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ABSTRACT 

 
We demonstrate low-operating voltage, high mobility, and 
stable organic field-effect transistors (OFETs) using both 
non-polar and polar polymeric dielectrics such as poly(4-
vinyl phenol) (PVP),  poly methyl metacrylate (PMMA), 
and polyvinylidene fluoride-trifluoroethylene (PVDF-
TrFe), dissolved in solvents of varying dipole moment. 
High dipole moment solvents used for dissolving the 
polymer dielectric enhances charge carrier mobilities by 
orders of magnitude in pentacene OFETs compared to low 
dipole moment solvents. Fast switching circuits with 
patterned gate PVP-based pentacene OFETs demonstrated a 
switching frequency of 75 kHz at input voltages of |5V|. 
Remarkably, these pentacene-based OFETs exhibited high 
stability under bias stress and in air with negligible shifts in 
the threshold voltage.  
 
Keywords: organic field-effect transistors, polymer 
dielectrics, charge transport, pentacene 
 

1 INTRODUCTION 
 
Organic field-effect transistors (OFETs) are being 

actively developed for applications in large-area flexible 
electronics. A requirement for such applications is that both 
the active semiconducting and the gate dielectric layers 
must be solution processable. Getting away from oxide 
dielectrics, such as SiO2 and Al2O3 in OFETs is not only 
cost-effective, but has tremendous advantages for 
improving carrier mobility and stability of devices. Much 
effort has gone into modification of the dielectric interface; 
appropriate gate dielectrics that are free of electron-trapping 
groups, such as hydroxyl or silanol, have allowed the 
demonstration of n-channel OFETs. In order to achieve 
stable and low-operating voltage OFETs, the dielectric 
surface has to be hydrophobic and must provide a relatively 
high capacitance, which is often a challenge with many 
polymer dielectrics that have an inherently low dielectric 
constant. 

Device parameters such as charge carrier mobility (μ), 
on/off current ratio, and threshold voltage (VT) can be 
estimated using the standard saturation regime current-
voltage characteristics with the drain-source current (IDS) 
given by 

2
 –  ,                     1  

where Ci is the capacitance per unit area of the dielectric, W 
and L are OFET channel width and length, and VG is the 
gate voltage. It is clear that Ci must be high in order to 
obtain high IDS at low VG. The dielectric capacitance is 
given by C = κ ε0A/d, where κ is the dielectric constant, ε0 

is the permittivity of free space, A is the area of the 
capacitor, and d is the dielectric thickness. The low κ of 
polymer dielectrics is an inherent problem for enhancing 
the capacitance. It is also known that κ of the 
dielectric/insulating layer plays a critical role in modifying 
the transport mechanism in these organic systems. 
Furthermore, the energetic disorder which manifests in the 
electrical transport has its origin in the dielectric induced 
static or dynamic disorder.  

We propose a facile and a low-cost method to tune the 
dielectric features which can culminate in enhanced field-
effect transport properties. High dipole moment solvents 
used for dissolving the polymer dielectric layer (both polar 
and non-polar) help reorganize the dipolar field, modifying 
the interaction between the dielectric dipoles, and thus 
improve the overall performance and switching frequencies 
of long channel OFETs. 

 
2 NON-POLAR DIELECTRICS 

 
The two non-polar dielectrics used in this study were 

poly (methyl methacrylate) (PMMA), which has a dielectric 
constant ranging from about 3.5 (at 5 kHz) to 2.6 (at 1 
MHz), and poly (4-vinyl phenol) (PVP), which has a 
dielectric constant ranging from 4.0 to 5.2. PVP is 
frequently employed in the fabrication of OFETs due to its 
high performance in achieving good charge carrier 
mobilities. However, its usage in OFETs for electronic 
circuits requiring low-operating voltage and threshold 
voltage stability have been still limited by its low κ value 
and the presence of hysteresis arising from its 
hydrophilicity, as explained below.  

