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ABSTRACT  

 We demonstrate a flexible ferroelectric polymer-based memory with a zinc oxide (ZnO) 

single-nanowire transistor; its enhanced memory properties are attributed to the limited size of the 

semiconducting single-nanowire, which suppresses leakage currents caused by parasitic 

capacitance. Memory devices based on hybrid ferroelectric field-effect transistors (Fe-FETs) 

exhibit an outstanding data retention time, with an on/off ratio of ~107 for 104 s along with a highly 

stable endurance for 100 cycles, without drain current degradation at a readout voltage of 0.1 V. 

Furthermore, these enhanced characteristics lead to a robust performance, overcoming the changes 

in the hysteresis window caused by flexoelectricity under bending stress; thus, the flexible-

polymer Fe-FET with a ZnO single-nanowire channel shows a multilevel switching behavior with 

three different drain current states under bending conditions. 
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 The increasing popularity of exascale computing applications such as big data analytics 

has resulted in greater technical demands for high-performance computing systems capable of 

faster and more efficient data processing.1 Neuromorphic systems, which efficiently process 

information by emulating the function of the human brain, are considered promising technologies 

to meet these demands.2,3 The human brain uses a complex neural network composed of neurons 

and synapses to simultaneously process and store data in the same unit; in this way, it can process 

information efficiently while consuming very low energy.2-6 Pioneering attempts to mimic the 

ability of the brain to efficiently process and store information at same time involved extensive 

research on ferroelectric synaptic weights for artificial neural networks.3-6 Ferroelectric synaptic 

neuron devices, serving as basic units for neuromorphic computing by generating a pulse that 

activates a new input, have been obtained through a multilevel operation in ferroelectric field-

effect transistors (Fe-FETs) memory devices.6,7 

 Meanwhile, with the emergence of portable electronic devices such as smart glasses, 

watches, and wristbands, flexible electronics have recently attracted broad research interest. This 

is because it can be operated while changing their shape, and thus have excellent portability.8 

Therefore, integrating neuromorphic devices into flexible electronics is expected to support new 

electronic applications.9 However, generally, inorganic-based ferroelectric materials with high-

performance memory properties are mechanically brittle, and special fabrication processes are 

required to make them flexible. At the same time, ferroelectric polymer materials with intrinsic 

mechanical flexibility, such as poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)], can 

be fabricated on flexible substrates by solution processing, but show inferior memory performance 

compared to their inorganic counterparts.10-13 Given clear advantages and disadvantages of each 

ferroelectric material, we selected the P(VDF-TrFE) ferroelectric copolymer, which exhibits 
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 3 

superior properties in terms of mechanical flexibility and device fabrication. To compensate for 

the inferior memory properties while maintaining the advantages associated with the ferroelectric 

copolymer, we used a zinc oxide (ZnO) single-nanowire as the channel of the Fe-FET; with this 

design, the limited size of the single-nanowire should suppress the leakage current caused by 

parasitic capacitance. A polymeric Fe-FET memory incorporating the ZnO single-nanowire 

transistor was fabricated on a polyethylene terephthalate (PET) substrate in a low-temperature 

process (reaching a maximum of 150 °C). The device exhibited a wide memory window, an on/off 

current ratio higher than 107, and outstanding data retention characteristics for 104 s under a readout 

voltage of 0.1 V. In addition, the Fe-FET device showed stable memory properties under both 

tensile and compressive bending conditions. More importantly, these stable memory 

characteristics enable the flexible Fe-FET memory devices to achieve multilevel weight-control 

operation with three different current states under bending conditions, which is critical for their 

application in flexible neuromorphic systems. 

