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ABSTRACT: We present a robust route for fabricating a thin ferroelectric poly(vinylidene fluoride-co-
triﬂuoroethglene) (PVDF-TrFE) film with both molecular and microstructural crystal ordering over the area
of 1 x 1 cm”. The method is based on the static mechanical shearing of the film under appropriate thermal
conditions. The apparatus designed particularly for ultrathin PVDF-TrFE films with thickness of 200 nm or
less allowed us to fabricate a thin film with ca. 25 nm thick crystalline lamellae globally ordered perpendicular
to the shear direction. Grazing incident X-ray diffraction and polarized near edge X-ray absorption fine
structure further revealed the molecular orientation of the crystals with ¢ and a axes of the PVDF-TrFE
crystals preferentially oriented parallel to shear direction and film surface normal, respectively. The shearing
of a thin film at 135 °C gave rise to the best crystal orientation directly correlated with approximately 50%

enhanced ferroelectric polarization observed in a metal/sheared PVDF-TrFE/metal capacitor.

Introduction

Information storage devices fabricated from ferroelectric poly-
mers such as poly(vinylidene fluoride) (PVDF) and its copoly-
mers with trifluoroethylene (TrFE) have drawn great attention
with their potential use for nonvolatile memory technology, one
of the most essential technologies for realization of full organic
electronic devices.' > Solution-processed thin polymer films
are easily sandwiched between two electrodes, leading to a
metal/ferroelectric/metal (MFM) capacitor.’> Permanent dipole
moments pointing from fluorine to hydrogen in the ferroelectric
state result in a macroscopic polarization with their switching
accomplished by rotating the polymer backbone around
the chain axis upon a large electric field opposing the polariza-
tion.*> Furthermore, for nonvolatile memory with a nondestruc-
tive readout capability and a smaller cell size, a memory structure
based on the ferroelectric field-effect transistor (FeFET) has
been extensively investigated with ferroelectric thin films as gate
dielectric. >’

Because of the high coercive field of approximately 50 MV/m
for PVDF-TrFE, the low operating voltage of less than 10 V
simply put a limit to the film thickness, particularly with capacitor
architecture. There are two main issues in thin PVDF-TrFE films
applicable to memory devices: crystallinity as a function of film
thickness and crystal orientation with respect to electric field.
Despite the recent promising reports by Naber et al.® and
Xu et al.” with a conducting polymer interlayer inserted between
PVDF-TrFE and electrode, the general relationship between
layer thickness and remanent polarization (P,) in spin-coated
PVDF-TrFE capacitors shows the abrupt decline of P, in sub-100
nm PVDF-TrFE films attributed to the decrease in crystallinity in
PVDF-TrFE thin films.'®!" The optimum crystal orientation of
the b axis parallel to the electric field was abruptly changed to one
perpendicular to the electric field either with the decrease in film
thickness or upon melting and recrystallization, giving rise to
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significant reduction of polarization.'> The ferroelectric polar-
ization also depended on the chemical nature of the electrode
controlled by self-assembled monolayers (SAMs) that leads to
different orientation of the PVDF-TrFE crystals.'

A single crystal-like PVDF-TrFE thin film with the crystal
orientation optimized for the electric field would therefore be the
most suitable for realization of high-performance ferroelectric
polymer memory. The microstructure composed of the charac-
teristic 200 nm long and 40 nm wide crystalline lamellae typically
nucleates randomly and grows as a polygranular texture. Several
techniques are currently used for inducing long-range order of the
microstructure in PVDF-TrFE. They rely on the ability to couple
an externally applied field to some molecular or supermolecular
feature in the polymer and include crystallographic matching on a
surface known as epitaxy,'*!® localized thermal gradient,'®
directional solvent evaporation,!” and mechanical fields.'s™°
We have also demonstrated that a thin PVDF-TrFE film is
epitaxially oriented in both molecular and microstructure on the
friction-transferred highly ordered poly(tetrafluoroethylene)
(PTFE) surface.”’ Our method is still limited because it needs
an additional interlayer, PTFE, formed on a substrate for
epitaxy. It would be optimal if one could find a way in which
the global orientation could be achieved on any substrate without
an additional layer.

