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Abstract

We report the fabrication of a flexible graphene-based nonvolatile memory device using
Pb(Zrg 35, Tig.65)03 (PZT) as the ferroelectric material. The graphene and PZT ferroelectric
layers were deposited using chemical vapor deposition and sol-gel methods, respectively.
Such PZT films show a high remnant polarization (P;) of 30 2C cm™2 and a coercive voltage
(V) of 3.5 V under a voltage loop over 11 V. The graphene—PZT ferroelectric nonvolatile
memory on a plastic substrate displayed an on/off current ratio of 6.7, a memory window of
6 V and reliable operation. In addition, the device showed one order of magnitude lower
operation voltage range than organic-based ferroelectric nonvolatile memory after removing
the anti-ferroelectric behavior incorporating an electrolyte solution. The devices showed
robust operation in bent states of bending radii up to 9 mm and in cycling tests of 200 times.
The devices exhibited remarkable mechanical properties and were readily integrated with

plastic substrates for the production of flexible circuits.

Online supplementary data available from stacks.iop.org/Nano/24/475202/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

The development of flexible memory devices is an
essential step toward realizing flexible electronics for
use in multi-functional systems such as displays, smart
cards and sensor applications [1-3]. Ferroelectric field
effect transistor (FeFET)-based memory devices have been
extensively developed as nonvolatile memory devices. Poor
mechanical properties present a significant hurdle to achieving
flexible FeFET memory devices using conventional inorganic
semiconductors and ferroelectric materials [4, 5]. Such
issues may be overcome by using graphene-based FETs
and organic ferroelectric materials such as poly(vinylidene
fluoride-co-trifluoroethylene) [P(VDF-TrFE)]. It is reported
that graphene grown by chemical vapor deposition (CVD)
and P(VDF-TrFE) can hold up well under high strain of
over 5% [6, 7]. Examples of flexible electronic devices such
as nanogenerator and memory have been demonstrated by

0957-4484/13/475202+06$33.00

using such good mechanical property [8, 9]. However, the
low polarizing performance and poor reliability of organic
ferroelectrics relative to inorganic ferroelectrics limits the
utility of these approaches in real device applications [10-12].

In this paper, we describe the preparation of flexible
graphene-based FeFET memory arrays based on inorganic
PZT ferroelectric thin ribbon structures. The PZT ferroelectric
ribbons, which had been printed on a plastic substrate using
transfer methods, exhibited good mechanical flexibility and
great electrical performance [13, 14]. We also describe a
method for overcoming the anti-ferroelectric effects of FeFET
memory using electrolyte treatments. The graphene-based
FeFET memory devices fabricated on inorganic ferroelectrics,
as reported previously, tend to display unexpected reverse
hysteresis loop behavior due to nonuniform charge induction
and charge trapping at the interfaces between the channel and
the ferroelectric layers. Such charge trapping effects seriously
reduce the device performance [15, 16]. An electrolyte

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. (a) Cross-sectional image of a PZT film formed on a Pt/Ti/SiO,/Si wafer and characterized by scanning electron microscopy
(SEM). The inset shows the XRD patterns of the PZT layer formed on a (111)-oriented Pt thin film by the sol-gel process. (b) Polarization
versus voltage characteristics of the PZT film under different applied voltage loops. (c) Arrays of the PZT ribbons were defined using a wet
etching process. (d) Well-arranged PZT ribbons on a PI substrate were transferred using a dry transfer method. (¢) An illustration (top) and
optical image of the fabricated flexible FeFET device on a PI substrate. The inset shows a schematic cross-sectional view of the device.

treatment was found to solve these effects, recovering the
clockwise direction of the current hysteresis loop [17].

