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Achieving high mobility, low-
voltage operating organic field-
effect transistor nonvolatile 
memory by an ultraviolet-ozone 
treating ferroelectric terpolymer
Lanyi Xiang, Wei Wang & Wenfa Xie

Poly(vinylidene fluoride–trifluoroethylene) has been widely used as a dielectric of the ferroelectric 
organic field-effect transistor (FE-OFET) nonvolatile memory (NVM). Some critical issues, including 
low mobility and high operation voltage, existed in these FE-OFET NVMs, should be resolved before 
considering to their commercial application. In this paper, we demonstrated low-voltage operating 
FE-OFET NVMs based on a ferroelectric terpolymer poly(vinylidene-fluoride-trifluoroethylene-
chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)] owed to its low coercive field. By applying an ultraviolet-
ozone (UVO) treatment to modify the surface of P(VDF-TrFE-CTFE) films, the growth model of the 
pentacene film was changed, which improved the pentacene grain size and the interface morphology of 
the pentacene/P(VDF-TrFE-CTFE). Thus, the mobility of the FE-OFET was significantly improved. As a 
result, a high performance FE-OFET NVM, with a high mobility of 0.8 cm2 V−1 s−1, large memory window 
of 15.4~19.2, good memory on/off ratio of 103, the reliable memory endurance over 100 cycles and 
stable memory retention ability, was achieved at a low operation voltage of ±15 V.

Organic memories have attracted great research interest for their many advantages over their inorganic coun-
terparts, such as low cost, mechanical flexibility, solution processability and low-temperature fabrication1–3. 
Among many configurations of organic memories, a nonvolatile memory (NVM) based on ferroelectric organic 
field-effect transistor (FE-OFET) has attracted more attention due to its non-destructive read out, short pro-
gramming time and nonvolatile data storage1,4. The memory mechanism is due to the modulation of the channel 
conductance by the remanent polarization of ferroelectric dielectrics after the supplied programming (P) and 
erasing (E) voltage. In previous reports, the ferroelectric copolymer poly(vinylidene fluoride–trifluoroethylene) 
[P(VDF-TrFE)] was the most widely used dielectric in FE-OFET NVMs. In the last decade, the performances of 
FE-OFET NVMs have been improved. Nevertheless, the utilization of P(VDF-TrFE) to achieve a FE-OFET NVM 
still suffers from some major challenges. For instance, the rough surface of the crystalline P(VDF-TrFE) film 
usually leads to low field-effect mobility (μ) of 10–4~10−2 cm2 V−1 s−1 in FE-OFET NVMs1,5–9. The low mobility  
induces a relatively slow charge accumulation in response to the gate voltage (VG), which limits the operation 
frequency of the devices8,10,11. On the other hand, the high coercive field of 50 MV/m in P(VDF-TrFE) usu-
ally brings high P/E voltage (> 40 V) in previous reported FE-OTFT NVMs1,5,9,12–15. An additional buffer layer, 
such as poly(vinyl cinnamate) or poly(methyl methacrylate), has been employed to improve the mobility in 
FE-OFET11,16,17. However, it made the problem of high P/E voltage severer because the inserted buffer layer with 
a low dielectric constant shared the supplied P/E voltage11,16. And, another negative effect is that the inserted 
buffer layer often diminishes the remanant polarization of a ferroelectric dielectric in the FE-OFET and thus the 
non-volatile memory capability becomes disappeared9. Although using thinner P(VDF-TrFE) film could decrease 
the P/E voltage, extra problems, such as reduction in polarization, increasing in switching filed, switching time 
and leakage current occurs, as the ferroelectric polymer film thickness reduces18–21. Additionally, the spin-coated 
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P(VDF-TrFE) films were processed with dimethylformamide (DMF), 2-butanone (MEK), or cyclohexanone as a 
solvent in all previous reports, most likely due to its high solubility. However, DMF is carcinogenic, and the latter 
two are toxic.

Terpolymer poly(vinylidene-fluoride- trifluoroethylene-chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)], a 
new ferroelectric polymer developing from the P(VDF-TrFE), has a high dielectric constant (κ) of about 28.2, 
remnant polarization (Pr) of 12.9 mC/m2 at a electric field of 150 MV/m and a low coercive field of 14.3 V/μ m  
(These data is got from the material specification by Piezotech-Arkema Corp), which is critical to realize a 
low-voltage operating FE-OFET NVM. And, it is an important way to reduce the operation voltage in OFETs 
by employing a gate dielectric with a high κ22,23. Furthermore, P(VDF-TrFE-CTFE) can well dissolve in butyl 
acetate, which is greener and safer than DMF, MEK or cyclohexanone, considering the negative effects of the 
solvents on the environment and the safety of staffs. Up to now, the FE-OFET NVM based on ferroelectric 
P(VDF-TrFE-CTFE) as the gate dielectric has rarely reported21.