In particular, the mechanically driven forces such as extension
and compression have been very effective not only for inducing
polymorphic transition to ferroelectric y or f crystals in PVDF
but also for fabricating a single crystal of PVDF-TrFE.** The
mechanical drawing is a traditional technique to produce S-type
ferroelectric crystals by forming the extended all-trans conforma-
tion of polymer chains in several micrometers thick PVDF films
rarely applicable for the low operating memory.'”'® Although a
recent work by Wang et al.>* has proposed a method based on the
previous pioneering works by Petermann et al.>* for fabricating
ultrathin melt-drawn film with ordered f3 crystals by melting and
recrystallization on the evaporated carbon surface, the film has
yet to be employed in device architecture. From the industrial
point of view, spin coating is one of the most desirable methods
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for uniform film formation and thus provides a great benefit
when itisincorporated in fabricating PVDF-TrFE-based devices.
To fabricate single crystal-like PVDF-TrFE films spin coated
with a thickness of less than 200 nm, we utilized static shearing
greatly motivated by the recent work by Register et al.,”>2® where
global microdomain orientation was achieved of thin poly(styr-
ene-block-ethylenepropylene) copolymer films by static shearing
in on a Si substrate.

In this article, we describe a new way to control both molecular
and microstructural orientation in a thin spin-coated PVDF-
TrFE film by static shear. A sheared film exhibits mono-
lithic single-crystal-like texture in which approximately 25 nm
thick crystalline lamellae are globally oriented perpendicular
to the shear direction with ¢ and « axes of crystals parallel
to the shear direction and the film surface normal, respectively.
Facile formation of an ordered thin film on a variety of substrates
allowed us to fabricate MFM capacitors with the sheared
PVDF-TrFE ferroelectric film, which displayed ca. 50%
enhanced ferroelectric polarization at the operating voltage
of £20 V arising from the globally ordered molecular and
microstructure.

Experimental Section

Thin Film Preparation. A PVDF-TrFE with 27.5 wt % TrFE
employed in our study was kindly supplied by MSI Sensor, PA.
The melting (7,) and Curie (7,) temperatures of the polymer are
150 and 80 °C, respectively. PVDF-TrFE solutions in dimethyl-
formamide (DMF) with the concentration ranging from 1 to
5 wt % were spin coated to form thin polymer films on
Aluminum substrates with the spin rate of 3000 rpm for
1 min. Film thickness varied from 50 to 300 nm measured by
ellipsometry (Spectroscopic ellipsometer SE MG 1000) and
cross-section image with a scanning electron microscope.

Shearing Process. A poly(methylsiloxane) (PDMS) pad witha
thickness of approximately 100 xm was placed on the PVDF-
TrFE film not only to have uniform mechanical field but also to
avoid possible frictional damage of the film during shear. The
PDMS/PVDF-TrFE bilayered sample on Al substrate was
pressurized with approximately 10° Pa by pressure controller
and was firmly fixed on the bottom heating plate capable of
controlling the temperature up to 250 °C. The heating plate with
the sample was moved with the moving velocity controlled by
the voltage applied to the DC motor, as shown in both schematic
and photograph in Figure la. The lateral force was set up to
approximately 1 N in our apparatus. The resulting shear stress
(~10* Pa) caused the immediate elastic distortion of the PDMS
pad and subsequently gave rise to slow linear displacement
arising from viscous shear flow of the PVDF-TrFE film, as
illustrated in Figure 1b,c.