2. Experimental details

The PZT film was grown using a conventional sol—-gel method
which allows for an easy composition tuning process and
yields a low residual stress. The fabrication process began
with the preparation of a 0.4 M PZT solution using the precur-
sors—lead acetate trihydrate (Pb(CH3CO;),-3H;0), zirco-
nium n-propoxide (Zr(C3H70)4) and titanium-isopropoxide
Ti(C3H703), and 2-methoxyethanol (C3HgO») as a solvent,
with a 35/65 composition ratio of Zr/Ti. This process
primarily forms a tetragonal-phase PZT layer featuring more
effective ferroelectric properties than other phases [18]. The
solution was spin-coated at 4000 rpm for 20 s repeatedly
six times on a Pt (100 nm)/Ti (20 nm)/SiO, (300 nm)/Si
wafer that promoted the crystallization of a perovskite PZT
structure after each coating, followed by baking at 300 °C for
5 min [19]. The sample structure was subsequently annealed
for 30 min at 650°C to promote the crystallization. The
structure and thickness of the multi-stacked layers (PZT
(270 nm)/Pt (100 nm)/Ti (20 nm)/SiO, (300 nm)/Si) were
characterized by scanning electron microscopy (SEM) and
x-ray diffraction (XRD) methods. XRD indicated that PZT
film was dominantly composed of (111)-orientation, although
it included a small portion of (100)-oriented film which
shows a little lower values of remnant polarization and

coercive field than those of (111) (figure 1(a)). It is known
that these mixed structures do not have a critical effect on
the performance of the PZT films [20, 21]. The polarizing
characteristics of the resulting PZT films were evaluated
by measuring the polarization hysteresis loop response over
various sweep voltages (1-11 V). A remnant polarization (Pr)
of 30 uC cm~2 and a coercive voltage (V.) of 3.5 V were
determined under a voltage loop over £11 V. These values are
comparable with those of the crystalline PZT films produced
through other methods, and also higher than those observed
in organic ferroelectrics even at low operating voltages
(see figure 1(b) and supplementary information available
at stacks.iop.org/Nano/24/475202/mmedia). The crystallinity
and polarizing properties of the PZT film were confirmed, and
the structure was used in subsequent fabrication steps toward
the preparation of flexible graphene-based FeFET memory
devices.

Figures 1(c)—(e) show schematic illustrations of the
steps involved in fabricating a flexible graphene-based FET
memory device on a plastic substrate. First, the PZT
films were used to form ribbon arrays connected through
anchors prepared by photolithography. Wet etching with
diluted HF was applied to remove unnecessary PZT regions
(figure 1(c)). The PtTi and SiO, layers were etched
vertically and the bottom sacrificial silicon was laterally
etched using inductively coupled plasma (ICP) etching
techniques with SFg and CHF3 gases to form free-standing
ribbons. The PZT/Pt/Ti/SiO, ribbons were then lifted using
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Figure 2. (a) Ip—V transfer characteristics of the as-fabricated graphene on PZT. (b) Atomic force microscopy (AFM) image of PZT
surface and height profile (black solid line) of the PZT surface along the black dashed line. (c) Ip—V transfer characteristics of graphene on
PZT, showing the changes in the loop direction after electrolyte treatment. (d) Raman spectra of a monolayer graphene film on PZT before
and after electrolyte treatment. The inset images show the mapping of ‘G’ peaks corresponding to graphene on PZT before and after

electrolyte treatment. (Scale bar: 2 pum.)

a polydimethylsiloxane (PDMS) stamp and were strongly
attached onto a polyimide (PI) film (25 pum thick) using
an adhesive epoxy layer (figure 1(d)). Cr/Au (3 nm/80 nm)
electrodes were defined by photolithography and prepared
using the lift-off method. Graphene grown by CVD methods
was transferred and patterned onto the PZT ribbons to form
an active channel layer. Finally, the fabrication of flexible
graphene-based FeFET memory arrays mounted on a PI
substrate were completed (figure 1(e)).

3. Results and discussion

As mentioned previously, the anti-ferroelectric properties of
the channel surface states or the interfaces between the
channel and inorganic ferroelectrics can produce a reverse
current hysteresis loop in a memory device composed
of graphene and PZT [15, 16]. The as-fabricated devices
displayed a reverse current hysteresis loop, in contrast to
the expected direction based on ferroelectricity in the Ip—Vg
transfer characteristics (figure 2(a)). This unexpected result
arose from the unstable surface and interface states of
the PZT and graphene. The high roughness of the PZT
surface disrupted the contact between the graphene and
PZT layers to create weak polarizing interactions with the
channel layer [22]. In addition, numerous grain boundaries
and impurities were present and created trapped charges in
the channel region due to the large channel area (10 um Xx

