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ABSTRACT: We present a simple but robust nondestructive
process for fabricating micropatterns of thin ferroelectric
polymer films with controlled crystals. Our method is based on
utilization of localized heat arising from thin Ge8Sb2Te11
(GST) alloy layer upon exposure of 650 nm laser. The heat
was generated on GST layer within a few hundred of
nanosecond exposure and subsequently transferred to a thin
poly(vinylidene fluoride-co-trifluoroethylene) film deposited
on GST layer. By controlling exposure time and power of the
scanned laser, ferroelectric patterns of one or two microns in
size are fabricated with various shape. In the micropatterned
regions, ferroelectric polymer crystals were efficiently controlled in both degree of the crystallinity and the molecular orientations.
Nonvolatile memory devices with laser scanned ferroelectric polymer layers exhibited excellent device performance of large
remnant polarization, ON/OFF current ratio and data retention. The results are comparable with devices containing ferroelectric
films thermally annealed at least for 2 h, making our process extremely efficient for saving time. Furthermore, our approach can
be conveniently combined with a number of other functional organic materials for the future electronic applications.

KEYWORDS: nondestructive patterning, ferroelectric polymer, PVDF-TrFE, nonvolatile polymer memory, Ge8Sb2Te11 alloy layer,
laser-induced writing

1. INTRODUCTION

An attractive feature of ferroelectric polymers such as
poly(vinylidene fluoride) (PVDF) and its copolymers with
trifluoroethylene (TrFE) has been considered as a next-
generation nonvolatile memory candidate because of its lower
production cost, easier fabrication process, and more flexible
nature than inorganic ferroelectric materials. The unique
molecular polarization between hydrogen and fluorine atoms
in PVDF-TrFE, for instance, endows the bistable states, which
can switch from one to the other by using electrical bias in the
thin film. As a result, various innovative types of PVDF-TrFE
based memory devices have been successfully proposed and
demonstrated in 2000s to provide their merits for the future
memory application.1−7 Among the many possible systems,
Naber et al.8 reported PVDF-TrFE transistor combined with
solution based organic semiconductor which exhibits excellent
nonvolatile performance without significant degradation of
retention and endurance. In particular, this result led to
intensive study on PVDF-TrFE for improving the ferroelectric
performance as well as in particular employing the material for
ferroelectric field effect transistor (FeFET) architecture.9−11

The previous works clearly suggest that the control of PVDF-
TrFE crystals in the thin film is of key importance to spur
progress of the memory properties. It has been understood that

there is a desired molecular orientation of PVDF-TrFE for
memory application, that is, carbon−carbon backbone chain
should be perpendicular to the electrical bias field otherwise it
erodes the cell performance due to the lack of bistability.
Hence, various methods have been exerted in controlling the
molecular orientation using thermal annealing,12,13 nano
confinement,10 surface energy control of the substrate14 and
this enables to utilize the PVDF-TrFE materials as a promising
ferroelectric memory component. Although the decent memory
performance has been demonstrated by many research groups
including ours,2,8−11 from the industrial point of view, a
ferroelectric thin film should be properly patterned not only for
integrating cells as many as possible but also for minimizing
undesired cell-to-cell cross-talk problem.
A variety of micropatterns of PVDF-TrFE have been

extensively developed in particular based on printing
technologies not to harm ferroelectric properties of the soft
polymer including micro/nanoimprinting lithography,15−22