In this work, we demonstrated a high mobility, low-voltage operating FE-OFET NVM based on an 
ultraviolet-ozone (UVO) treating P(VDF-TrFE-CTFE) dielectric, which was spin-coated from a solution in 
butyl acetate. Our work is promising to overcome the above problems. After the P(VDF-TrFE-CTFE) film was 
treated under an UVO atmosphere for 60 min, the following depositing pentacene grew at a two-dimensional 
layer-by-layer mode. As a result, large pentacene grain size and good interface morphology at pentacene 
/P(VDF-TrFE-CTFE) were achieved, which had a critical influence on improving the mobility. At last, good 
memory characteristics, with high mobility of 0.8 cm2 V−1 s−1, low P/E voltage of ± 15 V, large memory window 
(ΔVT) of about 15.4~19.2 V, good memory on/off ratio of 103, the reliable endurance over 100 cycles and stable 
retention ability, were achieved in our FE-OFET.

Experimental
All FE-OFET devices were fabricated on the patterned indium tin oxide (ITO) coated glass substrates, which act 
as a gate electrode. After the substrates were routinely cleaned and dried, the P(VDF-TrFE-CTFE) with a compo-
sition of 64.2/27.1/8.7 mol% (purchased from Piezotech-Arkema Corp., France) was spin coated on the ITO gate 
electrode as a gate dielectric, from a solution of 7 wt % in butyl acetate. Then, the P(VDF-TrFE-CTFE) films were 
annealed at 120 °C for 120 min, which is lower than the typical annealing temperature near 140 °C for the forma-
tion of the ferroelectric β -phase of P(VDF-TrFE)1,5–10,14,15. The resulted film thicknesses of P(VDF-TrFE-CTFE) 
is about 580 nm, measured by a Dektak 6 surface profiler. Prior to the deposition of the semiconducting penta-
cene layers, the UVO treatment was carried out on the P(VDF-TrFE-CTFE) films at a power of 28 mW/cm2 for 
0~60 min, respectively. A 40-nm-thick pentacene film was thermally deposited on the P(VDF-TrFE-CTFE) films 
at a speed of 0.2 Å/s. Finally, top-contact source-drain (S-D) electrodes of MoO3 (8 nm) and Cu (60 nm) were 
thermally deposited and patterned by a shadow mask. The channel length (L) and width (W) were 140 and 2000 μ 
m, respectively. The schematic diagram of our FE-OFET devices and the chemical structures of the ferroelectric 
and semiconductor materials used in this work are shown in Fig. 1. Additional, the capacitor with a structure of 
ITO/P(VDF-TrFE-CTFE) (580 nm)/Cu was also prepared. The electrical properties of the FE-OFETs were meas-
ured by a semiconductor parameter analyzer (Agilent B2902) in the ambient atmosphere at room temperature. 

Figure 1. Schematic diagram of present FE-OFETs and the chemical structures of the ferroelectric and 
semiconductor materials used in this work. 
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The ferroelectric hysteresis properties and the capacitance of the P(VDF-TrFE-CTFE) film were measured by 
P-PMF1213–346 ferroelectric test system (Radiant Technology, U.S.A.) and ZL-5 model LCR analyzer, respec-
tively. The surface morphologies of both the P(VDF-TrFE-CTFE) films and the pentacene films were charac-
terized by tapping-mode atomic force microscopy (AFM) (Dimension Icon, Bruker Co.). The x-ray diffraction 
(XRD) was performed by using a Bruker D8 Advance X, Pert diffractmeter (Cu-Ka: λ  =  1.540 Å).

Results and Discussion
The P(VDF-TrFE-CTFE) film without UVO treatment exhibited the characteristic randomly distributed 
rod-like microdomains, which were about 150 nm and 40 nm in length and width, respectively, as shown in 
Fig. 2a. The root-mean-square (RMS) roughness of the P(VDF-TrFE-CTFE) film was about 2.1 nm. The XRD 
pattern of the P(VDF-TrFE-CTFE) film without UVO treatment shows a prominent peak at a 2θ  angle of 18°, 
indicating the (002, 020) reflection faces of ferroelectric phase (Fig. 2b)24. The pentacene film deposited on the 
P(VDF-TrFE-CTFE) film without UVO treatment exhibited an inferior morphology, with a RMS roughness of 
7.10 nm and many small dot-like grains with an average diameter of about 100 nm, as shown in Fig. 2c. Moreover, 
some towery island-like aggregation were also observed with a height of 20~40 nm, diameter of 200~400 nm and 
density of about 1.6 per square micrometer, as shown by the inset of Fig. 2c.