80 pum) in comparison with 200 nm x 200 nm sized
grains of PZT (figure 2(b)) [23]. A variety of factors may
contribute to the ferroelectric field disturbance, including the
presence of hydroxyl groups chemisorbed onto the surfaces
of the PZT and graphene, or the dynamic dissociation and
recombination of water molecules; therefore, the direction
of the current hysteresis loop was reversed relative to the
original direction [15, 24]. To overcome the anti-ferroelectric
effects on the devices, we developed a method of using
electrolytes to shift the Dirac voltage in a graphene FET
toward 0 V by suppressing the charge trapping effects
[25, 26]. Here, an electrolyte solution was sprayed on the top
surface of the graphene/PZT/Pt structure. It was composed
of 1-ethyl-3-methylimidazolium bis(tri-fluoromethylsulfonyl)
imide ([EMIM][TFSI]), (CgH;1FsN304S;2) dissolved in
methylene chloride (supplementary information available at
stacks.iop.org/Nano/24/475202/mmedia) [27]. The surface
covering was maintained over 24 h to be wet for the interface
sufficiently. However, the electrolyte solution can easily make
contact with the electrodes of the FET which results in
a loss of ferroelectric function of the PZT and serious
leakage of current. Therefore, the electrolyte solution was
removed to prohibit connection between the solution and
the electrodes. After the electrolyte solution was removed,
the top surface of graphene was partially covered by the
electrolyte solution (supplementary information available
at stacks.iop.org/Nano/24/475202/mmedia). Electrolytes with
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Figure 3. (a) Ip—V transfer characteristics of a flexible graphene FEFET on PZT with an electrolyte treatment under different applied
voltage loops of 2, 6, 10 V at a drain voltage of 0.1 V. A channel length and a width are 10 um and 80 um, respectively. (b) Time retention
properties of the graphene FeFET devices at a fixed drain voltage of 0.1 V. (c) Endurance test, in which the on and off currents were

measured at a fixed drain voltage of 0.1 V over the working cycles.

heavy molecular weight of 391.31 g mol~! cannot permeate
through the normal defect site on the high quality graphene
sheets [28, 29]. The electrolyte solution may be absorbed into
the interfaces between graphene and PZT substrates through
the structural defects of graphene such as edges, wrinkles
and folded parts [30, 31]. Similarly, the solution can form
thin layers beneath a graphene sheet and then fill the gap
between the graphene and the highly rough surface of PZT.
The high capacitance of the electrolytes compensated for
the anti-ferroelectric effects and contributed to the effective
ferroelectric polarization [32, 33]. The presence of the
electrolytes reversed the counter-clockwise current hysteresis
loop direction as a result of the increased ferroelectric
properties, as shown in figure 2(c).

We characterized the effects of the electrolyte treatments
on the graphene surface and interface chemistries using
Raman spectroscopy. The positions of the ‘G’ and 2D’
peaks corresponding to graphene on a substrate generally
display a shift in the Raman spectrum that is distinct
from the peak position in pristine graphene because of
doping effect by the substrate [34, 35]. The graphene film
transferred onto the PZT yielded ‘G’ and 2D’ peak positions
of 1589 and 2687 cm™! (figure 2(d)). However, the peak
positions were shifted to 1585 cm™! and 2680 cm™! from
the initial positions, respectively after electrolyte treatments
as visualized in the inset of figure 2(d)—the confocal
mapping images of the ‘G’ peaks before and after electrolyte
treatments. The intensity ratio Irp/Ig increased from 1.62
to 2.41 following the electrolyte treatments. The peaks
underwent a red shift and an increase in the Iop/Ig ratio after
electrolyte treatment, indicating that the factors contributing
to p-type graphene doping, such as the charge trapping effects,
were suppressed [36]. The electrolyte treatments enabled the
preparation of both capacitor- and transistor-type ferroelectric
memory devices based on PZT and graphene, which displayed
ferroelectric properties (supplementary information available
at stacks.iop.org/Nano/24/475202/mmedia).