transfer printing, capillary molding,23 microcontact printing,11

phase separation,24 and using anodic porous alumina
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membranes.25−27 These techniques are promising for multi-
plying tiny cells with the same size and shape but limited to
arbitrary patterns. Only a few methods enabled direct writing of
micro PVDF-TrFE patterns with arbitrary geometries. Scanned
X-ray beam on a thin PVDF-TrFE film successfully changed the
molecular conformation of PVDF-TrFE from ferroelectric beta
phase to paraelectric alpha one, giving rise to well-defined
patterns of alpha crystalline PVDF-TrFE.28,29 A heated probe of
surface probe microscope touched on a thin PVDF-TrFE film
allowed the localized melting and recrystallization of PVDF-
TrFE, leading to arbitrary patterns with controlled ferroelectric
crystals.30−32 Considering that most of the previous works are
so-called destructive with direct interaction of ferroelectric
polymer with patterning sources, i.e., X-ray and heated surface
probe, it would be beneficial to develop a facile method for
fabricating arbitrary micropatterns of ferroelectric polymers in
nondestructive manner where the ferroelectric polymers are not
directly exposed to patterning sources but intact and thus one
can potentially reduce deterioration of the materials.
In this contribution, we developed a new nondestructive

patterning method of a thin PVDF-TrFE film by using a
Ge8Sb2Te11 (GST) alloy layer placed beneath the PVDF-TrFE.
Our method is based on utilization of localized heat arising
from GST layer upon exposure of focused 650 nm laser. The
heat resulting from the facile photon-to-phonon conversion of
GST provided sufficient mobility of the PVDF-TrFE molecules,
giving rise to the increase of degree of crystallinity. In the laser
scanned regions, we also observed preferred crystal orientation
of edge-on crystalline microdomains whose length and width
are approximately 300 and 50 nm closely packed with needle-
like shape. Furthermore, the controlled PVDF-TrFE crystals by
the laser resulted in the improved ferroelectric properties of the
film characterized in both metal/ferroelectric/metal capacitors
and FeFETs. Using this strategy, we can create the microsize
lines, dots and even arbitrary letters in a few hundred
nanoseconds with optimized speed and power of laser.

2. EXPERIMENTAL SECTION
Materials and Film Preparation. A 30 nm thick Ge8Sb2Te11

(GST) film was deposited by a sputtering system on highly doped
silicon gate electrode and supplied by Nanostorage Inc., KOREA. A
PVDF-TrFE copolymer with 27.5 wt % TrFE used in this research was
kindly supplied by MSI Sensor, PA. PVDF-TrFE films were made by
spin coating method (5 wt % solution in methyl ethyl ketone). The
ellipsometry was performed under ambient conditions using a
spectroscopic ellipsometer (alfa SE, J.A. Woollam) at an angle of
incidence of ca. 70°. Film thicknesses were calculated by adapting the
experimental data to a bilayer model.
Laser Patterning. A lab-made experimental setup was used for

experiment. The 650 nm laser diode (Model No.LD-780−5A) with 5
nm pulse width and optical output power ranging from 5 to 70 mW
was used for the laser patterning.33

Fabrication of capacitor and Characterization. A Metal/GST/
PVDF-TrFE/Al capacitors were made with a highly doped Si substrate
as the bottom electrode and thermally evaporated Al top electrodes.
Ferroelectric properties were obtained using a virtual ground circuit
(Radiant Technologies Precision LC unit) at 100 Hz not elsewhere
indicated.
Fabrication of FeFET and Characterization. Fabrication of a

FeFET memory with single crystal TIPS-PEN active channel starts
with the formation of a PVDF-TrFE gate dielectric (capacitance 14.6
nF cm−2) on a heavily doped Si gate electrode. Single crystal
Triisopropylsilylethynyl pentacene (TIPS-PEN) was then deposited
on the PVDF-TrFE layer by solvent-exchange method described
elsewhere.9 A 70 nm thick and 200 μm square shape S/D Au

electrodes were thermally evaporated through a shadow mask on the
single crystal TIPS-PENs bridged between S/D electrodes. The
electrical properties of the devices were recorded using semiconductor
systems (E5270B, HP4284A, Agilent Technologies). All measure-
ments were done in metallic shielded box at room temperature in air.