The displacement monitored using a micrometer connected to
the DC motor is linearly varied with the constant velocity tuned
between 0.3 and 1.0 mm/h, depending on the voltage applied. A
particular example of the linear displacement of the PDMS pad
in our apparatus is shown with the velocity of 1.0 mm/h in
Figure 1b. The static shear field was also combined with various
thermal treatments of PVDF-TrFE thin films spin coated and
covered with a PDMS pad on Al substrate, as depicted in
Figure 1d. A PVDF-TrFE film was heated over its melting
temperature during 30 min and was subsequently cooled to three
different temperatures of 145, 135, and 125 °C at which shear
force began to be exerted on the sample with the pressure
applied. The PDMS pad we used is 1.0 x 1.0 cm? in size in most
of cases. All shearing experiments were done within 2 h, and the
maximum displacement in our experiment setup is approxi-
mately 2 mm in total with the velocity of 1.0 mm/h. Translation
velocity after shear stress was measured to be approximately
300nms~ ', and shear rate became 2 s~ ' with a 150 nm thick film.
The apparent thin-film viscosity calculated in turn was on the
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Figure 1. (a) Schematic diagram of the static shear apparatus in which a
100 nm thick PVDF-TrFE thin film fixed and located on a heating stage
laterally moves by an electric motor under pressure applied to the
sample. An elastomeric PDMS pad in conformal contact on the PVDF-
TrFE film is used for uniform shear field on the sample. The inset shows
a photograph of the shearing equipment designed in the laboratory.
(b) Plot of displacement of a PVDF-TrFE sample as a function of the
moving time of motor controller. The sample displacement defined by
the distance of a sample during static shear, as illustrated in the
schematics of c, is linearly controlled by the motor, giving rise to a
static shear field with the constant velocity ranging from 0.1 to
1.0 mm/h. (c) Schematics of PVDF-TrFE/PDMS bilayered sample
prior to and under static shear field. (d) Heating profiles of PVDF-TrFE
thin films combined with the shearing process. The films are premelted
at 180 °C for 30 min and slowly cooled to a temperature below Ty, at
which the shear field is applied for 2 h.
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order of 10* Pa s when possible slip was completely ignored at
the interfaces of the polymer layer.

Ferroelectric Polarization Measurement. We prepared metal/
ferroelectric/metal capacitors by depositing aluminum top elec-
trodes of 200 um in diameter on the sheared PVDF-TrFE thin
films by thermal evaporation under 10~® mB pressure with a
deposition rate of ~0.1 nm/s. Ferroelectric properties were
obtained using a virtual ground circuit (Radiant Technologies
Precision LC units).

Structure Characterization. The microstructural orientation
of sheared PVDF-TrFE thin films was characterized by field
emission scanning electron microscope (FESEM) (Jeol 2000)
and tapping mode atomic force microscope (AFM) (Nanoscope
IV, Digital Instrument). The molecular ordering of the PVDF-
TrFE crystals was investigated by 2D grazing-incidence X-ray
diffraction (GIXD). The GIXD was performed on the 4C2
beamline at the Pohang Accelerator Laboratory in Korea
(incidence angle: ~0.09— 0.15°). The samples were mounted
on an X and Y axes goniometer. Monochromatized X-rays
(A = 0.1608 nm) under vacuum and the full range of available
incidence angles were used. The scattered beam intensity was
recorded with an SCX 4300-165/2 CCD detector (Princeton
Instruments). We obtained 2D GIXD patterns in the range
0<gq.<233A7"and0 < ¢, < 2.33A7 (¢ = 47sin 01, with
Z perpendicular and XY parallel to the substrate). We obtained
Azimuthal intensity plots of 2D GIXD patterns using FIT 2D
software provided by European Synchrotron Radiation Facil-
ity. Near edge X-ray absorption fine structure (NEXAFS)
experiments were performed on the 4b1 beamline at the Pohang
Accelerator Laboratory in Korea. NEXAFS scans were re-
quired at the C—K absorption edge. We used p-polarized light
to investigate the directional orientation of the crystalline
PVDF-TrFE structure by static shear. The sheared samples
were mounted with the shear direction aligned either perpendi-
cular or parallel to polarization of the incident light (photon
energy, ~270—320 eV) in a vacuum jar (8 x 10~ torr) and
transferred to the analysis chamber where NEXAFS spectra
were collected with varying angle of incident light.

Results and Discussion

Static shear field on a few hundred nanometer thick PVDF-
TrFE film was applied by the lab-made apparatus shown in
Figure 1a. In addition, the displacement of a PDMS pad placed
on the PVDF-TrFE film arose from viscous flow of the film
during shear, as illustrated in Figure 1c, and varied linearly with
time, for example, at the velocity of 1.0 mm/h in Figure 1b.
A PVDF-TrFE film was heated over its melting temperature at
180 °C during 30 min and subsequently cooled to three different
temperatures of 145, 135, and 125 °C at which shear force began
to be exerted on the sample with the pressure applied, as depicted
in Figure 1d.