Figure 3(a) shows the Ip—Vg transfer characteristics of
the transistor fabricated with a channel length (Lc) of 10 um
and a channel width (Wc) of 80 um for various sweep
voltages at a fixed drain voltage of 0.1 V and the inset
displays a top-view image of the devices, indicating source,
drain and gate. The direction of the current hysteresis loop
was found to be clockwise over the gate sweep ranges 2
to =2V, 6 to —6V, and 10 to —10 V, which indicates
that the electrical properties of the device agreed with the
ferroelectric characteristics of the PZT film in contrast to the
previously reported tendency [15, 16]. The devices showed a
small memory window of 6 V at a low operating voltage loop
of £10 V, which agreed well with the 2 x V, value [37]. The
on/off current ratio of the device was calculated to be 6.7, as
the on current value of 1.79 mA at 0 V was divided by the off
current value of 0.267 mA at Vg(sweep) = £10 V.

One of the important properties of FeFET memory is
memory retention. Figure 3(b) shows the retention properties
of the devices, which were evaluated by measuring the
on/off current value as a function of time after applying
a writing and erasing pulse of £10 V at a fixed drain
voltage of 0.1 V. The on current value was preserved up
to 200 s, whereas the off current value increased gradually
up to 0.7 mA from 0.4 mA. Although the retention time
of the device was shorter than reported values for other
graphene-based FeFET memory devices, this is meaningful
as a first demonstration of flexible FeFET memory devices
based on graphene and PZT operated by the ferroelectric
property. The retention characteristics could potentially be
improved using methods for encapsulating the device and
controlling the external conditions [24, 38]. The cycling
characteristics are also important in that they can be used to
evaluate the device stability over repetitive operations. The
on/off currents were measured as a function of the cycling
number of current—voltage loops, as displayed in figure 3(c).
The on/off current was measured to be Vp = 0.1 V and the
pre-applied voltage was fixed to £10 V. Although the initial
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Figure 4. (a) Current—voltage characteristics of a graphene FeFET on PZT under bending conditions, with bending radii of oo, 21, 14, 11,
9; also shown is the return at a drain voltage of 0.1 V. (b) Changes in the on/off current values at different bending radii (Rc) for a drain
voltage of 0.1 V. The inset shows the normalized value of the change in the bending test.

on/off current values were 2.2 and 0.32 mA, the on current
value decreased and the off current value increased slightly as
the cycling number increased. Finally, the on and off current
values shifted to 1.9 mA and 0.46 mA, respectively, and the
ratio of the on/off current decreased to 3.5 (from 6.8) after
1000 cycles. The changes in the current value as a function
of the I-V loop cycle resulted from the similar underlying
factors that contributed to the shifts in the on and off current
values during the retention test. The adsorption of impurities
onto the graphene surfaces may have been responsible for
these changes because the experiments were conducted under
ambient conditions without an encapsulation layer [24, 38].
PZT layer degradation, which results from fatigue effects,
could also have contributed to the on/off current changes
during the cycling tests [39].

Our devices are distinguished from other inorganic-based
FeFET memory devices by the device flexibility. The stability
of the device performance in a bent state was measured.
The results revealed robust device properties over a range
of bending radii (Rc), as shown in figure 4(a). The bending
characteristic curve plots the current hysteresis loop in the
voltage range of 10 to —10 V at bending radii of oo, 21, 14, 11,
9 mm, and the returned state, corresponding to 0, 0.06, 0.09,
0.11, 0.13% strained states and initial states, respectively.
The measured current loops varied slightly with the bending
radius. The currents (normalized relative to the initial on/off
currents) varied within 20%, indicating that the devices were
quite stable under strains of up to 0.13%. The devices were
not observed to fracture during the bending test, as shown in
figure 4(b) and the inset data.

4. Conclusion

In summary, this paper reports the demonstration of
flexible graphene-based FeFET memory devices prepared
on a plastic substrate. High quality PZT thin films were
prepared using a sol-gel method and transferred to a plastic
substrate. The anti-ferroelectric properties of the PZT and
graphene were compensated by treating the device with

an electrolyte solution. The resulting devices displayed
ferroelectric memory properties and a mechanical stability on
the plastic substrate. The results presented here suggest that
a single transistor type in a FeFET memory device prepared
from an inorganic PZT thin film could be integrated onto a
flexible substrate to yield a robust device performance.
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