ZnO nanowires were grown by chemical vapor deposition (CVD) in a tube furnace. A 1.5 

nm Au layer was evaporated by an e-beam evaporator for catalyst on an oxidized (300 nm) Si 

(111) substrate. The prepared substrate was placed in an alumina boat on top of a 1:1 mixture of 

ZnO powder and carbon nanopowders, after which the alumina boat was positioned in the center 

of the furnace. The growth temperature of the mullite work tube was increased to 950 °C at a 

heating rate of 15 °C/min, while a 1:25 mixture of oxygen and argon gases was introduced to allow 

oxidation of the ZnO powders. When the growth temperature reached 950 °C, the melted zinc 

clusters were transferred to the Si substrate by the mixture gas flow stream. After that, the furnace 

was cooled down to room temperature and gray-colored ZnO nanowires were formed on the top 

of the Si substrate. The as-grown ZnO nanowires were characterized by SEM and high-resolution 
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TEM. A 5 wt.% P(VDF-TrFE) ferroelectric copolymer was prepared by dissolving P(VDF-TrFE) 

powder (70:30 molar ratio, Piezotech) in cyclohexanone (Sigma-Aldrich) at a concentration of 46 

mg/mL stirring at 50 °C for 24 h, to melt in air ambient without any further filtering. The flexible 

Fe-FET memory was fabricated on a PET substrate. The grown ZnO nanowires were dispersed on 

a cleaned PET substrate. Source/drain (Ti/Au) electrodes of 70 nm/130 nm thicknesses were 

deposited by an e-beam evaporator under a vacuum of ~10−7 torr and patterned via 

photolithography. The prepared ferroelectric copolymer was spin-coated at 1,500 rpm for 1 min 

and dried on a hot plate at 150 °C in air ambient for 4 h. To complete the device fabrication, a 100 

nm-thick Al top-gate electrode was deposited through a shadow mask by an e-beam evaporator in 

a vacuum of ~ 10−7 torr. The electrical characteristics of the devices were measured with Keithley 

4200 and Agilent 4156C semiconductor parameter analyzers using a probe station located in a 

dark box. The mechanical flexibility of the flexible Fe-FET memory was investigated using lab-

made bending devices, with the same bending radius (5.75 mm) for both tensile and compressive 

modes. 

Before fabricating flexible Fe-FET devices, we investigated the electrical properties of the 

ZnO single-nanowire to be used as the channel of the flexible Fe-FET. The scanning electron 

microscopy (SEM) image in Figure 1(a) shows that the ZnO nanowires grew uniformly and 

vertically on the entire silicon substrate. Their diameters and lengths ranged from 100 to 130 nm 

and from 8 to 13 µm, respectively. The selective-area electron diffraction (SAED) pattern of ZnO 

single-nanowire in the inset of Figure 1(a) shows high-crystallinity diffraction spots. The high-

resolution transmission electron microscopy (TEM) image in the Figure S1 of the supplementary 

material shows that the ZnO nanowires had high crystalline quality, with no dislocations or 

stacking of lattice fringes and consistent growth along the c-axis. The image clearly shows a lattice 
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spacing of 0.52 nm along the [0001] axis. The superior quality of these nanowires was reflected in 

the electrical performance of a ZnO single-nanowire-based transistor fabricated with a 200 nm-

thick SiO2 insulator. Figure 1(b) shows the transfer characteristics (IDS–VGS) and the VGS-

dependent electron mobility values of the ZnO single-nanowire TFT at a relatively small drain 

voltage (VDS) of 0.1 V, chosen to minimize the effect of the lateral electric-field. The device 

showed a maximum current of 0.37 µA at a gate voltage (VG) of 20 V, along with an on/off current 

ratio > 107 and a subthreshold swing (SS) of 0.5 V/decade. The linear mobility (linear) was 

calculated using the following equation:14,15 𝜇𝑙𝑖𝑛𝑒𝑎𝑟 = 𝑔𝑚𝐶𝑖𝑛𝑠𝑉𝐷𝑆𝑊𝐿           (1) 

where L is the channel length, Cins is the capacitance per unit area of the insulator, VDS = 0.1 V, 

and gm is the transconductance (∂IDS/∂VGS) of the transistor. The gate capacitance of the nanowire 

transistor is different from that of a typical TFT (with planar geometry); therefore, in this study it 

was calculated using the cylinder-on-an-infinite-metal-plate model:16-18 

𝐶𝑖𝑛𝑠 = 2𝜋𝜀𝑜𝜀𝑟𝐿𝑐𝑜𝑠ℎ−1(1+𝑡𝑟)         (2) 

where r is the nanowire radius (50 nm), L = 4 µm, εo is the permittivity constant of vacuum, εr is 

the dielectric constant of SiO2 (i.e., 3.9), and t is the thickness of the insulator (200 nm). The 

maximum linear mobility of the ZnO single-nanowire TFT was calculated to be 164.76 cm2/Vs. 