The microstructure of a 150 nm thick PVDF-TrFE film
sheared at 135 °C is revealed by both FESEM and AFM, as
shown in Figure 2a,b, respectively. The edge-on crystalline
lamellae of approximately 25 nm in width are well aligned
perpendicular to the shear direction, as indicated by the arrow
in Figure 2a. The ordering occurs within 2 h over an area larger
than 1 cm”. Except for some localized mechanical tearing of the
film due to nonuniform contact with a PDMS pad, the film
indeed shows a global orientation. The sheared regions are almost
same in thickness as the nonsheared ones, which implies that the
pressure applied during shearing did not play a role in ordering
the crystalline domains. In fact, no orientation of PVDF-TrFE
lamellae was obtained in a sample that was simply pressed by
PDMS without shear. It should also be noted that the pressure we
applied was too low to affect the melting and Curie temperature
of PVDF-TrFE.>” The premelting step applied at 180 °C for
30 min turned out to be especially effective for the global
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Figure 2. (a) FESEM image of a 150 nm thick PVDF-TrFE film
sheared at 135 °C on Al substrate. The semicrystalline lamellae are
globally ordered perpendicular to the shear direction, indicated by an
arrow over a very large area. The magnified image shown in the inset of
a clearly exhibits the ordered edge-on lamellae of approximately 25 nm
in width. TM-AFM images in height contrast of (b) a PVDF-TrFE film
sheared at 135 °C and (c) a film spin coated and subsequently annealed
at 135 °C. The surface topology of the highly ordered crystalline edge-
on lamellae is well developed in the sheared sample, whereas the
characteristic needlelike crystalline domains are randomly grown in
the nonsheared one.

orientation of the crystalline lamellae. A sample spin coated
and subsequently sheared at 135 °C without the premelting step
still exhibits some ordering of the crystals but much worse than
that shown in Figure 2a.

The directional orientation of the crystalline lamellae requires
an external field coupled to the polymer crystallization. Two
important conditions should be met for the successful ordering.
First of all, the external field itself needs to be strong enough to
reorient or reorganize the polymer crystals. More importantly,
the field should be correlated with the dynamic behavior of the
crystalline domains, which is mostly related to both the relaxation
time (7) of polymer chains composing the crystalline domains and
the shear rate () applied. The Weissenberg number (W), the
dimensionless product of a characteristic relaxation time and the
shear rate, W, = y1, and preshear imposed on a sample were both
proposed as important factors of flow effects on crystallization.*®
In general, shearing above W, = 1 reduces the density of
molecular entanglements, leading to the preferentially ordered
crystalline domains. In addition, the larger preshear is imposed,
the better alignment of the polymer crystals is obtained within the
short period of time. The relaxation time can be estimated to be
the time it takes for a molecule to diffuse a distance equal to a
crystalline lamellae spacing A = 40 nm in our case. The relaxation
time has 7 = A%/Dy, where D, is the polymer diffusion coefficient.
The values of D, of most of the semicrystalline polymers in melt
state lie in the 1077 to 107" m? s~ ! range,” resulting in a W,
value of 3.2 to 320. Although there are some arguments of PVDF-
TrFE chain dynamics in the paraelectric phase of whether they
behave like disordered-structure fluid or homogeneous fluid,*®
we assumed that the dynamics behaviors of PVDF-TrFE are
similar to those of most semicrystalline polymers. On the basis of
the calculation, we have found the shear rate from 0.4 to 2s™ ! to
be appropriate for the orientation. Our results show that the
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Figure 3. 2D GIDX patterns for a PVDF-TrFE thin film sheared at
135 °C with the incident X-ray beam parallel to the surface normal of
the (a) YZ and (b) XZ planes. When the X-ray beam is parallel to the
shear direction, two strong reflections are observed near 13.5 nm™! on
both the meridian and 60° away from the meridian in a. However, much
stronger meridian reflection is detected with a minor reflection 60° away
from the meridian when the incident beam is perpendicular to XZ plane
in b. The schematics below a and b depict the sample geometry with
respect to the grazing incident X-ray beam. Equatorial azimuthal
intensity profiles of a and b are shown in (c) and (d), respectively.

orientation of PVDF-TrFE crystals was not significantly affected
by the range of the shear rate we employed. It should be also
noted that the preshear of our PVDF-TrFE films larger
than approximately 1000 seems to be especially helpful for
inducing the orientation of the crystals, even with the relatively
low W, values.

