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ABSTRACT

While electrical poling of organic ferroelectrics has been shown to improve device properties, there are challenges in visualizing
accompanying structural changes. We observe poling induced changes in ferroelectric domains by applying differential phase contrast (DPC)
imaging in the scanning transmission electron microscope, a method that has been used to observe spatial distributions of electromagnetic
fields at the atomic scale. In this work, we obtain DPC images from unpoled and electrically poled polyvinylidene fluoride trifluorethylene
films and compare their performance in polymer thin film transistors. The vertically poled films show uniform domains throughout the bulk
compared to the unpoled film with a significantly higher magnitude of the overall polarization. Thin film transistors comprising a donor-
acceptor copolymer as the active semiconductor layer show improved performance with the vertically poled ferroelectric dielectric film
compared with the unpoled ferroelectric dielectric film. A poling field of 80-100 MV/m for the dielectric layer yields the best performing
transistors; higher than 100 MV/m is seen to degrade the transistor performance. The results are consistent with a reduction in deleterious

charge carrier scattering from ferroelectric domain boundaries or interfacial dipoles arising from electrical poling.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0200724

High dielectric constant (k) dielectrics, on the one hand, are
favored for lowering the operating voltage of organic thin film transis-
tors since these devices mainly work in the accumulation region; on
the other hand, such dielectrics are known to reduce the carrier mobil-
ity in field-effect transistors (FETs)." * The reduction in carrier mobil-
ity stems from the formation of surface Frohlich polarons due to the
polar nature of the ferroelectric dielectric, resulting in a dynamic cou-
pling of the charge carriers. This reduction in carrier mobility is not
just limited to organic FETs but has also been observed in metal oxide
semiconductor FETs (MOSFETs) when high x dielectrics such as
HfO,, ZrO,, and Al,O5 are used.” Polymer ferroelectrics based on pol-
yvinylidene fluoride (PVDF) are known to show polarization fluctua-
tion dominant transport in organic FETs, where the carrier mobilities
of small molecule and polymer-based FET remain unchanged with
temperature as long as the dielectric is in the ferroelectric phase.””

The f phase with its all-trans-configuration of the carbon atoms
in PVDF is ferroelectric,” but since normal casting of the films results
mainly in the non-ferroelectric  phase, a copolymer of PVDF with tri-
fluorethylene (PVDF-TTFE) is usually used in ferroelectric memory
and other devices.'” "> PVDE-TrFE films upon direct casting are

already in the f§ phase."’ The semicrystallinity in PVDF and its copoly-
mers is key to its ferroelectric properties; the crystalline dipolar
domains are bounded by amorphous regions. Poling, which is the
application of an external electric field at the Curie temperature (ferro-
electric—paraelectric transition), orients the dipoles and has been favor-
ably exploited for enhancing transistor properties. Taking a cue from
ferroelectric oxide MOSFETSs, where polarization modulation in the
oxide layer is seen to yield fast switching and low-power operation,
polarization rotation in PVDF-TrFE based organic FETs has been
explored in prior investigations.'* What is particularly advantageous is
that since organic FETs require charge accumulation at the
semiconductor-dielectric interface, the dipole moment can be oriented
in the vertical direction to benefit p- or n-type transport. It has been
further shown that a combination of vertical and lateral poling of the
PVDE-TrFE layer in organic FETs benefits from a reduction in the
leakage current along with an improvement in the subthreshold swing
and carrier mobility."

Although poling the polymer ferroelectric layer for improving the
performance of organic FETs has been demonstrated earlier, imaging
the overall polarization in such bulk films has not been accomplished
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before. Differential phase contrast (DPC) imaging in the Scanning
Transmission Electron Microscope (STEM) has served as an impor-
tant tool for observing spatial variations in specimen electromagnetic
fields by measuring changes in the deflection of the electron beam.
The method is well established with atomic resolution mapping of
polarization domains having been demonstrated'®'® and has been
applied to a wide variety of ferroelectric materials.'”*' While for poly-
crystalline ferroelectric materials, crystallographic orientation can
influence beam deflection, this effect is not expected to be strong from
a polymer that exhibits weak crystallinity. Particularly for thin films
that are (vertically) poled in the film thickness direction, STEM DPC
enables mapping ferroelectric domains in cross section view, which is
the relevant specimen geometry for visualizing poling induced struc-
tural changes.”” While DPC imaging on polymers has been shown to
enhance contrast,”””* application to characterize ferroelectric domains
in polymers (vide infra) remains untapped. This characterization pro-
vides an opportunity for systematic study of the structure—property
relationship in ferroelectric polymers.