The details of OFET fabrication and experimental setup 
are found in Refs. (1&2).The PVP-based pentacene OFETs 
were fabricated using crosslinked (with methylated 
poly(melamine-co-formaldehyde) (PMMF)) and non-
crosslinked dielectric films.  A bottom-gate, top-contact 
geometry, as schematically shown in Fig. 1, was used for 
this work. Indicated in Fig. 1 are various sources of 
instability that arises from (a) semiconductor-insulator 
interface charges, (b) slowly-polarizing dipole charges, and 
(c) gate-injected charges. Mechanism (a) is usually 
attributed to electrons that are trapped to hydroxyl (OH) 
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groups at the semiconductor-insulator interface, (b) is 
associated with dipole groups such as OH groups inside the 
polymer dielectric which can be slowly re-oriented by an 
applied electric field, and (c) is attributed to injected 
electrons from the gate electrode that are trapped inside a 
defect-filled dielectric. 

 

Figure 1: Schematic of an OFET showing the various 
sources of instability arising from (a) semiconductor-

insulator interface charges, (b) slowly-polarizing dipole 
charges, and (c) gate-injected charges. 

 
Table 1 summarizes the performance of pentacene 

OFETs with PMMA or PVP dielectric layer where solvents 
of different polarity were used to dissolve the polymer 
dielectric. The low dipole moment solvents included 
toluene, anisole, and butyl acetate (BTAc), while the high 
dipole moment solvents included propylene carbonate (PC) 
and dimethyl sulfoxide (DMSO). Along with the OFET 
mobilities, PC and DMSO dissolved PMMA or PVP in 
pentacene OFETs demonstrate low threshold voltages and 
better on/off ratios.  

 
Solvent Dipole 

moment 
Dielectric 
constant 

OFET 
mobility 
PMMA 
cm2/Vs 

OFET 
mobility 

PVP 
cm2/Vs 

Toluene 0.38 2.38   
Anisole 0.99 4.33 0.001  
BTAc 1.84 5.01 0.04 0.09-0.2 

PC 4.90 64.90 0.1-0.2 1 
DMSO 4.10 47.20  2 

Table 1: Properties of solvents (columns 2 and 3) used for 
dissolving PMMA and PVP, and their corresponding 

pentacene FET charge carrier mobilities. 
 

2.1 PMMA-based  capacitors and OFETs 

Capacitance-voltage (C-V) measurements from metal 
insulator semiconductor (MIS) devices (Fig. 2) show 
typical p-type behavior, which is characterized by an 
accumulation region at negative bias, a depletion region at 
less negative bias, and a deep depletion region at positive 
bias. MIS device fabricated from PMMA-PC with 
comparable PMMA-BTAc film thickness exhibits ΔVFB 
(shift in the flat-band voltage) of nearly an order of 
magnitude lower than observed in PMMA-BTAc device. A 

thinner layer of PMMA-PC (70 nm) exhibits almost no 
hysteresis (no ΔVFB, shift).  

Figure 2: Capacitance versus voltage curves from 
pentacene/PMMA based MIS structures where the PMMA 

was dissolved in PC (left) and BTAc (right).  
 
Figure 3 (a) and (b) show the current-voltage (I-V) 

output characteristics of pentacene OFETs with PMMA 
dissolved in PC and BTAc, respectively. It is clearly seen 
that the PMMA-PC based device could be operated well 
below -3V whereas the PMMA-BTAc device reaches 
saturation above -6 V. The extracted carrier mobilities 
listed in Table 1 are from the transfer characteristics that 
were measured in the saturation region. The PMMA-PC 
device exhibits carrier mobilities that are an order of 
magnitude higher than PMMA-BTAc. 

In order to verify the reproducibility and operational 
stability of the OFETs, gate bias stress measurements were 
carried out. Figs. 3 (c) and (d) show the result of the bias 
stress effect on the transfer curves. Bias stress (VG = VD = -
3 V (PMMA-PC) and -8 V (PMMA-BTAc)) was applied 
for set times and the I-V transfer characteristic was 
measured after each set time. Both devices were fairly 
robust against bias stress, with PMMA-BTAc showing a 
slightly higher change in the threshold voltage (ΔVT). 

