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non-volatile ferroelectric transistor memory
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DO 10.1039/x0x00000¢ Ren,” Guifang Dong,” H.L.W. Chan,® Jiyan Dai*" and Qingfeng Yan*®
www.rsc.org/ We demonstrate an integrated module of self-powered ferroelectric transistor memory based on the combination of
ferroelectric FET and triboelectric nanogenerator (TENG). The novel TENG was made of self-assembled polystyrene
nanospheres array and poly(vinylidene fluoride) porous film. Owing to this unique structure, it exhibits an outstanding
performance with the output voltage as high as 220 V per cycle. Meanwhile, the arch-shaped TENG is shown to be able to
pole a bulk ferroelectric 0.65Pb(Mg1/3Nb,/3)03-0.35PbTiO3 (PMN-PT) single crystal directly. Based on this effect, a bottom
gate ferroelectric FET was fabricated using pentacene as channel material and PMN-PT single crystal as gate insulator.
Systematic tests illustrate that the ON/OFF current ratio of this transistor memory is approximately 10°. More importantly,
we demonstrate the feasibility to switch the polarization state of this FET gate insulator, namely the stored information, by
finger tapping the TENG with a designed circuit. These results may open up a novel application of TENGs in the field of self-
powered memory system.

these methods are difficult for mass production or rely on
Introduction expensive equipment. As self-assembly of 2D colloidal crystals
is an effective strategy for the fabrication of ordered
nanostructures, it have drawn much attention in various
applications for surface patterning due to the advantages of
facile, inexpensive and repeatable.’?* In spite of their wide

Harvesting clean and sustainable energy directly from the
environment is one of the most promising approaches to meet
rapidly increasing energy demands and control of environment
pollution.'? As tremendous amount of mechanical energy
surrounding us are available around the clock, generators based
on electromagnetic,*’ piezoelectric,’’ and electrostatic® effects
have been widely employed to convert these mechanical energy
into electricity. Recently, a new concept of nanogenerator

applications, 2D colloidal crystals have rarely been illustrated
as a solution to improve the performance in triboelectric
applications. In addition, enriching its functionality as self-
powered device is another research direction of TENG. By
using the nanogenerator as the power source, many actual
applications such as UV sensors,”® chemical sensors,?’
anticorrosion,?® electrochromic device,” and trace

which utilizes the well-known triboelectricfication and
electrostatic induction phenomenon has been developed as an
emerging technology. Since the first invention of the
triboelectric nanogenerator (TENG) was reported in early
2012,° there have been rapid advances in this field. Many
efforts have been made to improve the output performance of
the TENG by material optimization,'®'? advanced structural
design, and others."*'> Among these, surface morphology of
the friction layers has been demonstrated as a main factor to
affect the TENG performance. So far, different preparation
methods such as photolithography,'® dry-etching,'” anodic

memorization®* have been successfully demonstrated.

On the other hand, a memory functionality is essential to
many applications of electronic devices. Ferroelectric materials
show a great potential as the information can be stored via two
antiparallel polarization states interpreted as Boolean 0 or 1.
High-performance non-volatile ferroelectric memories, in
particular ferroelectric-gate field effect transistors (FETs) have

. . 18 attracted great attention because of their non-destructive
aluminum oxide template® and block copolymer self-

assembly'® have been used to fabricate micro/nanostructure
pattern on the contact surface of TENG. However, most of

memory operation through a semiconducting channel, scalable
feature size and short program pulse width.>'** A variety of
semiconducting  materials such as MoS,*  poly(3-
hexylthiophene) (P3HT),* graphene,*® single-walled carbon
nanotube (SWCNT),”” and pentacene®® have been used to
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In this work, we demonstrate an integrated module of self-
the
combination of ferroelectric FET and TENG. First, we have

powered ferroelectric transistor memory based on
developed a simple and low-cost method to fabricate an arch-
shaped TENG with two different nanostructures on each
friction layer. The poly(vinylidene fluoride) (PVDF) porous
film was deposited on a PET substrate by spin coating with an
appropriate preparation. Large area polystyrene (PS) colloidal
monolayer utilizing as the opposite material was achieved by
assembling the colloidal nanospheres at the air/water interface
and transferred to another PET substrate. The resultant TENG
shows a high output voltage up to 220 V accompanied by
outstanding stability over long period of measurement. Then,
we present a new method to pole a perovskite ferroelectric
crystal 0.65Pb(Mg;3Nby/;3)O03- 0.35PbTiO; (PMN-PT) by taking
advantage of the high voltage provided by our TENG. To the
best of our knowledge, it is the first report about poling
perovskite ferroelectric material by using the nanogenerator as
a nonconventional source. The PMN-PT single crystal shows
excellent piezoelectric properties after poling. With a designed
circuit, the written process of the ferroelectric transistor
memory can be easily realized by finger tapping the TENG.
Our results may open up a novel application of TENGs in the
field of self-powered memory system.