Figure 2d shows the ferroelectric hysteresis properties of the P(VDF-TrFE-CTFE) film with the remanent 
polarization and coercive filed were about 13.6 mC/m2 and 14.8 V/μ m, respectively, which are approximate to 
the data supplied by Piezotech-Arkema Corp. The I–V characteristics of the capacitor exhibited a low leakage 
current density of 10−7 A cm−2 at a voltage sweeping range of ± 15 V (Fig. 2e), indicating a good electric insu-
lator property in our P(VDF-TrFE-CTFE) film, which is required for the stable operation of a FE-OFET. The 
transfer characteristics of a typical FE-OFET based on a P(VDF-TrFE-CTFE) film without UVO treatment 
were measured at the drain-source voltage (VDS) of − 5 V, with different VG sweeping ranges from ± 10 V to 
± 20 V, as shown in Fig. 2f. The present FE-OFET operated in p-channel accumulation mode and exhibited a 
counter-clockwise hysteresis behaviour. The hysteresis loops increased with the extending of the VG sweeping 
range, and almost saturated at the VG sweeping range of ± 15 V. The hysteresis characteristics were attributed to 

Figure 2. (a) The AFM image of the P(VDF-TrFE-CTFE) film without UVO treatment (2 μ m ×  2 μ m). (b) XRD 
patterns of the P(VDF-TrFE-CTFE) films with or without UVO treatment. (c) The AFM image of the pentacene 
film deposited on the P(VDF-TrFE-CTFE) film without UVO treatment (5 μ m ×  5 μ m). (d) Polarization-electric 
field hysteresis properties for ITO/P(VDF-TrFE-CTFE)/Au ferroelectric capacitors. (e) The I–V characteristics 
of the P(VDF-TrFE-CTFE) films with or without UVO treatment. (f) The linear transfer characteristics of 
the FE-OFET based on the P(VDF-TrFE-CTFE) film without UVO treatment. The inset of (a) shows the 
water contact angle on the P(VDF-TrFE-CTFE) film without UVO treatment. The inset of (c) shows the 
morphological profile of the blue lined region in the image.
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the ferroelectric properties of P(VDF-TrFE-CTFE), which agreed well with the operation mechanism reported in 
many FE-OFETs based on a ferroelectric P(VDF-TrFE) gate dielectric1,5–17. The hysteresis characteristics mean a 
promising application of present device as a memory. However, low on state drain-source current (IDS) of ~10−8 
A was observed in present FE-OFET, which led to a low memory on/off ratio of about 20 at a reading voltage (VR) 
of VG =  0 V and the VG sweeping rang of ± 15 V. The linear mobility (μlin) was extracted using the conventional 
metal-oxide-semiconductor field-effect transistor mode described in equation 1, by the transconductance, gm, in 
the linear region according to equation 2,
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where, the Ci is the gate dielectric layer capacitance per unit area, and VT is the threshold voltage25. The Ci 
of about 40.5 nF cm−2 was calculated from the measured data of the capacitor at the constant voltage of 1 V 
and frequency of 1000 Hz. The VT can be extracted by extrapolating the transfer curves in the linear region, 
with the intercept on the x-axis (IDS was zero) indicating the values of (VT +  VDS/2). The low linear mobility of 
4.2~6.8 ×  10−4 cm2 V−1 s−1 of present FE-OFET was responsible for its low on state IDS. The memory on/off ratio 
is one of the important parameters of the memory, defining as the ratio of IDS at both reading 1 and 0 states. The 
poor pentacene morphology was one of the reasons for the bad mobility in present FE-OFET device. High mobil-
ity is desired because it can directly enlarge the on current and thus the memory on/off ratio, which is favorable 
for distinguishing the Boolean 0 and 1 state, especially for that after a long storage time.

Motivated by previous reports that utilizing UVO treatment on the dielectrics improved the deposited pen-
tacene morphology, which had an obviously influence on the mobility of OFET26,27. Here, we researched the 
influence of the UVO treating P(VDF-TrFE-CTFE) on the mobility of the FE-OFET. As shown in Fig. 3a–c, 
the AFM images demonstrate that UVO treated the P(VDF-TrFE-CTFE) films showed similar rod-like micro-
domains and surface morphology with similar RMS values. On the other hand, the XRD patterns of the UVO 
treated P(VDF-TrFE-CTFE) films also showed similar characteristics (Fig. 2b). Both AFM and XRD character-
izations indicated that the UVO treatment did not change the surface morphology and microstructure of the 
P(VDF-TrFE-CTFE) films.

The morphology of the deposited pentacene films showed an obviously dependence on the time of the 
UVO treatment on the under P(VDF-TrFE-CTFE) films, as shown in Fig. 3d–f. For the pentacene film on the 
P(VDF-TrFE-CTFE) film treated by UVO for 15 min, it exhibited a uniform polycrystalline microstructure with 
an average grain size of about 180 ×  200 nm2 and a surface RMS roughness of about 6.0 nm (Fig. 3d). As the time 
of the UVO treatment on the P(VDF-TrFE-CTFE) films increased to 30 and 60 min, the crystalline quality of the 
deposited pentacene films was further improved, exhibiting a uniform dendritic polycrystalline microstructure 
and larger grains with an average size of about 250 ×  350 and 400 ×  450 nm2, respectively (Fig. 3e,f).

