to minutes but likely can be extended
to time scales that are relevant to actual applications. The
number found here is in the same ballpark range as the values
for P(VDF:TrFe) and BFO and PZT thin films as discussed above.

3 Conclusions

We have investigated the physical processes responsible for the
polarization loss in the archetypical molecular ferroelectric
trialkylbenzene-1,3,5-tricarboxamide (BTA). R-relaxation, which
is a time-dependent macro-dipole fluctuation that involves
nucleation and one-dimensional diffusion of inversion defects
within long columnar stacks, was found to be the dominant
mechanism. At large electric field strengths, around and above
the coercive field, the R-process results in a full inversion of an
entire macrodipole and thus the build-up of a macroscopic
polarization; at small or zero field it leads to randomization of
the polarization direction, i.e. depolarization. We have demon-
strated that application of DC fields that are significantly below
the coercive field suppresses the R-relaxation of the slowest
modes corresponding to the longest BTA-stacks in the active
layer. Concomitantly, the polarization retention time is enhanced
by several orders of magnitude. The strongly activated nature of
the R-relaxation process makes that the retention time (in
absence of supportive bias) of the BTA-C10 compound can be
increased from minutes to ~12 hours by operating the thin-film
device slightly above the crystalline to liquid crystalline phase
transition temperature.

4 Experimental information

BTA molecules with C;oH,; and C;gH3; alkyl chains (BTA-C10
and BTA-C18, respectively) were synthesized according to the
procedure reported before.®22”

This journal is © the Owner Societies 2017

Metal/ferroelectric/metal capacitor devices were prepared by
spin-coating (500 rpm) of 40 mg ml ™" chloroform solution on a
chemically cleaned glass substrate with patterned chromium/
gold (5/70 nm) electrodes resulting in 500-700 nm thick films,
as tested by a Dektak XT profilometer, followed by the deposition
of the top (70 nm thick gold) electrode through a shadow mask
under high vacuum conditions.>

Electrical characterization was performed by direct measurement
of the switching current using a Keithley 6485 picoammeter,
visualized and saved via an Agilent DSO7104A oscilloscope.
An Agilent 33120a arbitrary waveform generator and a Falco
WMA-300 or TReK Model PZD350A high voltage amplifier was
used for input signal generation.®

Dielectric relaxation spectra were obtained using a high precision
dielectric analyzer (ALPHA analyzer, Novocontrol Technologies)
in combination with a Novocontrol Quatro temperature system
providing control of the sample temperature with high stability
of 0.05 K. BTA-filled Linkam ITO-cells with a 5 pm gap were used
as samples in a parallel plate geometry. After measurement, the
high frequency parasitic cell peak was partially corrected using a
lumped circuit approach.>®
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