Figure 1(c) shows the output characteristics of the ZnO single-nanowire TFT. The linear sections 

of the output curves near VDS = 0 V indicate a good ohmic contact between the nanowire and the 

drain/source electrodes. This is attributed to relatively low Schottky barriers at the interface 
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 6 

between the electrode (Ti/Au; effective work function, ɸTi = 4.33 eV) and the ZnO nanowire, which 

had an electron affinity (χZnO) of 4.29 eV and a work function (ɸZnO) of 4.45 eV.19 

 Figures 2(a) and (b) show a 3D scheme of the device structure used in this study and a 

photograph of the Fe-FET memory devices fabricated on a flexible substrate, respectively. Flexible 

Fe-FET memory devices were constructed with a top-gate structure consisting of a ZnO single-

nanowire channel, a source/drain (Ti/Au) electrode, and a P(VDF-TrFE) ferroelectric copolymer 

layer. The thickness of the P(VDF-TrFE) layer was 270 nm, while the channel length was 4 µm; 

the ZnO nanowire was ~13 µm long with a diameter of ~130 nm. Figure 2(c) shows hysteresis 

loops of the flexible Fe-FET as a function of VG, which were used for determining the transfer 

characteristics at VDS = 0.1 V and a scan rate of 0.3 V/s. The Fe-FET showed a high on-current of 

0.38 µA at VG = 30 V and an outstanding on/off current ratios of more than 106 at VDS = 0.1 V. 

The transfer curves show counterclockwise memory hysteresis loops originating from switching 

the alignment of the ferroelectric dipoles of the copolymer; the size of the loops gradually 

increased with the gate voltage sweeping range, and the maximum memory window was ~ 40 V 

at a VG sweeping range of ±40 V, as shown in Figure 3(c). Electrical characterizations of the 

devices were performed with a gate voltage sweeping range of ±30 V, which provided a sufficient 

window to assess the memory. The reliability of the Fe-FET memory device was assessed using 

time-dependent data retention and endurance cycling tests between on and off states, performed at 

VDS = 0.1 V for 104 s and 100 cycles. Figure 2(d) shows the data retention performance of the Fe-

FET memory under a write voltage pulse VG of ± 30 V for 2 s and a reading voltage VG = 0 V for 

104 s. Each gate voltage pulse aligned the dipole moments in the copolymer layer, and a 

corresponding accumulation or depletion of electrons occurred in the ZnO single-nanowire . In the 

on state, the current showed a slight increase until 1,500 s, after which the device reached a steady 
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 7 

state, while the off current remained stable at ~ 10−12 A. The Fe-FET memory assembled on a 

flexible substrate exhibited an outstanding on/off ratio of more than 5 × 105 for data retention over 

104 s. Figure 2(e) shows the device endurance during 100 cycles of switching between on and off 

conductance states, along with a detailed view of the last 10 cycles; the current modulation was 

measured at VDS = 0.1 V and VGS = 0 V, as write and erase pulse voltages of ±30 V were applied 

for 3 s. 

  To evaluate the performances of the Fe-FET devices under mechanical deformation, their 

memory performances under tensile and compressive bending were assessed by examining the 

memory window, retention time, cycling endurance, and other properties. Figures 3(a–c) show 

the results of electrical measurements under compressive stress under a bending radius of 5.75 mm. 