Here, we use a donor-acceptor copolymer based on the acceptor
unit diketopyrrolopyrrole (DPP) and the donor moiety of dithienylth-
ieno[3,2-b]thiophene (DTT) (DPP-DTT) as the active semiconducting
layer and a 75:25 ratio PVDF-TrFE as the dielectric film in a bottom-
gate, top-contact FET architecture. Prior to spincoating the DPP-DTT
film, the spincoated PVDF-TTFE layer was externally poled in the ver-
tical direction at fields varying from 60 to 300 MV/m, as schematically
shown in Fig. 1(a). Details are provided in the supplementary material.
The poling was carried out in such a way that the dipole moment
points vertically downward [Fig. 1(b)], which ensures that the majority
charge carriers, holes in this case, accumulate more easily at the
semiconductor-dielectric interface. Our earlier work has shown that
small molecule based FETs, where the semiconducting layer is more
crystalline, benefit from such vertical poling in the PVDF-TrFE layer;"*
however, what is not known is how the polarization domains are ori-
ented and the extent of the polarization when the dielectric layer is
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poled. We note that the unpoled PVDE-TTFE layer is already in the
ferroelectric phase but since some of the domains are randomly ori-
ented, the extent of the polarization in the bulk of the film is expected
to be less compared with a poled film.

Figures 1(c) and 1(d) show the top view and cross-sectional scan-
ning electron microscope (SEM) images of the DPP-DTT/PVDF-TrFE
FET, respectively. The channel length for this device is 100 um. The
cross-sectional image clearly shows that the PVDE-TrFE layer, as
marked by the red lines, is approximately 125 nm thick. These images
are from an unpoled device; however, the poled device shows a similar
contrast. Cross-sectional SEM imaging is unable to differentiate
between poled and unpoled polymer ferroelectric films. The contrast
mechanism arising from the electric polarization in DPC/STEM
images provides an ideal tool for comparing the two films.

STEM imaging was used to characterize PVDF-TrFE thin films.
We note that the STEM data were taken at a high acceleration voltage
of 300 kV, which results in a significantly lower scattering cross section
and has been reported to reduce electron interactions with beam-
sensitive materials such as zeolites.””® The fields of view used for
imaging were larger than 200 nm, and dwell times of up to 32 us were
used with beam currents of up to ~200 pA. A schematic showing the
contrast mechanism for DPC imaging of ferroelectric domains is
shown in Fig. 2(a). While the DPC in the PVDE-TrFE [region between
two red marked lines in Figs. 2(c) and 2(e)] is related to electrical
polarization induced deflections of the electron beam, the DPC in the
top and bottom electrodes, which are polycrystalline, arises mainly due
to crystallographic orientation differences'””” and is not indicative of
an electric polarization as metals cannot support an electric potential
difference (above the top red line and below the bottom red line). In
DPC images, polarization orientation and magnitude are indicated by
color and intensity, respectively, with yellow-green corresponding to
up and blue-magenta corresponding to down. The poling field for the
vertically poled PVDF-TrFE film was 100 MV/m. Figures 2(d) and
2(e) show a high-angle annular dark-field (HAADF) STEM image and

FIG. 1. (a) Schematic of the electrical pol-
ing process in a film of PVDF-TrFE depos-
ited on top of Al-coated glass. (b)
Schematic of the thin film transistor using
vertically poled PVDF-TrFE, where the net
dipole moment points downward. (c) SEM
image of the top view of the transistor with
Au source/drain contacts. The channel
length was 100 um. (d) Cross-sectional
SEM image of the FET where the PVDF-
TrFE layer (of thickness 125nm) is

K\llDF-TrFE
marked by the red horizontal lines.
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a DPC STEM image of unpoled PVDE-TTFE, respectively. Darker con-
trast (low intensity) in large areas of the DPC image of unpoled
PVDE-TrFE is consistent with either low polarization magnitude or
polarization orientation in the in-plane direction parallel to the elec-
tron beam. On the other hand, the polarization is higher at the
unpoled PVDF-TrFE/electrode interfaces [Fig. 2(e), circled regions].
Polarization domains in unpoled PVDEF-TrFE are approximately
columnar but are not vertical throughout. Figures 2(b) and 2(c) show a
HAADF STEM image and a DPC STEM image of vertically poled
PVDE-TTFE, respectively. In contrast, the DPC image of the vertically
poled sample shows significantly more uniform contrast with larger
areas where the polarization is in the up direction. This is consistent
with expectations that polarization domains align with the poling elec-
tric field."”” Also, the PVDF-TrFE/electrode interfaces do not show
higher polarization as observed in the unpoled sample.