The surface morphology of the sheared PVDF-TrFE thin film
was compared with that of nonsheared film, as shown in
Figure 2b,c, respectively. Again, the well-ordered crystalline
lamellae are apparent, aligned perpendicular to the shear direc-
tion, whereas the characteristic needlelike lamellae appear to be
randomly oriented after spin coating, followed by heat treatment
at 135 °C. The coating of thin layer of Pt in SEM for electron
beam contrast in the inset of Figure 2a makes the morphology of
the ordered sample slightly different from that by AFM.

Molecular orientation of the globally ordered PVDF-TrFE
crystalline lamellae was investigated in the 150 nm thick films
with GIXD. We defined the flow direction to correspond to X,
the neutral direction to Y, and the through thickness direction to
Z, as schematically depicted in Figure 3a. The 2D GIXD pattern
with the incident X-ray directed along the normal to the YZ plane
and along the shear direction (X axis) clearly exhibits two strong
reflections at 13.5 nm™" (i.e., ~4.6 A) on the “meridian” of the
diffraction pattern and some 60° away from the meridian, as
shown in Figure 3a. The PVDF-TrFE crystal phase has an
orthorhombic lattice that is characterized by a /32 ratio of its
a and b axes and in turn results in nearly equal (200) and (110)
spacings; moreover, these reflections are 60° from one another in
an hk0 diffraction pattern. As a consequence, it is difficult to
index the meridional and off-meridional reflections unambigu-
ously. The diffraction, however, clearly implies that the ab plane
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of the PVDF-TrFE crystals is perpendicular to the X-ray direc-
tion; in other words, the ¢ axis of the crystals is dominantly
parallel to the shear direction. The equatorial azimuthal intensity
distribution profile in Figure 3c shows the two reflections
separated by 60°, which is indicative of a sixfold hexagonal
structure.

A 2D GIXD pattern with the incident beam perpendicular to
XZ plane supports our argument, as shown in Figure 3b. In this
case, the X-ray beam is perpendicular to the shear direction. We
observed a strong reflection at the meridian with a much weaker
reflection 60° from the meridian. There are two possible scenarios
on the basis of Figure 3a,b. When we assume that the meridian
reflection in Figure 3a is from (200) of /1k0 reflections correspond-
ing to the a*b* section of the reciprocal lattice of PVDF-TrFE,
the meridian reflection in Figure 3b also corresponds to (200),
which is one of the /0! reflections arising from the a*c¢* section of
the reciprocal lattice. The off-meridian (110) reflection appearing
in Figure 3a is therefore supposed to be completely suppressed in
the case of single-crystal-like texture in which the bc plane of the
crystals is on contact with the substrate with the « axis parallel to
the surface normal. In our sheared sample, it should be noted that
very weak off-meridian reflection still exists 60° from the mer-
idian because of some misorientation of the crystals, although its
intensity is much weaker than that of the (200) reflection, as
shown in azimuthal intensity profile of Figure 3d.

In the other case, the (110) reflection is assumed to be located
on the meridian in Figure 3a. The meridian reflection in Figure 3b
thus corresponds to the (110) reflection with very weak (200) off-
meridian reflection. In either case, the shearing applied indeed
allows us to produce a PVDF-TrFE thin film with nearly single-
crystal-like texture over a large area. It is important to note that
the fwhm of the meridian reflection (~11°) in Figure 3c is smaller
than that (~30.5°) in Figure 3d, implying the better orientation
along the shear direction mainly due to the weaker structural
correlation along the neutral direction (Y axis) than the shear
direction (X axis). In fact, the crystalline PVDF-TrFE lamellae
aligned perpendicular to the shear direction (Y axis) tend to orient
with the slight fluctuation, as shown in Figure 2a,c.