The transfer curve was measured with VG sweeping a range of ±30 V at VDS = 0.1 V, and shows a 

counterclockwise ferroelectric hysteresis similar to that of the flat condition. Figure 3(b) shows 

the time evolution of the data retention for a readout voltage of 0.1 V. Importantly, the on/off ratio 

of the retention time test was ~ 107, which is 100 times higher than that of other inorganic 

nanowire-based Fe-FETs.20-23 It is worth noting that this remarkably high on/off ratio is the most 

desirable characteristic for weight-control of ferroelectric synaptic neurons in neuromorphic 

systems. The ferroelectric effect was much stronger under compressive than tensile bending, and 

the memory window was significantly wider. The ferroelectric dipole charges therefore prevented 

degradation of the on-current, even in the presence of a leakage current; this is discussed in more 

detail below. Figure 3(c) shows that during writing endurance tests of 100 cycles, the flexible Fe-

FET memory devices with the ZnO single-nanowire channel exhibited consistent and reliable 

performances under compressive stress, similar to those in unstressed conditions. Figures 4(d–f) 

show the results obtained for the flexible Fe-FET memory devices under tensile stress with a 
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 8 

bending radius of 5.75 mm. The time dependence of the on-currents for data retention and 

endurance cycling were reduced by almost one order of magnitude. However, the off-current level 

was similar to that measured before bending.  

 To further investigate the effect of a mechanical deformation applied to the flexible Fe-

FET devices on their electrical and memory properties, the transfer curves under different bending 

conditions are compared in Figure 4(a). Compared with the flat, under compressive bending the 

flexible Fe-FET memory reached the off and on states at more negative and less positive voltages, 

respectively; thus, its memory window shifted in the negative direction and became wider, 

resulting in enhanced performances compared to the flat Fe-FET memory device. In contrast, 

under tensile bending, the device reached the off and on states at a less negative and more positive 

voltage, respectively; the memory window thus became slightly narrower and shifted in the 

positive direction, leading to relatively inferior memory performances. These changes in the 

memory properties can be explained in terms of flexoelectric effects: i.e., the generation of electric 

polarization under a strain gradient. 

Under compressive bending, without any applied voltage, a downward-oriented 

polarization is generated by the strain gradient in the P(VDF-TrFE) layer. This ferroelectric 

copolymer has a permanent dipole perpendicular to the chain axis due to the negative fluorine and 

positive hydrogen atoms, and its polarization originates from a long-range alignment between the 

dipoles via rotation of the molecular chains. This spontaneous polarization creates an electrical 

field upon bending, which induces additional charges. As a consequence, the Fe-FET device is 

turned on at a lower voltage. Furthermore, as the preferential polarization under compressive 

bending is directed downward, the polarization reversal from the downward to the upward 

direction (which appears in Fe-FETs as a transition from the on to the off state) is hindered, as 
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 9 

shown in Figure 4(a). On the other hand, tensile bending conditions create an upward polarization, 

which shifts the memory window in the positive direction. However, the magnitude of the negative 

strain gradient along the copolymer chains is relatively small.24,25 A second possible reason for the 

observed variation of the turn-on and turn-off voltages and for the shift in memory window is the 

piezoelectric effect, which in the present system would generate electrical charges at the interface 

between the single ZnO nanowire and the ferroelectric copolymer film.26-27 Similar to 

flexoelectricity, the piezoelectric effect can induce additional charges and alter the turn-on and 

turn-off voltages as well as the memory window of the device under mechanical deformation. 

However, the piezoelectric effect would be dominant only if the ZnO nanowire is in contact with 

the ferroelectric copolymer. To determine the origin of the deformation-dependent memory 

properties of the Fe-FET memory device, the capacitance changes of metal–insulator–metal 