Experimental
Fabrication of TENG

The commercial ITO coated PET (Sigma-Aldrich) was cleaned
by ethanol (99.95%, Sinopharm, China) and DI water
(resistivity up to 18.2 MQecm, Ultra-Pure UV, China) and used
as the flexible substrate. PVDF powder with an average Mw of
~534000 and an average size of 200 nm was purchased from
Sigma-Aldrich and used without any purification. All the other
reagents were purchased from Sinopharm, China. 0.25g PVDF
was mixed with 3ml DMF and 3ml acetone in a triangular flask.
The solution was stirred at room temperature for 2h to dissolve
PVDF completely. The porous film was prepared by spin-
coating the PVDF solution on a piece of PET substrate and
drying at 80 °C. Monodisperse PS colloidal spheres of 600 nm
in diameter were synthesized through the emulsifier-free
polymerization method.*® After being washed with DI water,
the PS nanospheres were self-assembled into monolayer
colloidal crystals at the air/water interface. The floating
monolayer colloidal crystals were then transferred to the PET
substrate. The detailed synthesis and transfer methods can be
referred to our earlier work.”*' To achieve an improved
adhesion between the PS nanospheres and the PET substrate,
the as-transferred PS colloidal monolayer was thermally
annealed at 100 °C for 30 min. Then, the two parts described
above were packaged together with face to face. The top and
bottom ITO electrodes were wired out by an adhesive
aluminum tape for device characterization.

Fabrication of ferroelectric-gate field effect transistor
The PMN-PT single crystal with composition close to the
morphotropic phase boundary (MPB) was grown by a slow
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cooling method at our laboratory. A [001]-oriented specimen
(4x3x0.27 mm?) was processed for piezoelectric test after being
poled by the high voltage pulse of TENG. The ferroelectric
FET based on pentacene film was prepared by the following
procedure. By thinning and polishing the PMN-PT single
crystal, we can get a slice of 100 um in thickness as the
ferroelectric insulator. The gate electrode was prepared by Au
coating on the bottom of the PMN-PT slice. A 50 nm-thick
pentacene film was evaporated on the top of PMN-PT slice
with a low deposition rate of 1.2 nm/min. To complete the FET
structure, a Au film with a thickness of 45 nm was evaporated
over the pentacene layer using a shadow mask as the drain and
source electrodes. The channel length was 60 pum and the
channel width was 1 mm.

Characterization

The surface morphology of the self-assembled PS colloidal
spheres monolayer and the PVDF porous film were examined
by the field-emission scanning electron microscopy (FESEM,
JEOL JSM-6335F). The output signal of the arch-shaped
TENG was recorded by the digital multimeter (RIGOL
DM3068) under mechanical tapping. The crystal structures of
PMN-PT single crystals have been characterized through X-ray
diffraction (XRD, Bruker D8-Advance). The thickness
electromechanical coupling coefficient (k,) was measured from
the resonant frequencies (f;) and anti-resonant frequencies (f,),
with an impedance analyzer (Agilent 4294A) according to
IEEE standards. The piezoelectric strain constant d;; was
measured using a quasi-static piezo-ds;; meter (ZJ-4A, Institute
of Acoustics, Chinese Academy of Sciences, Beijing, China).
Domain structures were investigated using a polarized light
microscope (PLM, Jiangnan XJZ-6, China). The performances
of the ferroelectric-gate field effect transistor were assessed
through a semiconductor characterization system (Keithley
4200SCS) in air.

Results and discussion

The 3D structure of the TENG is schematically detailed in Fig.
1, where it can be seen that the demonstrated device is
constituted by two plates. On the upper plate, a porous PVDF
thin film is prepared by spin coating. PVDF is purposely
chosen here for its advantages of concave surface and easy
processing. On the lower plate, the PET substrate is covered by
a monolayer PS colloidal crystal. The voltage generation
mechanism of this arch-shaped TENG originates from the
transient charge flows induced by the coupling of contact
electrification and electrostatic induction effect between these
two friction layers. The difference in the ability of trapping
electrons between the PS and PVDF leads to electron transfer
when the friction materials are in contact with each other. After
electrons being injected to the surface of PVDF porous film, the
positive charges will be generated on the surface of PS
nanospheres array correspondingly. When a compressive stress
is applied to the TENG, the potential of the upper electrode
rises immediately due to the contact of negatively charged
PVDF porous film with the positive charges on the PS
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nanospheres array. Accordingly, the potential of the lower
electrode drops. Thus, the resulting potential difference
between the two electrodes drives the charge flow forward.
‘When the applied force is released, the charges flow back to the
original electrodes to reach an electrostatic equilibrium.