Microstructure Characterization. Scanning electron microscope
(SEM) images were obtained with a JEOL JSM-600F. A 5 nm thick Pt
layer was evaporated on a sample for contrast improvement. Optical
microscope (OM) was used to visualize the patterned PVDF-TrFE
thin film with Olympus BX 51M. 2-dimensional Grazing incident X-
ray diffraction (GIXD) measurement was performed on the 4C2
beamline at the Pohang Accelerator Laboratory in Korea. The
measurements were performed with monochromated X-rays (λ =
0.1381 nm) having grazing incidence angles ranging from 0.09 to 0.15
and the scattered intensity was recorded by SCX:4300−165/2 CCD
detector (Princeton Instruments).

3. RESULTS AND DISCUSSION
Figure 1 shows a schematic of such a procedure of fabricating
laser-induced PVDF-TrFE ferroelectric micropatterns. For the
localized heat generation, we employed a 30 nm thick
amorphous GST layer which has been widely used for optical
information storage.34−37 Heat is readily produced in the GST
film upon exposure of 650 nm focused laser, followed by phase

Figure 1. Schematic illustration of localized micropatterns of a PVDF-
TrFE thin film using GST alloy layer with 650 nm focused laser. The
sufficient heat is generated in GST layer upon laser exposure, giving
rise to phase transformation of the GST layer from amorphous to
polycrystalline state as shown in the red box. The heat subsequently
transferred to PVDF-TrFE layer efficiently modifies the crystalline
structure of PVDF-TrFE layer, leading to well-defined micropatterns
of ferroelectric polymer with controlled crystals.
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transformation of the film from amorphous to crystalline
state.34−37 Different optical transmittance of the two phases
allows one to read and write information. We employed the
localized heat from GST to develop micropatterns of
ferroelectric polymer. Fabrication of thin PVDF-TrFE micro-
patterns with GST can be made by the following three steps.
First of all, localized heat with Gaussian distribution is
generated in GST layer when it is irradiated by laser as
shown in the scheme of Figure 1. Subsequently, the heat is
sufficiently high over the glass transition temperature (Tg) of
GST layer and thus can allow as-deposited amorphous state of
GST layer to transform into crystalline state (the second step in
the red box of Figure 1). The phase transformation of GST
layer by focused laser was clearly observed even with 10 mW
laser power (see the Supporting Information, Figure S1). The
GST film underwent volume decrease of approximately 8%
during phase transition from amorphous to polycrystalline
phase.38 The volume change of a 30 nm thick film in a confined
region of a few micrometers gave rise to roughened surface
topography as shown in the Supporting Information, S1. The
RMS roughness of a film after laser exposure was approximately
5 nm. The heat in GST layer can be in turn transferred to thin
PVDF-TrFE film as shown in the second step of the red box.
As-spun PVDF-TrFE film without any prebaking steps can be
thermally annealed in the local regions because of the focused
heat and one can expect the improvement of degree of
crystallization as well as crystal orientation of the film as shown
in the third step of the red box of Figure 1.
Prior to the uptake experiment, we carried out a systematic

study of PVDF-TrFE patterns developed on an approximately
450 nm thick polymer film by using direct writing with various
exposing time from 10 to 500 ns and optical output power from
5 mW to 70 mW as shown in Figure 2a. In the OM image, the