To resolve the crystal orientation further, in particular, the
orientation of the @ and b axes in a sheared film, we performed a
polarized NEXAFS, which provided us the incident-beam-de-
pendent photoemission of the characteristic bonds in PVDF-
TrFE chains. As shown in Figure 4e, the polar angle, 6, is defined
as the angle between the electric field vector of the light and the
sample normal. The azimuthal angle, ¢, is defined as the angle
between the plane of incidence and the shearing direction. First of
all, at 6 = 90°, the NEXFAS spectra were obtained at the
azimuthal angles of 90 and 0°, as shown in Figure 4a,b, respec-
tively. On the basis of the fact that excitation peaks of 6*(C—F)
and 0*(C—C) correspond to 292 and 294 eV, respectively,’ one
can easily notice that the baseline-normalized relative intensity of
0*(C—F) excitation was significantly reduced, even lower than
that of 0*(C—C) excitation when ¢ was changed from 90 to 0°.
These results clearly indicate that C—C bonds, that is, the back-
bone of PVDF-TrFE (the direction of ¢ axis), were aligned
parallel to the shearing direction, which is consistent with the
GIXD results.

The orientation of the b and « axes of sheared PVDF-TrFE
with ¢ axis parallel to the shear direction was further revealed by
NEXAFS spectra obtained with different 6 angles at each ¢, as
shown Figure 4c,d. For a PVDF-TrFE crystal with its ¢ axis
parallel to the substrate, C—C bonds are supposed to lie on the
substrate when the « axis is parallel to the surface normal, as
illustrated in the molecular schematic of Figure 6a. In the case of
the b axis parallel to the surface normal, the chains are rotated to
90° along the chain axis from the previous orientation, resulting
in C—C bonds with some angle to the surface. When the polar
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Figure 4. NEXAFS spectra of a sheared PVDf-TrFE thin film col-
lected at (a) ¢ = 90°, 6 = 90° and (b) ¢ = 0° 6 = 90°. NEXAFS
spectra of the film obtained (c) at the polar angle, 8,0f both 90 and 20° at
¢@ = 90° and (d) at the polar angle, 6, of both 90 and 20° at ¢ = 0°. (¢)
Schematic of NEXAFS geometry with polar angle (0) defined as the
angle between the electric field vector of the light and the sample
normal, azimuthal angle (¢), and the electric field vector (E) of incident
light. ¢ is set at zero when the plane of incidence is parallel to the
shearing direction indicated in the schematic.

angle, 6, was changed from 90 to 20° at ¢ = 90°, the intensity of
0*(C—C) resonance slightly decreased, as shown in Figure 4c.
However, the change of the polar angle from 90 to 20° at ¢ = 0°
gave rise to the intensity reverse between 0*(C—C) and 0*(C—F)
excitation, as clearly shown in Figure 4d. These results suggest
that C—C bonds lie parallel to the substrate with the a axis of the
PVDF-TrFE crystals aligned perpendicular to the substrate. For
instance, if the C—C bonds were oriented with the angle to the
substrate in the case of the b axis perpendicular to the substrate,
then the relative intensity of 0*(C—C) to that of 0*(C—F) would
increase in Figure 4c because the C—C bonds are more parallel to
the electric vector, and thus the contribution of the C—C bond
resonance becomes greater at 20° polar angle. Figure 4d further
confirms the « axis orientation parallel to the surface normal in
which the minimal contribution of ¢*(C—C) due to the large
mismatch between C—C bonds and the electric vector of incident
light resulted in the intensity reverse of 0*(C—C) at the polar
angle of 20°. Both GIXD and NEXAFS data clearly evidence
that the static shearing we employed successfully fabricates a
highly ordered PVDF-TrFE film with ¢ and « axes of the crystals
aligned parallel to the shear direction and to surface normal,
respectively.

The degree of ordering of the crystalline PVDF-TrFE thin
films depends on the temperature at which the shear was applied
after the complete melting of a thin film. First of all, a sample spin
coated and subsequently annealed at 135 °C for 2 h in Figure 5a
exhibits a broadly arced meridian reflection that corresponds to
the (110) reflection rotating around the Z axis, as we previously
investigated in our recent work.'? In this case, the chain ¢ axis
dominantly lies parallel to the substrate with the random registry
on the XY plane, which results in needlelike crystalline lamellae
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Figure 5. 2D GIDX patterns for PVDF-TrFE thin films spin coated
and subsequently annealed at (a) 135 and (e) 200 °C without shear and
for PVDF-TrFE films sheared at (b) 125, (¢) 135, and (d) 145°C for 2 h
with the incident X-ray beam parallel to the surface normal of YZ, that
is, the shear direction. The azimuthal intensity profiles of the meridian
reflections of b, ¢, and d represented in (f) clearly indicate that the
shearing at 135 °C results in the best molecular orientation of the
crystalline lamellae with the most intensified meridian reflection.