 

 

Figure 3: (a) and (b) show the output characteristics of 
pentacene OFETs with PMMA-PC and PMMA-BTAc as 

the dielectric layer. The corresponding bias stress effect on 
the transfer characteristics are shown in (c) and (d). 
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2.2 PVP-based  OFETs  

As a further proof of the impact of solvent (used for 
dissolving the dielectric layer) on device performance, we 
fabricated pentacene OFETs and MIS diodes using pristine 
and cross-linked PVP dissolved in PC and DMSO, as gate 
dielectrics. Details of C-V measurements from pentacene 
MIS diodes were reported in Ref. 2 for both cross-linked 
and non cross-linked PVP films. The hysteresis in the C-V 
curves was strongly dependent on the thickness of the 
dielectric film; the thin layers show a change in the flat 
band voltages (ΔVFB) that are about two orders of 
magnitude less than observed values in other pentacene 
MIS diodes with pristine and cross-linked PVP dielectrics 
using solvents of low dipole moment. 

We find that dissolving PVP in DMSO yields even 
better OFET characteristics compared to PC. DMSO also 
has an advantage in terms of higher solubility with most 
non-polar and polar dielectrics. PVP-based pentacene 
OFETs exhibit clear current modulation with distinct linear 
and saturation regimes (Figure 4) and could be operated 
below -3 V. From the transfer characteristics (Fig. 4 c) 
obtained from the saturation regime, we estimate a high 
carrier mobility (µ) of 2.0 cm2/Vs, a threshold voltage of -
1.3 V, an on/off current ratio (Ion/off) of 104. This is the best 
performance from our PVP-based OFETs. PVP dissolved in 
BTAc shows slightly worse performance for pentacene 
OFETs compared to DMSO and PC. 

 

Figure 4: (a) and (b) show the output characteristics of 
pentacene OFETs with PVP-DMSO and PVP-BTAc as the 
dielectric layer. The corresponding transfer characteristics 

of the devices are shown in (c) and (d). 
 
The improvement of OFET properties originates from 

the interface of the polymer dielectric layer and the 
semiconducting layer. High temperature annealing studies 
were performed from PVP-DMSO based OFETs at 130°C 
for a few hours. The transistor characteristics of the 
annealed devices are similar to the baked devices at the 
same temperature, with similar carrier mobilities, on/off 
ratios, and threshold voltages. These results indicate that 

the solvent evaporates at 120-130 °C and the improvement 
in the device performance with high dipole moment 
solvents is a manifestation of a reorganization of the dipolar 
field in the polymer dielectric layer. 

 
2.2.1 Transient measurements -PVP OFETs 

Further insight into the dipolar orientation in the 
dielectric layer due to high κ solvents and the associated 
interface-disorder were obtained from transient 
measurements on a variety of devices. Switching 
measurements were performed by applying an input square 
gate-pulse (Vg = - 5V and 1 ms duration) to OFETs 
fabricated with dielectric layers coated from solvents of 
different polarity, as shown in Fig. 5 a. The switching 
profile is depicted by obtaining the effective channel 
current after eliminating the exponentially-decaying 
background current arising from the charging of the gate 
capacitor (as shown in Fig. 5 c). Switching-time (switch) is 
then evaluated as the time taken to completely switch on the 
transistor (with current > 105 - 106 times of the off currents). 
Best switch of 20 µs was obtained with these devices at a 
low-operating voltage of |5 V|.  

Transport parameters extracted from the transient 
measurements were relatively larger than µFET obtained 
from the standard transconductance measurements. The 
maximum ac mobility obtained from transient measurement 
of devices fabricated with dielectric layer PVP + DMSO 
was  μFET

ac  > 2.2 cm2/Vs. Increased magnitude of μFET
ac 

compared to µFET
dc can be attributed to the higher energy of 

transient charge carriers which are weakly affected by the 
interface traps. 

 

 

Figure 5: (a) Input pulse applied to switch the OFET. (b) 
Setup for pulsed experiment. (c) Output response from the 
best patterned pentacene OFET with PVP+PC dielectric 

layer. 
 