PVDF-TrFE pattern size monotonically increases from 500 nm
to 2.5 μm with increasing applied laser power from 5 mW to 70
mW and expose time from 10 to 500 ns, respectively. The
results of pattern size as a function of laser power are plotted as
shown in Figure 2b. Apparently, there was no response of
PVDF-TrFE film upon laser exposure when prepared on a bare
Si wafer without GST as confirmed with UV−visible spectros-
copy (see the Supporting Information, Figure S2). It is noted
that the laser power below 30 mW for 500 ns expose time, the
size of dot pattern is smaller than that of actual beam size of 2
μm. This indicates that the PVDF-TrFE has thermal response
time after exposing the laser on GST substrate thus the
sufficient power and time are prerequisite for developing
precise size of ferroelectric patterns comparable with that of
input laser beam. In contrast, with laser power greater than 30
mW, PVDF-TrFE pattern became 25% broader in size than 2
μm beam size mainly due to the Gaussian beam intensity
profile of the highly intensified laser. We examined PVDF-TrFE
films whose thickness ranged from 100 nm to 1 μm for laser-
induced patterning. Below 100 nm in thickness, a film
uniformly covered on a substrate was hardly obtained. Using
this method, as proposed, we are able to create the
micropattern of a thin PVDF-TrFE film with various shapes
and width by scanning laser with controlled power and
exposure time. For instance, alphabet letters of N, P, and L by
our process can easily produce features on the micrometer-scale
in Figure 2c.
The fabrication of PVDF-TrFE patterns as small as one can is

of importance for ultrahigh density memory devices. By our
patterning technique, we were able to reduce the pattern
dimension to approximately 0.5 μm with 2 μm focused laser
beam by carefully controlling both power and exposure time of
the laser as shown in Figure 2a. We do believe that the pattern

Figure 2. (a) The OM image of PVDF-TrFE thin film after irradiation of various laser conditions (exposure time and power). (b) Plot of pattern
width (μm) vs laser power (mW) of PVDF-TrFE thin film. The exposed laser time is fixed for 500 ns. (c) Schematic, OM, and SEM images of
charateristic patterns by using focused scanning laser.
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dimension can be further scaled down when a laser with the
smaller beam size is used. In the literature, GST film can be
readily patterned with its pattern size of approximately 50 nm
with a focused laser in optical disk drives.39 In addition, our
patterning technique is still useful because nonvolatile polymer
memory developed with the laser-induced patterned ferro-
electric domains would compete with alternative memories
based on printing technology suitable for flexible devices rather
than conventional ultrahigh density ones on silicon patterning
processes. Considering that most of printing technologies are
limited to reduce pattern size below a few micron level, our
technique is still beneficial.
To understand the effect of laser-induced heat on both

molecular and microstructures of a PVDF-TrFE thin film, we
performed SEM and 2D GIXD experiments as shown in Figure
3. For comparison, a spin-coated PVDF-TrFE thin film was
thermally annealed at 135 °C for 2 h on hot plate (as shown in
Figure S3 in the Supporting Information). The well-developed
microdomains with closely packed, needle-like crystals are
clearly observed in both SEM and GIXD, and the results are
well-matched with other reports.2,12 Figure 3a shows the
characteristic microstructures of the PVDF-TrFE thin film on
the GST layer after expose 50 mW power for 500 ns. As noted,

there are three distinct morphology regions attributed to the
localized heat generation from GST layer. The different
morphology can be distinguished by temperature of substrate
where the region I shows long and curly PVDF-TrFE crystal
structure indicating that the actual temperature exerted on
PVDF-TrFE is above its melting temperature (155 °C).2,12 On
the other hand, the common needle like crystal morphology is
observed in region II which implies that the temperature of the
ferroelectric film is between Curie and melting temperature of
PVDF-TrFE. The morphology is also known as one favorable
for ferroelectric polarization.2,12 The characteristic needlelike
morphology is fading from the center of laser beam and as-spun
PVDF-TrFE film morphology is clearly visible as shown in
region III. Considering the expose time of the laser, this
method is extremely beneficial for reducing the conventional
thermal annealing time. Ferroelectric crystals developed upon
7200 s thermal annealing in the reference sample were
produced equivalently by our process with 0.5 μs laser
exposure. The laser-induced patterning by GST was also
suitable for various organic materials such as semiconducting
small molecules, semiconducting polymer, amorphous and
semicrystalline polymer (as shown in Figure S4 in the
Supporting Information). It should be noted that the efficiency