randomly oriented on the substrate very similar to the morphol-
ogy in Figure 2¢c. Thin PVDF-TrFE films that were premelted at
180 °C and slowly cooled down below T, and sheared at 125, 135,
and 145 °C for 2 h clearly displayed better molecular orientation
in GIXD than that shown in Figure 5a with both meridian and
off-meridian reflections with the X-ray beam parallel to the shear
direction, as shown in Figure 5b—d, respectively. The alignment
of the crystals obviously arose from the crystallization under
strain. The best orientation was obtained with the shearing at
135 °C, as clearly indicated by the azimuthal intensity profiles of
the meridian reflections in Figure 5f. The intensity of the reflec-
tion of the sample sheared at 135 °C is much greater than that of
any other samples in the GIXD patterns collected with the same
exposure time of 10 s, attributed to more highly ordered crystals
by shear (Table 1). The fwhm values for the films sheared at
125 and 135 °C also confirmed the better orientation, as shown
in Table 1.

The shearing at the lower temperature (125 °C) may involve a
larger number of nuclei subsequently growing into crystalline
lamellae during shear than that at the higher temperature
(135 °C). A final microstructure arising from shear has relatively
short and narrow crystalline lamellae connected and aligned
perpendicular to the shear direction with each other with numer-
ous crystalline interlamellac defects at the junctions of two
lamellae (data not shown) giving rise to more scattered reflec-
tions, as shown in Figure 5b. The increase in shearing tempera-
ture was effective in our system for orienting the crystalline
lamellae as close as Tp,. The results of a sample sheared at
135 °C support our argument in Figure 4c.
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Table 1. Crystalline and Capacitor Characteristics of the PVDF-TrFE Films Either Annealed or Sheared at Different Temperatures

meridian reflections

samples” fwhm Inax at T/1 .y at 135 °C crystallinity (%)” remanent polarization (£C/cm?) coercive voltage (V)
annealed at 135 °C NA NA 63.45 4.32 12.1
sheared at 125 °C 23 0.76 58.94 4.98 7.29
sheared at 135 °C 11.2 1 66.23 6.84 8.74
sheared at 145 °C NA 0.39 55.17 4.49 8.37

@ Samples were all premelted at 180 °C for 30 min before treatment. ” Calculated by construction of crystallinity from the discrimination between the

amorphous hump and the crystalline regions in GIXD data.

Further increase in the shearing temperature at 145 °C,
however, gave rise to the significant intensity reduction of the
meridian reflection at the same time with the enhanced intensity
of the off-meridian reflection, as shown in both Figure 5d and
Table 1. The dominance of the scattering at off-meridian regions
in Figure 5d is partially attributed to the crystals with their ¢ axis
oriented perpendicular to the surface upon melting and recrys-
tallization of PVDF-TrFE, as reported in our previous work.'?
The characteristic c-axis orientation parallel to the surface
normal during melting and recrystallization was evidenced by
the presence of a strong reflection on the equator in the GIXD
pattern that was very similar to one observed in a sample simply
melted and recrystallized without shear field in our shear appa-
ratus, as shown in Figure Se. The tendency of the crystal
orientation with the ¢ axis perpendicular to the surface during
recrystallization was completely forbidden by the directional
shear field at the shear temperature sufficiently lower than 7,,,,
as confirmed in Figure Sb,c. When the shear temperature is close
to Ty (~145°C), some of the PVDF-TrFE film may be still in the
molten state under shear and recrystallized independently with
some amount of crystals aligned with the perpendicular ¢ axis to
surface. A typical microstructure of a sample sheared at 145 °C
exhibits the mixture of the edge-on crystalline lamellae aligned
to the shear direction and the in-plane lamellae resulting from the
perpendicular c-axis orientation.'” It is also noteworthy that
the degrees of crystallization of the sheared samples at different
temperatures, calculated from the GIXD results, are all
very similar (~60%), which is consistent with our previous
results.'>?!