The transfer characteristics of the FE-OFETs with a UVO treating P(VDF-TrFE-CTFE) dielectric were also 
measured at the VDS of − 5 V and different VG sweeping ranges from ± 10 V to ± 20 V, as shown in Fig. 4a–c. It is 
clear that the on state IDS of the FE-OFETs obviously increased with the increasing time of the UVO treatment 
on the P(VDF-TrFE-CTFE) films. However, the VT of devices was not affected by the UVO treatment on the 
P(VDF-TrFE-CTFE) films. Both the linear mobility and the memory on/off ratio, extracted from ten devices 
for every sample, were summarized in Fig. 4d, as the function of the UVO treating time. The both obviously 
increased with the time of the UVO treatment on the P(VDF-TrFE-CTFE) films. The increasing mobility resulted 
in the increase of the on state IDS, which directly promoted the increase of the memory on/off ratio. As a result, 
high mobility with an average value of 0.8 cm2 V−1 s−1 was achieved in the FE-OFET with a 60 min UVO treating 
P(VDF-TrFE-CTFE), which were three orders of magnitude higher than that of the FE-OFET without UVO treat-
ment. In present high mobility FE-OFET, memory on/off ratio of 103 was obtained, which was similar to that in 
some recent reports6–8,11,14. The better pentacene morphology with larger crystalline grains was one of the reasons 
to achieve higher mobility in our FE-OFETs for the decreasing grain boundaries, which acts as trap sites in carrier 
transport and limit the carrier mobility in channel. The similar results have been reported in other OFETs based 
on a polycrystalline small-molecule organic semiconductor28,29.

In general, charge carriers transport in the first few molecular monolayer of the channel adjacent to the 
dielectric layer30,31. Thus, the interface properties of pentacene/P(VDF-TrFE-CTFE) were investigated to fur-
ther understand the dependence of the mobility in the FE-OFETs on the time of the UVO treatment on the 
P(VDF-TrFE-CTFE) films. The water contact angel on the P(VDF-TrFE-CTFE) films with different UVO treating 
time were measured, as shown in the insets of Figs 2a and 3a–c and Table 1. The decreasing water contact angel 
indicated that the surface energy of the P(VDF-TrFE-CTFE) films increased with the time of the UVO treatment 
(Table 1). And, the increased polar component of the surface energy made the surface of P(VDF-TrFE-CTFE) 
films more polar. The evolution of the surface energy of the P(VDF-TrFE-CTFE) had an obvious influence on the 
pentacene growth, which resulted in different interface properties of pentacene/P(VDF-TrFE-CTFE).

On the surface of P(VDF-TrFE-CTFE) films with a surface energy much lower than that of pentacene (42.1 mJ 
cm−2)26, the deposited pentacene molecules try to minimize the total surface energy of system by reducing 
the interfacial area. So, these molecules aggregated on the surface area, rather than covered the whole surface 
area. As for the pentacene film with an average thickness of 1.2 nm (~0.8 monolayer) deposited on the surface 
of P(VDF-TrFE-CTFE) film without UVO treatment, a low coverage was observed with many bared rod-like 
P(VDF-TrFE-CTFE) crystalline microdomains, as shown in Fig. 5a. The subsequently deposited pentacene 
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molecular followed a three-dimensional island-like growth mode. Even for the pentacene film with an average 
thickness of 4.5 nm (~3.0 monolayers), some rod-like P(VDF-TrFE-CTFE) crystalline microdomains were still 
bared (Fig. 5b). It approximated to get a full coverage of pentacene film on the P(VDF-TrFE-CTFE) film when its 
thickness increased to 6.0 nm (Fig. 5c).

With the increase of the surface energy on the P(VDF-TrFE-CTFE), the pentacene growth mode exhib-
ited a transition from a three-dimensional island-like mode to a two-dimensional layer-by-layer mode 

Figure 3. The AFM images of the P(VDF-TrFE-CTFE) films (2 μ m ×  2 μ m) with the UVO treatment time of 
(a) 15, (b) 30 and (c) 60 min, respectively. The AFM images of pentacene films (5 μ m ×  5 μ m) deposited on the 
P(VDF-TrFE-CTFE) films with a UVO treatment time of (d) 15, (e) 30 and (f) 60 min, respectively. The insets of 
(a)-(c) show the corresponding water contact angle of each P(VDF-TrFE-CTFE) film.
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(Fig. 5d–f). The coverage area of the initial deposited 1.2 nm thick pentacene film on the 30 min UVO treating 
P(VDF-TrFE-CTFE) was obviously larger than that on the P(VDF-TrFE-CTFE) film without UVO treatment 
(Fig. 5d). An approximate full coverage of pentacene on the 30 min UVO treating P(VDF-TrFE-CTFE) film was 
observed when its thickness increased to 4.5 nm (Fig. 5f).