Figure 3. (a) SEM image of PVDF-TrFE thin film after exposure 50 mW power focused laser. In the below of SEM image shows the speculative
temperature profile of each region. The GIXD images and proposed PVDF-TrFE crystal models corresponding to the images are shown in (b)
region I and (c) region II. The dot circles in GIXD images added for clarity show the q value of (110) or (200) plane.
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of our process can be further justified when process time per
patterned area is at the same time considered because
temperature annealing is a massively parallel and extremely
cheap. In this regard, our process can be still competitive when
arrays of lasers are employed with much faster scanning rate.
Rapid thermal laser annealing for polycrystalline Si can be an
example in display industry.40

To furthor understand the crystal packing of PVDF-TrFE
morphology from three different regions, cross-sectional planes
of the film after laser exposure were investigated by GIXD
measurement. Figure 3b shows the GIXD data from region I
where the two strong reflection peaks are located at the equator
which can be designated by (110) or (200) plane of the PVDF-
TrFE crystals. The results show that the chain axis of PVDF-
TrFE crystals, c-axis and ferroelectric polarization axis, b-axis are
preferentially aligned, parallel, and perpendicular to the surface
normal, respectively. This orientation was frequently observed
in thin PVDF-TrFE films molten and recrystallized at room
temperature.2,12 We, therefore, hypothesize that after irradiating
high power of 50 mW laser to GST, the temperature is steeply
increased to above 150 °C. The microstructure of PVDF-TrFE
film in the region I of Figure 3a is also consistent with that
observed in a molten-recrystallized film. Due to thermal
gradient from the center of the beam, the temperature in
region II is believed to be lower than 150 °C, where PVDF-
TrFE crystals favorable for ferroelectric polarization switching
are evolved. As expected, the GIXD from region II shows that
the (110) or (200) reflections are apparent in the meridian of
the detector. The results exhibit that different from the
crystalline structure of the region I, the chain axis of PVDF-
TrFE crystals, c-axis and ferroelectric polarization axis, b-axis are
preferentially aligned, perpendicular and parallel to the surface
normal, respectively, indicating that the facile ferroelectric
switching can occur with the PVDF-TrFE crystal orientation
upon electric bias as shown next.
The laser-induced crystalline microstructures of PVDF-TrFE

films were correlated with ferroelectric properties of the films.

First of all, polarization applied voltage (P−E) hysteresis loop
was measured by metal/GST/PVDF-TrFE/Al capacitors as
shown in Figure 4. A PVDF-TrFE thin film were exposed by
various laser power conditions from 10 mW to 70 mW for the
area of 500 × 500 μm2, followed by deposition of arrays of 200
μm diameter Al counter electrodes as representatively shown in
Figure 4b. As expected by both SEM and GIXD measurement,
the low remnant polarization (Pr) value of 1.89 μC/cm2 was
observed with as-spun PVDF-TrFE thin film. (as shown in
Figure S5 in the Supporting Information). In contrast, laser
treated PVDF-TrFE thin film with 50 mW power shows a
remnant polarization of 4.08 μC/cm2 and coercive voltage of
37 V with square-like count clockwise hysteresis loop as shown
in Figure 4c. Further increase the laser power to 70 mW with
which PVDF-TrFE film was molten and subsequently recrystal-
lized gave rise to sudden drop of Pr due to the detrimental
PVDF-TrFE chain orientation with respect to the electric bias
direction as predicted in the GIXD results of Figure 3a (see the
Supporting Information, Figure S5) Both coercive voltage and
Pr values are plotted as a function of laser power in Figure 4d.
It is noteworthy that a capacitor with bilayered PVDF-TrFE/

GST with the architecture of metal-ferroelectric-insulator−
metal (MFIM) is treated as two independent and individual
capacitors connected in series.41 In this circumstance, the
voltage applied should be shared with GST layer according to
the series model, giving rise to the increase of the apparent
coercive voltage as observed in our experiments. The effective
coercive voltage applied only to the PVDF-TrFE film is,
however, supposed to be same regardless of the interlayers. The
coercive field of an approximately 450 nm thick PVDF-TrFE
film used in the current work was approximately 53 MV/m
which is in the range of most of coercive fields of PVDF-TrFE
films reported. The coercive field was almost same regardless of
film thickness in our sample when various MFM capacitors
were investigated with different PVDF-TrFE film thickness as
shown in the Supporting Information, Figure S6. It is also
important to investigate the effect of GST layer on ferroelectric