Transient measurements obtained from dielectric films 
coated with different solvents showed a variation in 
fluctuation, which is the time taken by the output current to 
reach a steady state. Lower magnitude of fluctuation was 
obtained for dielectric layers coated from polar solvent. 
This indicates that the packing fraction and the dipolar 
response of the polymer dielectric layer vary with solvent 
polarity. Furthermore, the bandwidth frequencies (T) of 
OFETs were obtained in the trans-diode regime of 
operation. Top gate pentacene OFETs with PVP dielectric 
layer coated from PC  solvent and patterned gate electrode 
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exhibited T  75 kHz at 5 V operating voltage. We note 
that our switching frequencies (75 kHz) are amongst the 
highest for long channel (50 µm) OFETs, which can be 
easily fabricated without any nano-patterning techniques. 
The fast switching devices operating below 5 V are an 
outcome of an improved dielectric layer due to a polar 
solvent, and thus open up a range of applications in real-
time, fast organic logic circuits for radio frequency identity 
tags and e-paper applications with easily fabricated OFETs. 

 
3 POLAR DIELECTRICS 

 
Pentacene OFETs using the ferroelectric copolymer, 

poly vinylidene fluoride-co-trifluoroethylene (PVDF-TrFe), 
as a gate insulating layer have been explored using solvents 
of different dipole moments.[3] The ferroelectric properties 
of PVDF come from the differing electronegativity of 
hydrogen and fluorine, which gives rise to a dipole for each 
molecule oriented perpendicular to the polymer chain. The 
copolymer, PVDF-TrFe, has the advantage of being 
ferroelectric directly after solution processing of the film. 

Since PVDF does not dissolve in PC, the three solvents 
used for this study were: DMSO, dimethyl formamide 
(DMF) (3.8 D) and 2-butanone (MEK) (2.7 D). DMSO 
increases the charge carrier mobility in pentacene OFETs 
by an order of magnitude compared to MEK. One must 
keep in mind that the surface roughness of PVDF-TrFe 
films is higher compared to PMMA and PVP, as shown in 
the AFM images (Fig. 6). A root-mean-square (RMS) 
roughness of 3.14 nm for DMSO, 9.54 nm for DMF, and 
10.3 nm for MEK, are observed for a 5x5 μm2 area. 

 

Figure 6: AFM images of the PVDF-TrFe layer dissolved in 
a) DMSO, b) DMF, and c) MEK.   

 
Table 2 lists pentacene OFET properties with PVDF-

TrFe as the dielectric layer. The higher surface roughness 
of the dielectric film results in low on/off ratios and carrier 
mobilities, compared to PVP. Nevertheless, one clearly sees 
the trend again; better device performance is obtained when 
DMSO, which has the highest dipole moment, is used to 
dissolve PVDF-TrFe.  

The polarization in Al/PVDF-TrFe/Au metal-
ferroelectric-metal devices was also investigated. An 
increase in remnant polarization is observed in the sample 
using DMSO as the solvent, especially at low applied 
fields, suggesting that the degree of dipolar order is higher 
at low-operating voltages for the high dipole moment 
device.   

 
 

Solvent Dipole 
moment 

OFET 
mobility  
cm2/Vs 

On/off 
ratio 

DMSO 4.1 0.013-0.017 103

DMF 3.8 0.005-0.008 102

MEK 2.7 0.005-0.007 10 
Table 2: Pentacene OFET characteristics with PVDF-

TrFe dissolved in three different solvents. 
 

4 ROLE OF HIGH DIPOLE MOMENT 
SOLVENT 

Molecular dynamics simulations of PMMA show an 
enhancement in the end-to-end polymer chain distance 
<R2> with increasing dipole moment of the surrounding 
solvent molecules.[4] This effect is attributed to an increase 
in the interaction forces between the polymer and solvent 
cluster, further enhancing the attraction strength of the H 
atom in PMMA polymer chains. As a result, the polymer 
chains remain in a more extended conformation in solution. 
The extended conformation of the polymer chains in 
solution may further improve the degree of orientation of 
the functional groups during spincoating and baking. We 
believe that there is a universal effect whereby the <R2> 
distance is enhanced in both non-polar and polar dielectric 
molecules alike in the presence of a polar environment, as 
schematically shown in Figure 7. 

 

Figure 7: Schematic of the <R2> distance of polymer 
dielectric molecules in the presence of low (left) and high 

(right) dipole moment solvents. 
 

Overall, our study points to a universality of an 
improved dipolar orientation in dielectric layers dissolved 
in high dipole moment polar solvents; thus, strengthening 
the prospects of employing low κ polymer dielectrics in the 
design of practical electronic circuits. 
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