On the surface of the P(VDF-TrFE-CTFE) film with a 60 min UVO treatment, pentacene molecules were 
ready adhesion on the dielectric rather than aggregation each other, due to the similar surface energy (41.1 mJ 
cm−2) with that of the pentacene film. As a result, many dot-like islands firstly formed and then extended at a 
two-dimensional planar direction with the increasing thickness in the initial stage of pentacene growth, as shown 
in Fig. 5g–i. No more than two monolayers, a full coverage of pentacene on the P(VDF-TrFE-CTFE) film was 
obtained (Fig. 5h). This two-dimensional layer-by-layer mode of pentacene growth on the 60 min UVO treat-
ing P(VDF-TrFE-CTFE) film resulted in a continuous pentacene monolayer adjacent to the dielectric and large 
dendritic crystalline grains. As a result, a continuous charge carrier transporting channel and a greatly reduced 
trap density at the pentacene/P(VDF-TrFE-CTFE) interface were achieved, which resulted in a greatly enlarged 
mobility.

The UVO treatment has been extensively applied to modify the surface chemistry and wetting characteristics 
of many natural or synthetic polymer surfaces27,32–35. The exposure of organic polymer to UV radiation can lead 

Figure 4. The linear transfer characteristics of the FE-OFETs based on the P(VDF-TrFE-CTFE) dielectric 
modified by UVO treatment for (a) 15, (b) 30 and (c) 60 min, respectively, measured at different VG sweeping 
ranges. (d) The evolution of the mobility and the memory on/off ratio of the FE-OFETs with the time of UVO 
treatment on the P(VDF-TrFE-CTFE).

UVO treating 
time (min)

Contact angle (o) γs
p mJ m−2 

(a)
γs

d mJ m−2 
(a)

γs mJ m−2 
(b)Water Toluene

0 94.2 4.0 1.7 27.4 29.1

15 76.0 3.6 10.1 23.3 33.4

30 70.0 3.2 14.2 22.1 36.3

60 62.0 2.6 20.5 20.6 41.1

Table 1.  Surface energy of P(VDF-TrFE-CTFE) films. (a)γs
p and γs

d are the polar and dispersion components 
of the surface energy, respetively. (b) γs is the surface energy of P(VDF-TrFE-CTFE) films. γs =  γs

p +  γs
d.
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to a dissociative excitation of C–C or C–H bonds in the near-surface layer35. Upon oxidation of polymer surfaces 
by atomic oxygen and ozone originating from the UV radiation through the abstraction of hydrogen atoms from 
the polymer chains, producing radical carbon sits, hydroxyl (− OH) is generally introduced on the polymer sur-
face27,32–34, which has been identified as electron traps36. It was also possible that −OH groups were created on 
the surface of the P(VDF-TrFE-CTFE) by UVO treatment, which resulted in the increase of the polar component 
of the surface energy and enhancement of the surface hydrophilicity (Table 1 and Fig. 3). On the other hand, 
many electrons were trapped by − OH, which induced many holes accumulated in the channel at the off state and 
resulted in a visible off current during the first measurement of VG sweeping from + 10 V to − 10 V (Fig. 4a–c). At 
the supplied negative VG, these electrons were detrapped from − OH groups to the channel and were neutralized 
with the accumulating holes. Thus, the sufficient low off current was obtained at the next measurement of bidirec-
tional VG sweeping between ± 15 and ± 20 V, respectively, due to no additional holes accumulating in the channel 
at the off state (Fig. 4a–c).

The I–V characteristics of the capacitor of ITO/P(VDF-TrFE-CTFE) (580 nm, UVO treatment for 60 min)/Cu 
were similar to that of the capacitor without UVO treatment (Fig. 2e), indicating that the UVO treatment did not 
weaken the electric insulator property of P(VDF-TrFE-CTFE) films. It is noted that the large saturated memory 
window (ΔVT) of 15.4~19.2 V was achieved at the VG sweeping range of ± 15 V in all FE-OFETs, which was not 

Figure 5. AFM images of pentacene films formation at various thickness on the P(VDF-TrFE-CTFE) films 
with or without UVO treatment. All images area are 2 μ m ×  2 μ m in size.
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dependent on the time of the UVO treatment on the P(VDF-TrFE-CTFE) films. The ΔVT is another important 
parameter in the memory, and is defined as the difference between the VT in the forward and backward sweeps 
of the VG. The results demonstrated that our FE-OFET memories can well operate at low P/E voltage of ± 15 V, 
which is similar to the P/E voltage used in previous reported low-voltage operating FE-OFET memories based 
on a thin P(VDF-TrFE) layer37–39. And, the ratio of the ΔVT versus the P/E voltage in our FE-OFET memories 
was larger than 50%, which was larger than that of 25~40% obtained in the most previous reported FE-OFET 
memories1,4–17,21,31,37,38.