Figure 4. (a) Schematic illustration of the device architecture of a metal/GST/PVDF-TrFE/Al capacitor cell. (b) OM image of a capacitor device.
The rectangular dots and black circle indicate the laser-induced region (50 mW power) and Al top electrode, respectively. The scale bar is 100 μm.
(c) Polarization vs Voltage (P−V) curves of ferroelectric PVDF-TrFE thin film treated with focused laser. (d) Plots of Pr and Vc values of PVDF-
TrFE capacitors as a function of laser irradiation power. The values were averaged over 10 cells.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503397j | ACS Appl. Mater. Interfaces 2014, 6, 15171−1517815175



switching of a PVDF-TrFE film, which can be characterized by
frequency-dependent polarization switching of the film.42,43

Frequency dependence of our ferroelectric PVDF-TrFE films
on various surface conditions such as Al, highly doped Si, and
GST are all similar in that the coercive field increases with
frequency (see the Supporting Information, Figure S7).
Although more detailed studies should be done over large
range of frequency and temperature, the results we observed
partly suggest that GST layer in contact with PVDF-TrFE
rarely affects the intrinsic nucleation and growth of ferroelectric
domains, considering that ferroelectric domain switching is
dominantly initiated and propagated at both top and bottom
surface of a thin ferroelectric film.
Although the results suggest that the 50 mW power intensity

shows the highest remnant polarization with saturated
hysteresis loop, the value is slightly lower than that of a
capacitor with thermally annealed reference PVDF-TrFE film.
(∼5.4 μC/cm2) A plausible explanation for this is that in spite
of careful control of exposure time to minimize overheating of a
PVDF-TrFE film above its melting temperature, the center of
50 mW focused laser generates the heat above melting
temperature of PVDF-TrFE where the orientation is not
favorable for chain rotation with respect to the electric bias.2,12

Although the dominant contribution of the remnant polar-
ization in the capacitor came from region II, the presence of
region I in the 200 μm diameter Al top electrode may reduce
the overall Pr in the cell. The different morphology of PVDF-
TrFE crystalline observed with various laser irradiation power is
also consistent with P-E results (see the Supporting
Information, Figure S8).
Despite the relatively small remnant polarization, this laser-

induced ferroelectric PVDF-TrFE crystals can be successfully
used as an insulator in FeFET. To complete the FeFET devices,
the ribbon-type single-crystalline TIPS-PEN organic semi-
conductor was used as shown schematically in Figure 5a. A
TIPS-PEN single crystal was grown by solvent exchange
method on the laser patterned PVDF-TrFE thin film and
securely bridged between source and drain Au top-contact.10 A
well-saturated hysteresis of source−drain current (IDS) was
obtained as a function of gate bias voltage (VG) because of the
presence of ferroelectric PVDF-TrFE gate insulting layer as
shown in Figure 5b. The accumulation of the excess holes in
the p-type TIPS-PEN single crystal semiconductor in particular
closed to the interface between TIPS-PEN and PVDF-TrFE
layers raise the sharp increase of ISD with negative gate voltage.
After the removal of the negative gate voltage, the ISD of
approximately 1 × 10−7. A still remains at the value saturated
with the VG of −60 V. The ON/OFF bistability of laser
patterned FeFET device is approximately 1 × 105 at normal
ambient conditions with a gate voltage sweep of ±60 V.
It should be noted that GST layer used as heat generator on