We compare unpoled and vertically poled PVDEF-TrFE with
DPP-DTT as the active layer in FET architectures. The vertical poling
was carried out at four different fields between 60 and 300 MV/m.
Figure 3 shows the transfer and output characteristics from unpoled
and poled devices (60 and 100 MV/m). The saturation carrier mobility

2
Uy = V%’_lé (g@) is determined from the transfer characteristics by

measuring the drain current (Ip) as the gate source voltage (Vis) is
swept by keeping the drain-source voltage (Vps) constant in the satu-
ration region. The channel length (L) and width (W) were identical for
the three devices, and the capacitance of the dielectric (C;) was mea-
sured from metal-PVDF-TrFE-metal structures. Upon vertically pol-
ing the ferroelectric film at 100 MV/m, u,,, increases by more than
twice compared with the unpoled film. In each of these cases, we find
the threshold voltage (Vy,) to be negative, which is often seen in
organic FETs and is a sign of gate bias dependent mobility.”* The mod-
ulation in the output characteristics significantly improves upon verti-
cal poling.

Our prior work with small molecules (DNTT, pentacene, and
TIPS-pentacene) showed a dramatic improvement in the subthreshold

ARTICLE pubs.aip.org/aip/apl

Top electrode

PVDF-TrFE
(Vertically Poled)

FIG. 2. (a) Schematic of contrast mecha-
nism in DPC STEM image. (b) HAADF
STEM and (c) DPC STEM image of verti-
cally poled PVDF-TrFE. (d) HAADF STEM
and (¢) DPC STEM image of unpoled
PVDF-TrFE with high polarization regions
at the bottom electrode/PVDF-TrFE inter-
face circled in red.

PVDF-TrFE
(Unpoled)

Bottom electrode

swing (SS = [dloglp/dVes| ") upon vertically poling the PVDE-TrFE
film,"* which is not the case here with DPP-DTT. The semiconductor-
dielectric interface plays a large role in reducing SS; small molecules
being more crystalline seem to benefit from the polarized domains of
the ferroelectric layer at the interface compared with polymers such as
DPP-DTT.

Figure 4(a) shows the transfer characteristics from three different
FETs (same W/L ratio), where the PVDF-TrFE layer was poled at dif-
ferent voltages. In addition to an improvement in the carrier mobility
with increasing the poling voltage, Vy, decreases from —7.5V for the
60MV/m device to —2.3V when the poling voltage is increased to
80 MV/m. As pointed out earlier, a negative Vy, in p-type organic
FETs is a signature of gate bias dependent mobility, which is an indica-
tion of polaronic transport. Poling, which increases the overall polari-
zation magnitude and the size of domains in the ferroelectric, thus,
reduces the polarization fluctuation dominant transport, as evident
from a lower threshold voltage and enhanced carrier mobility. This is
also consistent with our observation that polarization domains in
PVDE-TrFE are both larger and more uniform after vertical poling
than in as-deposited thin films. Evidence of polarization fluctuation
dominant transport in unpoled PVDF-TrFE/DPP-DTT FET is shown
in the supplementary material.

Furthermore, we have investigated the impact of increasing the
poling voltage on the FET properties. Figure 4(b) displays the transfer
and the output characteristics from a device where the PVDF-TrFE
layer was poled to a voltage of 300 MV/m. A degradation of the on/off
ratio and the output characteristics are evident. A higher off current
suggests a spontaneous polarization field in the lateral direction, which
may arise from some polarization domains being oriented in the direc-
tion of the source/drain contacts. These results suggest that there is an
optimal vertical poling voltage (~100 MV/m) of the PVDE-TrFE layer
that enhances the FET properties.

