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a b s t r a c t

Though bias-stress instability in organic thin film transistors (OTFTs) has been studied in a variety of
architectures, it is as yet poorly understood. We have investigated the bias-stress effect in fully solution-
processed TIPS-pentacene based OTFTs with polymer dielectric by applying prolonged gate-source
voltage (VGS). The interface is deliberately defect engineered to obtain excellent adhesion and reason-
ably good steady state characteristics. Both increasing and decreasing behavior of drain-source current
(IDS) drift over 3000s have been observed, and analyzed in terms of electron capture and emission
respectively. The step-by-step change in VGS is compared with the one step change from VGS ¼ 0V to
VGS ¼ �40V. It has been observed that, for the case of step-wise increase in gate bias, the IDS transients
are slower by many orders of magnitude than if the VGS is directly switched to deep bias (�40V) in a
single step. A phenomenological model is used to explain the IDS decaying transients. The field induced
emission of carriers from interfacial traps is shown to be central to the model and experimental features.
The effect due to a prolonged application of drain-source voltage (VDS) is small, though noticeable in
terms of increasing the IDS only by 3% with continuous application of VDS for 3000 s.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Organic thin film transistors (OTFTs) have been widely investi-
gated as promising devices for applications in flexible displays,
radio-frequency identification tags and chemical or biological
sensors due to their potential for low cost and low-temperature
fabrication processes in large area electronics [1e5]. The two
most performance limiting features of OTFTs preventing their large
scale commercialization are instability during operation and short
life due to degradation. Both these have been studied for different
OTFT systems extensively. The current-voltage (I-V) characteristic
of OTFTs changes with prolonged application of VGS and VDS. This
change in transfer and output characteristics over time is termed as
“bias stress effect”. The effect is normally attributed to charge
trapping at dielectric-semiconductor interface, or in the bulk of
semiconductor (or dielectric). The effect results in shift of threshold
voltage (VTh) over time, and equivalently can be viewed as the IDS

decay [6e8].
In the literature, one encounters many mechanisms being

blamed for occurrence of bias stress effect e both intrinsic and
extrinsic. The list includes possible involvement of leakage current
into the dielectric [9,10], ionic conduction [11,12], degradation of
contacts [13], charge trapping at the interface or in the bulk
[14e16], diffusion of charges into the grain boundaries etc. It is not
even clear that one would expect a single dominant mechanism to
occur in all cases. Further, it is difficult to disentangle multiple
mechanisms in a specific sample. The instabilities that are widely
observed in OTFTs can be divided in three categories; (i) decrease in
field-effect mobility (m), (ii) current hysteresis, and (iii) threshold
voltage (VTh) shift caused by gate-bias stress. The decrease in
mobility is often the result of the oxidation of the conjugated
molecules in the presence of oxygen, moisture or ozone. To over-
come this problem many attempts have been made such as
increasing the ionization potentials of the organic semiconductors
to reduce the oxidation strength, or protecting the active semi-
conductors with various kinds of passivation layers [17,18]. The VTh
shift in OTFTs occurs due to long-term trapping and release of
charge carriers caused by structural defects and impurities at the
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interfaces [19e22].
Most early studies were on systems in which Si was the sub-

strate and SiO2 was the dielectric. In these, leakage into and traps in
the dielectric seemed to have a dominant role. In solution-
processed TIPS-pentacene, defects in grain boundaries or diffu-
sion through them appeared to be themost probable sites of charge
processes leading to current drift [23].

There have been growing evidence that the dielectric side
(which is SiO2) in most of the reported studies is responsible for
traps that cause bias stress effects and hysteresis. The introduction
of polymer dielectrics instead of SiO2 for solution-processed OTFTs
was claimed to improve stability, though long term bias instability
was also observed in them [24]. There have been attempts to
compare SiO2 and polymer as dielectric to achieve good quality
interface between the active layer and the dielectric in OTFT de-
vices [25,26]. Many different combinations of polymer/active ma-
terial have also been studied to find suitable pairs and reasons for
reduced effect of bias stress. Recently even “air gap” has been used
along with crystalline rubrene to show that carrier relaxation
within the density of states in the semiconductor, even in the
absence of dielectric, gives rise to bias stress effect. Choi et al. have
quantified processes occurring at both the semiconductor and the
dielectric by two sets of stretched exponential parameters to model
long time transients due to bias-stress effect [24]. It appears that for
each system it need be studied with care to pinpoint the dominant
or bottle-neck process that controls the effect. Typically the drain
current decay is observed for thousands of seconds. We have
recently reported results of short term transients due to gate bias
switching [27]. The question whether the same effect is controlling
the short-term (~100s) and long term effect, is also unclear.