top of gate electrode was also served as an additional insulator
which significantly reduced gate leakage current between gate
and drain electrode, leading to very low OFF state IDS of
approximately 1 × 10−12 A. It should be noted that upon
exposure of a laser on a GST film, the electrical resistance of the
film was significantly reduced from 1 × 108 Ohm to
approximately 105 Ohm due to the nature of polycrystalline
phase.44 The polycrystalline film with the low resistance is not
sufficiently conductive but still quite insulating, leading to the
reduction of the OFF leakage current. The reliability of FeFET
with laser patterned PVDF-TrFE was examined by data
retention of both ON and OFF current state with time. We

independently measured nonvolatile IDS values of ON and OFF
states containing laser patterned PVDF-TrFE thin film under
zero gate voltage with a constant source−drain voltage (VDS) of
−5 V. Both ON and OFF state currents were maintained longer
than 4 × 103 seconds without any additional encapsulation as
shown in Figure 5c.
It is of importance to properly separate adjacent ferroelectric

memory cells with paraelectric insulator for practical application
to avoid a possible cross-talk between the two cells.45−47 It may
be problematic because the regions between two micropatterns
of a laser-exposed ferroelectric layer are still ferroelectric in
spite of their low Pr of approximately 1.89 μC/cm

2. Pr value can
be, however, significantly reduced in a FeFET architecture in
which relatively low Pr is required to saturate in particular an
organic semiconducting channel. In fact, the Pr values of a

Figure 5. (a) Schematic illustration of the FeFET device architecture
of a metal/GST/PVDF-TrFE/TIPS-Pentacene/Au cell. (b) Ferro-
electric hysteresis loop of ferroelectric PVDF-TrFE with TIPS-PEN
single crystal measured at VD = −5 V. (c) Data retention of a FeFET
memory with single crystal TIPS-PEN independently measured with
the ON and OFF state drain current taken per second. The currents
were detected at zero gate voltage with the continuous drain voltage of
−5 V after single voltage pulse of −60 and +60 V for ON and OFF
current, respectively.
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MFIM capacitor containing unexposed PVDF-TrFE film were
varied from 0 to approximately 0.4 μC/cm2 when programmed
from 0 to 60 V which corresponded to the voltage range for
FeFET operation (see the Supporting Information, Figure S9).
We assume that these levels of Pr can sufficiently suppress a
possible cross talks between the cells. Furthermore, the
realization of integrated ferroelectric memory cells without
cross-talks requires not only properly patterned ferroelectric
layer but also micropatterns of several other device components
such as semiconductor and electrodes. In fact, our previous
works are the parts of these efforts in which we have
demonstrated new printing methods for fabricating micron-
scale patterns of semiconducting channels.48,49 With these
techniques, we were able to develop arrays of FeFETs with
patterned semiconductors with 4 in. wafer scale uniformity.49

By putting together all the patterning techniques of both
ferroelectric and semiconducting layers, we do believe that
integrated memory cells can be realized near future.

4. CONCLUSIONS
In summary, we demonstrated an effective nondestructive way
to develop micropatterns of thin ferroelectric PVDF-TrFE films
with controlled crystals by using localized heat arising from
GST alloy thin layer. The heat was triggered by 650 nm laser
exposed on GST layer for hundreds of nanoseconds and
subsequently transferred to PVDF-TrFE. Dependent upon
temperature built in the films, ferroelectric polymer crystals
were efficiently controlled in both degree of the crystallinity
and the molecular orientations. By controlling exposure time
and power of the scanned laser, we were able to create various
ferroelectric micropatterns. Both memory diode and transistor
cells with laser scanned ferroelectric polymer layers exhibited
excellent nonvolatile memory performance, comparable with
devices containing ferroelectric films thermally annealed at least
for 2 h. Furthermore, our approach capable of generating heat
in sub-microseconds can be readily combined with number of
other functional organic materials to create the micropattern for
the future electronic applications.
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(18) Steinhart, M.; Göring, P.; Dernaika, H.; Prabhukaran, M.;
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