Figure 6 shows The Boolean system 0/1 state switching endurance and the data storage retention ability of 
the high mobility FE-OFET memory with a 60 min UVO treating P(VDF-TrFE-CTFE) film. The positive VT of 
about 14.5 V and the negative VT of about − 4.6 V were achieved after supplied the P/E voltage of VG =  ±  15 V 
for 0.1 s, which corresponded to the Boolean system 0/1 state, respectively. During the periods of P/E operation, 
the VDS was kept at 0 V. The present memory exhibited a good stability with the slightly fluctuation of VT at both 
0 and 1 states over 100 P/E switching cycles (Fig. 6a), which was comparable to that of some recently reported 
FE-OFET memories with a P(VDF-TrFE) dielectric8,14,15,21. The reliability of present device was evaluated by 
time-dependent data retention ability. After supplied P/E voltage of VG =  ±  15 V for 0.1 s, the corresponding read-
ing IDS at both 0 and 1 states was recorded as the function of time at a time interval of 10 s at VR =  VG =  0 V and 
VDS =  − 5 V, respectively. The reading IDS at both 0 and 1 states maintained well during the measurement range of 
3000 s, and the memory on/off ratio exhibited a slightly delay, which declined to 72% of its initial value at the end 
of measurement (Fig. 6b), which was comparable to that of some recently reported FE-OFET memories with a 
P(VDF-TrFE) dielectric7,8,17. The results indicated that our high mobility FE-OFET had good memory parame-
ters, with low P/E voltage, large memory window, good memory on/off ratio, stable and reliable operating ability.

Conclusions
In summary, we demonstrated a high mobility, low-voltage operating FE-OFET memory based a ferroelectric 
terpolymer P(VDF-TrFE-CTFE), which processes a much lower coercive voltage compared with the widely 
used copolymer P(VDF-TrFE). The surface energy on the P(VDF-TrFE-CTFE) film increased with the time of 
UVO treatment, which caused the change of the pentacene growth model. The large pentacene grain and good 
interface morphology of pentacene/P(VDF-TrFE-CTFE) were observed at the case of 60 min UVO treatment on 
the P(VDF-TrFE-CTFE) dielectric. As a result, a high performance FE-OFET memory was achieved, with high 
mobility of 0.8 cm2 V−1 s−1, low P/E voltage of ± 15 V, large memory window of 15.4~19.2 V, good memory on/off 
ratio of 103, the reliable switching endurance over 100 cycles and stable memory retention ability.

References
1. Naber, R. C. G. et al. Leeuw, High-performance solution-processed polymer ferroelectric field-effect transistors. Nat. Mater. 4, 

243–248 (2005).
2. Wang, W. et al. Highly reliable top-gated thin-film transistor memory with semiconducting, tunneling, charge-trapping, and 

blocking layers all of flexible polymers. ACS Appl. Mater. Interfaces 7, 10957–10965 (2015).
3. Shih, C.-C., Chiu, Y.-C., Lee, W.-Y., Chen, J.-Y. & Chen, W.-C. Conjugated polymer nanoparticles as nano floating gate electrets for 

high performance nonvolatile organic transistor memory devices. Adv. Funct. Mater. 25, 1511–1519 (2015).
4. Gelinck, G. H. et al. Blom, All-polymer ferroelectric transistors. Appl. Phys. Lett. 87, 092903 (2005).
5. Unni, K. N., Bettignies, N. R. D., Dabos-Seignon, S. & Nunzi, J.-M. A nonvolatile memory element based on an organic field-effect 

transistor. Appl. Phys. Lett. 85, 1823–1825 (2004).
6. Knotts, G., Bhaumik, A., Ghosh, K. & Guha, S. Enhanced performance of ferroelectric-based all organic capacitors and transistors 

through choice of solvent. Appl. Phys. Lett. 104, 233301 (2014).
7. Jung, S.-W. et al. Flexible nonvolatile organic ferroelectric memory transistors fabricated on polydimethylsiloxane elastomer. Org. 

Electron. 16, 46–53 (2015).
8. Hwang, S. K. et al. Non-volatile ferroelectric memory with position-addressable polymer semiconducting nanowire. Small 10, 

1976–1984 (2014).