In this paper, we investigate the IDS instability in TIPS-pentacene
based OTFTs under continuous application of VGS and VDS applied
for 50 min (3000 s) by using a polymer dielectric poly-4-
vinylphenol (PVP). The surface of PVP is deliberately tailored to
create charges with twin benefits good adherence of semi-
conductor layer, and additional field close to the channel. We
compare transients due to different pulsing conditions and find
drastically different bias-stress effect. We propose a phenomeno-
logical model to describe the observed time dependence, specif-
ically the degree of non-exponentiality of the transients. We
pinpoint through our studies that field-induced emission of elec-
trons from ionic traps at the interface is primarily responsible for
the observed bias stress effects in the all-polymer OTFTs.

2. Experimental details

A high purity 6, 13-bis(triisopropylsilylethynyl) pentacene
(TIPS-pentacene) powder obtained from Sigma Aldrich and OTFT
devices were fabricated in bottom-gate top-contact configuration
on a commercially available glass substrate coated with 150 nm
thick indium tin oxide (ITO). ITO has been patterned using the
standard photo-lithography technique for gate electrode followed
by RCA cleaning just before the device fabrication and annealed at
140 �C for 20 min in an air oven. The ITO layer was UV/O3-treated
for 20 min to make it hydrophilic before the gate dielectric solution
was spin-coated on top of the ITO as a gate insulator.

Fig. 1 shows the chemical structures of the dielectric and active
semiconductor materials and schematic cross-sectional view of our
OTFT device structure. We have used 10 wt% poly-4-vinylphenol
(PVP) and 5 wt% poly melamine-co-formaldehyde as a cross-
linking agent (CLA) for gate dielectric in propylene glycol methyl
ether acetate (PGMEA) as a solvent. The solutionwas spin coated at
4000 rpm for 1 min to get the dielectric thickness of 487±5 nm and
then cured at 200 �C for 1 h in a vacuum of 5 � 10�6 mbar for cross
linking the PVP and CLA. We optimized the quality of the dielectric

film by taking various wt% of PVP and CLA as published elsewhere
[28].

In the cross-linking process, hydroxyl groups of PVP are coupled
with hydrogen or methyl groups of polymelamine-co-
formaldehyde [25]. The dielectric surface was UV/O3-treated for
5 min. This provides a crucial processing strategy to get good
quality devices with desirable output and transfer characteristics. It
is known that ozonization of phenols create free radicals [29], and
hence can be optimized as a deliberate strategy. The TIPS-
pentacene with 1.5wt% solution in 1,2,3,4-tetrahydronaphthalene
(tetralin) was spin coated at 1000 rpm for 1 min and cured on a
hot plate at 100 �C for 15 min to get 40 ± 3 nm thick active semi-
conductor layer. Thickness has been measured by using DektakXT
stylus surface profiler (step height measurement). Finally, 80 nm
thick gold for source and drain electrodes were evaporated through
a shadow mask on the top at the rate of 0.5 Å/sec.

The AFM images of the PVP dielectric surface and TIPS-
pentacene thin film after ozone treatment is shown in Fig. 2. The
RMS value of the surface roughness for PVP surface is 0.34 nm and
for TIPS-pentacene it is approximately 20 nmwith in a scan area of
25 mm2, clearly indicating that the dielectric surface is extremely
smooth.

We have used semiconductor characterization system source
meter Keithley 2602A for steady state I-V measurements as well as
transient measurements for our OTFT device. Devices were fabri-
cated in clean room environment and characterized in a vacuum
(~10�2 mbar) and in dark. Drain current transients were acquired
separately for prolonged application of VGS and VDS at room
temperature.

3. Results and discussion

3.1. I-V characteristics

Fig. 3 shows the output (IDS-VDS) and transfer (IDS-VGS) charac-
teristics of TIPS-pentacene based OTFT fabricated on ITO coated
glass substrate in bottom gate top contact geometry. Output char-
acteristics shows a good linear and saturation IDS behavior in the
curve, and transfer characteristics clearly shows low leakage cur-
rent and high ON/OFF ratio. For a comparisonwith IDS, gate leakage
current (IGS) is also plotted in Fig. 3b. The leakage current is of the
order of ~10�10A or less and is comparable to the best reported
values in polymer dielectric with controlled thickness. The ob-
tained device parameters are listed in Table 1.

We calculated the threshold voltage by extrapolating the√(IDS)
vs. VGS plot to IDS ¼ 0 and the drain current in linear and saturation
regime as given by Eqs. (1) and (2) respectively as given below [30].
The drain current in linear region is expressed by

IDSðlinÞ ¼
W
L
mCi

�
ðVGS � VThÞVDS �

VDS

2

�
ðjVDSj< jVGS� VThjÞ

(1)

The drain current in saturation region is defined as

IDSðsatÞ ¼
W
2L

mCi½VGS � VTh�2 ðjVDSj � jVGS� VThjÞ (2)

The saturation mobility of 8.39 � 10�3 cm2/Vs and the lower
value of subthreshold swing (SS ¼ 3.66V/decade) indicates a good
quality device in terms of the formation of good interface with low
trap density. A slight higher value of VTh is due to higher dielectric
thickness (480 nm) and also more disordered dielectric-
semiconductor interface typical in devices fabricated by solution
processing.
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