Releasing
—

Pressing
—

ITO PVDF

B PET Bl PS

Fig. 1 Schematic 3D diagram depicting the structure and working mechanism
of the arch-shaped triboelectric nanogenerator.

It has been demonstrated in previous works that
micro/nanostructures existing on the surface of friction layers
can contribute to higher performance of a TENG.' In our work,
two different nanostructures are involved to enlarge the surface
area and enhance the rubbing as well. The SEM image in Fig.
2a displays the morphology of the PS monolayer colloidal
crystal obtained by self-assembly, where the diameter of the
nanospheres is 600 nm. It is noteworthy that the PS
nanospheres have sticked together to achieve a higher
mechanical strength after thermal annealing. The surface
morphology of PVDF porous film is shown in Fig. 2b. The
PVDF nanostructures distributed on the PET substrate
chaotically as the solvents evaporated rapidly after spin-

coating.

Fig. 3a shows the open circuit voltage output from our arch-
shaped TENG by vertically finger tapping, where it is apparent that
the peak values of the voltage are approximately 220 V. To confirm
the validity of the output signals, the TENG was measured under a
reverse connection mode for the switching polarity test. As shown in
Fig. 3b, the amplitudes of the output signals are almost the same as
the ones we get under the forward connection, while the polarity is
reversed. This phenomenon can prove that voltage signals are truly
generated by the TENG. Furthermore, Fig. 3¢ shows the enlarged
view of the output voltage over a single cycle, where one can see
that the pulse width with the output voltage higher than 100 V is up
to 2.7 ms. The power delivered from our TENG during one cycle of
pressing and releasing motions is able to directly turn on 50 green
LEDs without using any charging-discharging electric circuit (see
ESI Video. 17). Resistors were connected as external loads to further
study the effective electric power of this TENG, the details can be
found in ESI Fig. S1f. We also measured the response of output
voltage to the tapping frequency, see ESI Fig. S2t. Long-term
stability of the TENG was also examined by tapping the device
vertically using a vibration exciter for sufficient cycles. The voltage
amplitude is about 150 V under a given frequency of 3 Hz. The
consistent output signals of the TENG are maintained over 1000

This journal is © The Royal Society of Chemistry 20xx
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cycles without any performance degradation. These results distinctly
confirm the mechanical stability and reproducibility of our TENG.

Fig. 2 SEM image of (a) PS nanospheres array and (b) PVDF porous film.
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Fig. 3 (a) The open circuit output voltage signal of the TENG in forward
connection during the finger tapping. (b) The open circuit output voltage
signal of the TENG in reversed connection during the finger tapping. (c) The
enlarged view of the output voltage generated by the TENG in the forward
connection over a single tapping cycle. (d) Long-term stability test of the
output voltage of the TENG under 3 Hz of continuous tapping for more than
1000 cycles, demonstrating the stability of the TENG.

Nanoscale, 2015, 00, 1-3 | 3



Nanoscale

The basic strategy for the nonconventional poling of ferroelectric
materials is schematically shown in Fig. 4a. We connected the
TENG to a [001]-oriented PMN-PT specimen (XRD pattern is
shown in ESI Fig. S3t) through a bridge rectifier consisting of four
diodes. The PMN-PT specimen was poled directly by the rectified
output voltage pulse. (more details of the rectified output voltage are
shown in ESI Fig. S4t) The thickness mode electromechanical
coupling coefficient k; is an important parameter for piezoelectric
material after poling. It can be calculated as follow: **

, T mfa—f

kf = ==tan
T2 T2 fa

)

The thickness mode resonance frequency (f;) and the anti-resonance
frequency (f,) can be observed at 8.73 and 9.92 MHz in the
impedance and phase spectra as shown in Fig. 4b, respectively.
Thus, k,is found to be 0.51, comparable to the value of PMN-PT
crystal poled through a standard procedure.”” Meanwhile, the
piezoelectric strain constant ds; turns out to be 1040 pC/N when
measured by a quasi-static piezo-d;; meter. Polarizing light
microscopy observation of domain structure and extinction angle is
an intuitive method to study the phase transition during the poling
process.** Figs. 4c and 4d are the domain structures observed in the
[001]-oriented PMN-PT crystal before and after poling by our
TENG. The extinction angle of the domain structures in visual
region is 0° (or 90°) under zero electric field. But the same region
shows all angles extinction along [001] direction after applying a
voltage pulse generated from the TENG. The total extinction
indicates a quasi-single domain with tetragonal phase due to the
dipoles rotation along the direction of pulse voltage. This extinction
behavior in Fig. 4d indeed shows a significant difference compared
to the fresh state in Fig. 4c, which implied that the crystal has been
successfully poled. As we know, the polarization switching can
occur in an order of 10™ seconds with a sufficient electric field.*
Thus, it comes naturally that ferroelectric materials with suitable
thickness can be poled by the rectified output voltage pulses
provided by the TENG.