The formation of a uniformly sheared 150 nm thick film with
the global orientation of crystalline PVDF-TrFE lamellae sche-
matically illustrated in Figure 6a allows us to fabricate arrays of
metal/sheared PVDF-TrFE/metal capacitors. A capacitor with a
top electrode of approximately 200 um in diameter was easily
produced without dielectric breakage of the film over 100 MV /m.
Figure 6b shows the ferroelectric polarization hysteresis loops of
PVDEF-TrFE thin films sheared at 125, 135, and 145 °C. Con-
sistent with the scattering results of Figure 5b—d, a sample
sheared at 135 °C exhibits the largest remanent polarization
(P,) of approximately 6.9 uC/cm? with the coercive voltage (V) of
8.7 V. The P, value of 4.98 uC/cm® was observed at shear
temperature of 125 °C. Compared with a controlled sample
premelted and subsequently annealed at 135 °C in our shear
apparatus, the sheared sample at 135 °C represents the higher P,
with the lower V.. (Table 1). The presence of the in-plane crystal-
line lamellae, ineffective for ferroelectric polarization, at a sample
sheared at 145 °C results in the lowest P, (~4.5 uC/cm?) among
three samples. The ferroelectric properties of PVDF-TrFE films
are summarized in Table 1.

In fact, the molecular orientation of the crystalline PVDF-
TrFE lamellaec obtained by static shear is almost same as
that resulting from the epitaxy of PVDF-TrFE on a PTFE
substrate we have recently reported”' and is not beneficial for
effective ferroelectric polarization because the polar b axis is
perpendicular to the electric field applied parallel to the surface

P(VDF-TrFE)
lamellae

P (nC/cm?)
i

20 10 0 10 20
Voltage (V)

Figure 6. (a) Schematicillustration of a thin PVDF-TrFE film globally
ordered by static shear. The crystals are oriented with their ¢ and a axes
parallel to the shear direction and surface normal, respectively. The
oriented PVDF monomeric unit is only shown for convenience. (b)
Polarization, P, versus applied voltage, E, hysteresis loops of Al/150
nm-PVDF-TrFE/Al capacitors with ferroelectric PVDF-TrFE films
sheared at 125, 135, and 145 °C. The largest remanent polarization of
approximately 6.9 1C/cm? was obtained with the film sheared at 135 °C
arising from the best molecular orientation observed in Figure 5.

normal of the film, as shown in the schematic of Figure 6a. The
pseudohexagonal symmetry of crystal structure of PVDF-TrFE,
however, allows the orientation shown in Figure 6a to be easily
transformed into one with the H—F dipole aligned parallel to the
surface normal with a 30° off-angle by rotating the H—F dipole
under an electric field. Our previous work demonstrated that the
rotation of the dipole required only a slightly higher electric field
at the beginning, leading to a final remanent polarization that is
very similar to that obtained from a sample with the crystal
structure not necessary for the rotation.'> The maximum polar-
ization that can be obtained with the transformed crystal orienta-
tion, similar to that shown in Figure 6b of our previous
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publication,? is 87% of the ideal polarization of PVDF-TrFE
crystals whose b axis is completely parallel to the electric field.
Further detailed properties of a memory device are under
investigation including data retention and fatigue.

Conclusions

We employed static shear for controlling both molecular and
microstructural orientation of semicrystalline and ferroelectric
PVDF-TrFE thin films. The apparatus capable of shearing 100
nm thick polymer films enabled us to fabricate a globally ordered
PVDF-TrFE thin film over an area larger than 1 cm”. An ordered
film formed within 2 h had a chain axis and ¢ axis dominantly
aligned along the shear direction with the crystalline lamellae
unidirectionally oriented perpendicular to the shear. In addition,
both GIXD and NEXAFS data clearly evidenced the fact that the
a axis of the crystals was aligned parallel to the surface normal
with the b axis on the substrate. The best orientation was obtained
in a 150 nm thick film sheared at 135 °C and gave rise to a higher
remanent polarization of approximately 6.9 uC/cm? than that
from a film simply annealed at 135 °C because of both the
effective crystal orientation for polarization switching and the
reduced microstructural defects.
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