(MIM) device in which the copolymer film was sandwiched by metal electrodes on plastic 

substrates were measured under different bending conditions. The capacitance–voltage (C–V) 

curves of the MIM device [Figure 4(b)] show that not only the capacitance value but also the peak 

position (i.e., the voltage corresponding to the maximum capacitance value) changed according to 

the mechanical deformation. Moreover, the direction of the shift and the peak-to-peak width 

showed a clear correlation with the changes in the transfer curves due to mechanical deformation, 

shown in Figure 4(a). In other words, even though the MIM device included only a ferroelectric 

copolymer thin film (without any ZnO nanowire), its capacitance under mechanical deformation 

varied by ±10% in comparison with the peak value of the flat device. These results reveal that a 

change in the amount of polarization (rather than a generation of charges) took place in the 

ferroelectric copolymer film. Thus, it can be inferred that the flexoelectricity-induced polarization 

upon mechanical deformation was more dominant than the piezoelectricity-induced charge 
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 10 

generation. Figure 4(c) displays the three-level weight operation of the Fe-FET memory under a 

tensile bending radius of 5.75 mm. Two different IDS values, depending on the gate-voltage (VG = 

30 V and VG = 20 V), where observed at VDS = 0.1 V. As discussed above, for the flexible Fe-FET 

memory, tensile bending conditions resulted in a degraded memory performance, owing to the 

negatively induced flexoelectric effect. However, despite the reduced on-current levels, stable 

multilevel weighting operation of the flexible Fe-FET memory is possible because integrating the 

high-quality ZnO single-nanowire into flexible Fe-FET memory minimizes leakage currents due 

to parasitic capacitance and keeps low off-current level. 

 In summary, we fabricated a flexible Fe-FET memory using high-quality ZnO single-

nanowire with a very high mobility of 164.76 cm2/V. Under both tensile and compressive stress 

bending conditions, the flexible Fe-FET memory exhibited a wide memory window of more than 

40 V, excellent data retention with an on/off ratio of ~ 107 for 104 s at a low readout voltage of 0.1 

V, and reliable endurance for 100 switching cycles without degradation. Moreover, regardless of 

the flexoelectric effect, the flexible Fe-FET memory showed stable multilevel weight-control with 

a high on/off ratio >105. The enhanced memory properties can be attributed to the confinement 

effect in the ZnO single-nanowire, which suppresses leakage currents due to parasitic capacitance. 

 

 

 

 See supplementary material for the HR-TEM image of ZnO nanowire and the surface and 

electrical properties of the P(VDF-TrFE) ferroelectric films 
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Figure 1. 

 

 

 

 

 

 

Figure 1. (a) SEM image of as-grown ZnO nanowires (scale bar, 2 µm). The inset shows a SAED 

pattern of the ZnO single-nanowire. (b) Plots of transfer characteristics and linear mobility vs. 

applied gate bias for ZnO single-nanowire transistor on SiO2/n-Si substrate. The inset shows a 

SEM image of the transistor. (c) Output curves of ZnO single-nanowire transistor. 
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Figure 2. 

 

Figure 2. (a) 3D schematic illustration of polymer Fe-FET incorporating ZnO nanowire with top-

gate structure. (b) Photograph of Fe-FET memory device fabricated on a flexible plastic substrate. 

The inset shows a photo of the Fe-FET memory devices on a sphere-shaped surface. (c) Transfer 

characteristics of Fe-FET measured with various gate voltage sweeping ranges (up to −40 V ≤ VG 

≤ +40 V) at VDS = 0.1 V. (d) Data retention of on and off states at a readout voltage of 0.1 V for 

10,000 s. (e) Programmed endurance tests covering 100 cycles between on and off states (left) and 

enlarged view of the last 10 cycles (right). 
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Figure 3. 

 

 

 

 

 

 

 

Figure 3. Memory properties of flexible Fe-FET memory device under (a)–(c) compressive 

bending (radius 5.75 mm) and (d)–(f) tensile bending (radius 5.75 mm).  
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Figure 4. 

 

Figure 4. (a) Transfer curves under different bending conditions (top) and corresponding changes 

in memory window (bottom) of the Fe-FET devices. (b) C–V characteristics of a MIM device with 

a copolymer film sandwiched between electrodes, measured at 1 MHz under different bending 

conditions. (c) Three-level memory operation of Fe-FET device under tensile bending conditions. 
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