(a)

Diodes

—_

b) ’ 1,9.92 MHz [

PMN-PT

Phase (deg)

Impedance (ohm)
8

JNeE = =
= 1=8.73 MHz =

H s 10 12 14
Frequency (MHz)

P/A:0°

Unpoled

P/A:45°
Unpoled

Fig. 4 (a) The bridge rectifier circuit diagram for poling the PMN-PT single
crystal directly by the TENG. (b) The thickness mode impedance and phase
spectra of the PMN-PT single crystal after poling. (c) Domain structures
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observed in the [001] oriented PMN-PT crystal before poling. (d) Domain
structures observed in the [001] oriented PMN-PT crystal after poling.
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Fig. 5 Integration of the TENG device with a ferroelectric-gate field effect
transistor to demonstrate a self-powered nonvolatile ferroelectric transistor
memory. (a) Schematic illustration of the self-powered nanosystem. (b) The
transfer curve of the pentacene ferroelectric transistors on sweeping the
gate voltage from -60 V to 40 V under a Vg of -8 V. (c) Typical lgVes
characteristics of a pentacene ferroelectric transistor with PMN-PT insulator.
(d) Measurement of the Iy upon applying a positive gate voltage pulse by
the TENG (OFF state). The channel resistance decreases remarkably after
application of a negative voltage pulse (ON state).

The above results provide an indication that it is possible to
realize a polarization switching by the mechanical energy via the
conversion of TENG. Inspired by these pioneer results, we have
come up with the idea to integrate the TENG device with a
ferroelectric-gate field effect transistor to demonstrate a self-
powered non-volatile ferroelectric transistor memory. Fig. Sa
schematically illustrates this self-powered nanosystem. The rectified
output voltage pulse is applied on the ferroelectric transistor as a
gate voltage to control the electric resistance of the channel. The
binary state of resistance can be read out without alternative
reversals of the ferroelectric polarization, as a non-volatile memory.
The ferroelectric property of the PMN-PT slice used in this work has
been characterized by P-E loops (ESI Fig. S51). As we can see in
Fig. S5, the remnant polarization P, of the PMN-PT slice is 29
pC/em?. Such a large P, enables the operation of our ferroelectric
FET memory device. It can be seen from Fig. 5b, the ferroelectric-
gate field effect transistor with pentacene channel exhibits p-type
characteristics in the transfer curve (at a Vg of -8 V) as the gate
voltage sweeps from -60 to 40 V. The ratio of the corresponding ON
(high) and OFF (low) channel current states is over 10°, which
allows for memory operation. Fig. Sc shows the typical I~V
characteristics at different gate voltages. The Iy is linearly
proportional to Vg in the low-voltage region, similar to that of a p-
channel MIS FET fabricated using pentacene.*¢ After the transistor is
turned on, the I increases rapidly with a negative bias in V, owing
to accumulation of excess holes in the pentacene channel. Thus, a
subsequent application of a positive V, larger than the coercive field
of PMN-PT layer in principle can switch the polarization state,

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 6



Page 5 of 6

Nanoscale

leading to a remarkable decrease in the Ij. To study the memory
retention of this self-powered nanosystem, we applied the positive or
negative writing pulse to the gate respectively by finger tapping the
TENG. The I3~V curves are shown in Fig. 5d. The black curve
represents the OFF state after applying a positive gate pulse through
the TENG. Conversely, the red curve corresponds to the ON state
after applying a negative voltage pulse. The distinct bistable ON and
OFF current states confirm the excellent memory operation. More
efforts can be made to improve the performance of the ferroelectric
FET. For instance, high density memory is one of the most pressing
issues yet to be significantly addressed. This goal could possibly be
achieved by scale-down of individual cell dimensions as well as
material design including substitute the PMN-PT slice with thin film
such as lead zirconatate titanate (PZT), BaTiOs, even the PVDF-
based organic ferroelectric polymer. Nevertheless, the TENG driven
ferroelectric transistor memory described in this work has verified
the feasibility to open up a new writing mode of memory devices.

Conclusions

In summary, we have successfully fabricated a new TENG
consisting of self-assembled polystyrene nanospheres array and
PVDF porous film as friction layers. The TENG shows a high
output voltage up to 220 V accompanied by outstanding
stability over long period of measurement. Furthermore, our
work has demonstrated, for the first time, the possibility of
nonconventional poling bulk ferroelectric materials with a
TENG. Thus, the concept of self-powered non-volatile
ferroelectric transistor memory has been realized by integrating
the TENG device with a ferroelectric-gate field effect transistor.
The method presented here provides a simple and potential
approach of self-powered memory system.
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