Figure 6. The switching endurance and the time-dependent retention characteristics of the FE-OFET 
memory with a P(VDF-TrFE-CTFE) dielectric by UVO treatment for 60 min. 



www.nature.com/scientificreports/

9Scientific RepoRts | 6:36291 | DOI: 10.1038/srep36291

9. Kim, W.-H. et al. Surface modification of a ferroelectric polymer insulator for low-voltage readable non-volatile memory in an 
organic field-effect transistor. J. Appl. Phys. 109, 024508 (2011).

10. Ante, F. et al. Contact resistance and megahertz operation of aggressively scaled organic transistors. Small 8, 73–79 (2012).
11. Sun, H. et al. Boost up carrier mobility for ferroelectric organic transistor memory via buffering interfacial polarization fluctuation. 

Sic. Rep. 4, 7227 (2014).
12. Nguyen, C. A. et al. Anomalous polarization switching in organic ferroelectric field effect transistors. Appl. Phys. Lett. 91, 042909 

(2007).
13. Sekitani, T. et al. Printed nonvolatile memory for a sheet-type communication system. IEEE T. Eelectron. Dev. 56, 1027–1035 (2009).
14. Hwang, S. K., Bae, I., Kim, R. H. & Park, C. Flexible non-volatile ferroelectric polymer memory with gate-controlled multilevel 

operation. Adv. Mater. 24, 5910–5914 (2012).
15. Kim, R. H. et al. Non-volatile organic memory with sub-millimetre bending radius. Nat. Commun. 5, 4583 (2014).
16. Stadlober, B. et al. High-mobility pentacene organic field-effect transistors with a high-dielectric-constant fluorinated polymer film 

gate dielectric. Appl. Phys. Lett. 86, 242902 (2005).
17. Park, J. H., Nayak, P. K. & Alshareef, H. N. Novel Ferroelectric Polymer Memory Coupling Two Identical Thin-Film Transistors. Adv. 

Electron. Mater. 2, 1500206 (2016).
18. Xia, F., Razavi, B., Xu, H., Cheng, Z.-Y. & Zhang, Q. M. Dependence of threshold thickness of crystallization and film morphology 

on film processing conditions in poly(vinylidene fluoride–trifluoroethylene) copolymer thin films. J. Appl. Phys. 92, 3111–3115 
(2002).

19. Vizdrik, G., Ducharme, S., Fridkin, V. M. & Yudin, S. G. Kinetics of ferroelectric switching in ultrathin films. Phys. Rev. B. 68, 094113 
(2003).

20. Han, S.-T., Zhou, Y. & Roy, V. A. L. Towards the development of flexible non-volatile memories. Adv. Mater. 25, 5425–5449 (2013).
21. Hwang, S. K. et al. High performance multi-level non-volatile polymer memory with solution-blended ferroelectric polymer/high-

k insulators for low voltage operation. Adv. Funct. Mater. 23, 5484–5493 (2013).
22. Su, Y. et al. Low-voltage organic field-effect transistors (OFETs) with solution-processed metal-oxide as gate dielectric. ACS Appl. 

Mater. Interfaces 3, 4662–4667 (2011).
23. Li, J., Sun, Z. & Yan, F. Solution processable low-voltage organic thin film transistors with high-k pelaxor ferroelectric polymer as 

gate tnsulator. Adv. Mater. 24, 88–93 (2012).
24. Zhao, C., Guo, M., Lu, Y. & Wang, Q. Ferroelectric poly(vinylidene fluoridetrifluoroethylene-chlorotrifluoroethylene)s: effect of 

molecular weight on dielectric property. Macromol. Symp. 279, 52–58 (2009).
25. Caraveo-Frescas, J. A., Khan, M. A. & Alshareef, H. N. Polymer ferroelectric field-effect memory device with SnO channel layer 

exhibits record hole mobility. Sci. Rep. 4, 5243 (2014).
26. Yang, S. Y., Shin, K. & Park, C. E. The effect of gate-dielectric surface energy on pentacene morphology and organic field-effect 

transistor characteristics. Adv. Funct. Mater. 15, 1806–1814 (2005).
27. Koo, J. B., Kang, S. Y., You, I. K. & Suh, K. S. Effect of UV/ozone treatment on hysteresis of pentacene thin-film transistor with 

polymer gate dielectric, Solid-State Electron. 53, 621–625 (2009).
28. Li, Y. et al. Deposition-pressure-induced optimization of molecular packing for high-performance organic thin-film transistors 

based on copper phthalocyanine. J. Phys. Chem. C 116, 4287–4292 (2012).
29. Yang, J.-P. et al. Interface optimization using diindenoperylene for C60 thin film transistors with high electron mobility and stability. 

Org. Electon. 15, 2749–2755 (2014).
30. Horowitz, G., Hajlauoi, M. E. & Hajlaoui, R. Temperature and gate voltage dependence of hole mobility in polycrystalline 

oligothiophene thin film transistors. J. Appl. Phys. 87, 4456–4463 (2000).
31. Ruiz, R., Papadimitratos, A., Mayer, A. C. & Malliaras, G. G. Thickness dependence of mobility in pentacene thin-film transistors. 