Unlike thin PVDF-TTFE films, which show needlelike grain mor-
phology upon annealing,””" the thicker PVDF-TrFE films used in this
study do not show any grain-like morphology as reported in Ref. 14.
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FIG. 3. FET characteristics from unpoled and poled DPP-DTT/PVDF-TrFE FETs. (a)—(c) Transfer and (d)—(f) output characteristics of unpoled and poled PVDF-TrFE (60 and

100 MV/m) FETSs, respectively. The WL ratios for all devices are 8.

Comparing STEM DPC data from unpoled and vertically poled
PVDE-TrFE, vertical poling appears to increase not only the magni-
tude of the polarization but also the ferroelectric domain size. Prior
SEM and x-ray diffraction results revealed that vertical poling is associ-
ated with domains > 1pum along with higher crystallinity of the
PVDEF-TrEE film."* Combined with the observed increase in mobility
of vertically poled devices, this could be consistent with a decrease in
deleterious charge carrier scattering at ferroelectric domain bound-
aries.”" For example, domain wall and polarization mediated transport
may be convoluted with free charge carrier motion. Another possibility
is that the observation is related to poling induced differences in polari-
zation at the PVDF-TrFE/electrode interface. As the observed DPC at
the interface could arise from an interfacial dipole, the increase in
mobility due to poling is consistent with reduced dipole scattering of
charge carriers.”” ** Either of these effects can increase the charge car-
rier lifetime, leading to the observed increase in mobility. Visualization

of ferroelectric domains in unpoled and poled PVDF-TrFE, therefore,
provides a unique opportunity to investigate the structural origins of
ferroelectric polymer device behavior.

As a further check for understanding enhanced carrier mobilities
in the poled PVDF-TrFE compared with the unpoled ferroelectric, we
have carried out detailed analysis of the trap density of states (DOS)
using the Griinewald’s method.”* Since this method requires the
transfer characteristics from a single linear region at room tempera-
ture, it has been extensively used for determining the trap DOS in
organic FETs.””® Briefly, the dielectric-semiconductor interface
potential, Vy(Ugs), is first determined from the dependence of Ips on
the electric field due to Vg, where Ugs =|Vgs-Vip| with Vip being the
flatband voltage. From V as a function of Ugg, one can then determine

-1
the carrier (hole) density as p(Vy) = LA Uss (fTVF"’S) , where ¢ and ¢;

&l2e

are the dielectric constants of the semiconductor and the insulator,
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FIG. 4. (a) Transfer characteristics of
three  different  DPP-DTT/PVDF-TrFE
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respectively, & is the permittivity of free space, and [/ is the thickness of
the dielectric layer. The trap DOS (N(E)) is then obtained from
N(E) ~ %%. Details of this method are provided in the supplemen-
tary material.

Figures 5(a) and 5(b) show the interface potential and the calcu-
lated trap DOS for DPP-DTT FETs with poled (100 MV/m) and
unpoled PVDF-TTFE, respectively. As outlined in the supplementary
material, the interface potential was obtained using numerical meth-
ods using an open-source Python library from the FET transfer char-
acteristics (in the linear region). Vs was assumed to be the turn-on
voltage of the transistor. The valence band energy (E,) is estimated
from the effective mobility vs Vg and is taken at the voltage where
the mobility saturates.”” The trap DOS is seen to be almost an order
of magnitude lower for the poled PVDF-TrFE FET, which corrobo-
rates the higher performance of the transistor compared with the
unpoled device.

In summary, we used STEM DPC to characterize ferroelectric
domains in unpoled and vertically poled PVDF-TrFE thin films that
were used to fabricate transistor devices. We observed increased polari-
zation magnitude and uniformity in poled samples. While some
polarization domains in the unpoled film are localized near the PVDF-
TrFE/bottom electrode interface, poling homogenizes the distribution
of the domains. Concurrent with increased mobility in the poled sam-
ples, the results seem to be consistent with decreased charge carrier
scattering at ferroelectric domains or from interfacial dipoles or a com-
bination of both, which further correlates with lower trap DOS. The
lower trap DOS is most likely a manifestation of higher crystallinity in
the vertically poled device. STEM DPC is promising for characterizing
the structure—property relationship of ferroelectric polymers. DPC
imaging of polymer ferroelectrics, in the future, may be promising for
in situ electrical poling experiments to study domain dynamics in real
time.

See the supplementary material for details on device fabrication,
characterization techniques including electrical measurements and
electron microscopy, temperature-dependent carrier mobility, and
Griinewald’s method.
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