Adv. Mater. 17, 1795–1798 (2005).
32. Torikai, A., Ohno, M. & Fueki, K. Photodegradation of poly (methyl Methacrylate) by monochromatic light: quantum yield, effect 

of wavelengths, and light intensity. J. Appl. Polym. Sci. 41, 1023–1032 (1990).
33. Sham, M. L., Li, J., Ma, P. & Kim, J.-K. Cleaning and functionalization of polymer surfaces and nanoscale carbon fillers by UV/ozone 

treatment: a review. J. Compo. Mater. 43, 1537–1564 (2009).
34. Chang, C.-J., Yang, C.-S., Lan, L.-H., Wang, P.-C. & Tseng, F.-G. Fabrication of a SU-8-based polymer-enclosed channel with a 

penetrating UV/ozone-modified interior surface for electrokinetic separation of proteins. J. Micromech. Microeng. 20, 115031 
(2010).

35. Holländer, A., Klemberg-Sapieha, J. E. & Wertheimer, M. R. Vacuum-ultraviolet-induced oxidation of polyethylene. Macromolecules 
27, 2893–2895 (1994).

36. Chua, L.-L., Zaumseil, J., Chang, J.-F., Ou, E. C.-W., Ho, P. K.-H., Sirringhaus, H. & Friend, R. H. General observation of n-type 
field-effect behaviour in organic semiconductors. Nature 434, 194–199 (2005).

37. Naber, R. C. G., Boer, B., Blom, P. W. M. & Leeum, D. M. D. Low-voltage polymer field-effect transistors for nonvolatile memories. 
Appl. Phys. Lett. 87, 203509 (2005).

38. Lee, K. H. et al. Flexible low voltage nonvolatile memory transistors with pentacene channel and ferroelectric polymer. Appl. Phys. 
Lett. 94, 093304 (2009).

39. Kim, W. Y. & Lee, H. C. Low-voltage nonvolatile multi-bit memory fabricated by the patterning and transferring of ferroelectric 
polymer film. Org Electron. 19, 1–6 (2015).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant No. 61177028), the 
Natural Science Foundation of Jilin province in China (Grant No. 20160101256JC), the Raining Program for 
Outstanding Young Teachers of Jilin University and Project 2016189 Supported by Graduate Innovation Fund of 
Jilin University.

Author Contributions
L.Y.X. performed the experiments. W.W. conceived and designed the research, and finalized the manuscript. All 
authors discussed the results and commented on the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Xiang, L. et al. Achieving high mobility, low-voltage operating organic field-effect 
transistor nonvolatile memory by an ultraviolet-ozone treating ferroelectric terpolymer. Sci. Rep. 6, 36291;  
doi: 10.1038/srep36291 (2016).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:36291 | DOI: 10.1038/srep36291

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://creativecommons.org/licenses/by/4.0/

	Achieving high mobility, low-voltage operating organic field-effect transistor nonvolatile memory by an ultraviolet-ozone t ...
	Experimental
	Results and Discussion
	Conclusions
	Acknowledgements
	Author Contributions
	Figure 1.  Schematic diagram of present FE-OFETs and the chemical structures of the ferroelectric and semiconductor materials used in this work.
	Figure 2.  (a) The AFM image of the P(VDF-TrFE-CTFE) film without UVO treatment (2 μm × 2 μm).
	Figure 3.  The AFM images of the P(VDF-TrFE-CTFE) films (2 μm × 2 μm) with the UVO treatment time of (a) 15, (b) 30 and (c) 60 min, respectively.
	Figure 4.  The linear transfer characteristics of the FE-OFETs based on the P(VDF-TrFE-CTFE) dielectric modified by UVO treatment for (a) 15, (b) 30 and (c) 60 min, respectively, measured at different VG sweeping ranges.
	Figure 5.  AFM images of pentacene films formation at various thickness on the P(VDF-TrFE-CTFE) films with or without UVO treatment.
	Figure 6.  The switching endurance and the time-dependent retention characteristics of the FE-OFET memory with a P(VDF-TrFE-CTFE) dielectric by UVO treatment for 60 min.
	Table 1.   Surface energy of P(VDF-TrFE-CTFE) films.



 
    
       
          application/pdf
          
             
                Achieving high mobility, low-voltage operating organic field-effect transistor nonvolatile memory by an ultraviolet-ozone treating ferroelectric terpolymer
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36291
            
         
          
             
                Lanyi Xiang
                Wei Wang
                Wenfa Xie
            
         
          doi:10.1038/srep36291
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36291
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36291
            
         
      
       
          
          
          
             
                doi:10.1038/srep36291
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36291
            
         
          
          
      
       
       
          True
      
   




