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Bias stress in organic thin-film transistors and logic gates
S. J. Zilker,a) C. Detcheverry, E. Cantatore, and D. M. de Leeuw
Philips Research Laboratories, Professor Holstlaan 4, NL-5656 AA Eindhoven, The Netherlands

~Received 26 March 2001; accepted for publication 20 June 2001!

Threshold voltage instabilities of all-organic thin-film transistors are investigated as a function of
stress time and stress bias. The dominant effect is a positive threshold shift for negative gate bias
stress which is explained by mobile ions drifting in the insulator when a gate field is applied.
Trapping of charge carriers at the semiconductor–insulator interface plays only a minor role.
Furthermore, we investigate the stress behavior of a basic logic element, an inverter. In comparison
to a single transistor, we observe improved stability which arises from partial compensation of the
parametric shifts during operation. ©2001 American Institute of Physics.
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All-organic transistor circuits have been proposed for
plications such as wireless identification tags, drivers
flexible displays, etc. In the past few years, there has b
tremendous progress on the necessary prerequisites su
device fabrication and materials optimization~for a review,
see Ref. 1!. Studies of the operational lifetime, however, a
scarce, and have so far only been performed for hybrid
vices comprising an organic semiconductor on an inorga
substrate which incorporates metal electrodes and a SiO2 in-
sulator layer.2,3 Negative gate bias stress causes a nega
threshold shift, while the mobility remains unchanged. T
effect was assigned to the trapping of charges in less mo
states located in the semiconductor, at the interface to
insulator, or in the insulator itself. Similar results were p
viously obtained on amorphous silicon thin-film transisto
~TFTs! and attributed to charge injection into the SiO2

insulator.4

These earlier stress measurements on organic and
ganic amorphous semiconductors exhibit an important s
larity in the device structure, namely, a common insula
(SiO2) which plays a decisive role in the stress behavior,
discussed above. All-organic TFTs which incorporate an
ganic insulator may show new effects and, as a conseque
different behavior. We have studied TFTs based on
solution-processed semiconductor pentacene~as used in Ref.
2!, in which the electrodes were manufactured from pol
niline and the insulator from a commercial photoresist~200
nm layer of SC100, Olin Hunt!.5 Wafers were manufacture
on glass substrates which were planarized with a resist la
The devices had a channel length ofL52.5 mm and a width
of W5500 mm. Stress measurements were performed w
an HP4156B semiconductor parameter analyzer.
samples were kept in air and in the dark at room tempera
(25 °C). Threshold voltage shifts after application of a co
stant bias stress were measured in the linear regime, i.e.,
the gate voltage being much larger than the voltage betw
the drain and source@Vds!(Vg2VT)#. The threshold volt-
ageVT was determined from the channel current, which
first order is given by
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mC~Vg2VT!Vds. ~1!

Here,C is the capacitance per unit area of the insulator a
Vg the gate voltage. The field-effect mobilitym remains con-
stant during stress, as was previously observed in hy
pentacene transistors.2

In order to obtain insight into the stress behavior, w
performed two series of measurements: one in which we k
the drain bias fixed atVds5210 V while varying the gate
bias, and a second one at fixed gate bias (Vg5210 V! with
varying drain voltages.

Figure 1 shows the results of the first series. For z
gate bias, we observe only a small shift of the thresh
voltage showing that source–drain stress alone has near
impact on device characteristics. Upon application of a g
voltage during stress the behavior is at first hardly chang
A slightly negativeDVT occurs on short time scales, which
attributed to charge trapping. The effect, however, is mu
smaller than in hybrid TFTs based on pentacene.2 On longer
time scales, positive threshold shifts are observed, mea
thatVT moves in the direction opposite to that of the appli
gate bias. Thus, there is a second effect with a polarity
posite to charge trapping. This positive shift is even mo

FIG. 1. Threshold voltage shiftDVT as a function of time and gate biasVg

at a fixed source drain–source bias ofVds5210 V.
4 © 2001 American Institute of Physics
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pronounced in Fig. 2 which depicts the threshold volta
shift at fixed Vg5210 V and varyingVds. For Vds50, a
positive shift of up to 8 V is observed after 4000 s~for longer
stress times, a saturation of the threshold shift occurs!. Its
magnitude decreases with increasingVds because a negativ
Vds generates an electric field over the insulator which
poses the gate bias. However, the gate bias cannot be
pletely screened by applying a drain field, since the sou
contact remains on ground.

A possible explanation for the observed positive thre
old shift upon negative gate bias stress can be found
paper by Young and Gill6 on polycrystalline Si TFTs formed
with undensified insulator oxides. These porous oxid
~which contain a significant amount of water! bear more re-
semblance to an organic insulator than the thermally gro
SiO2 layers used in previous studies on organic hybri
Young and Gill observed positive threshold shifts arisi
from negative ions which were moving in the gate field.6 As
the negative ions drift towards the interface to the semic
ductor, positive countercharges~holes! accumulate on the
semiconductor side of the interface to the insulator. T
manifests itself electrically in a positive shift of the thresho
voltage. Because the ionic effect vanished after annealing
device to 250 °C, Young and Gill concluded that water a
sorption in the insulator may be its origin. We have p
formed measurements with a quartz crystal microbalance
found that the water content of our insulator is 1–2 wt %
relative humidity of 60%. Upon varying the relative humi
ity, a new equilibrium concentration is achieved within mi
utes. To eliminate possible water effects, stress meas
ments were carried out in vacuum~1024 mbar! with samples
which were annealed at 50 °C for several hours. Under th
conditions, no positive shift is observed, as is depicted
Fig. 3.DVT is purely negative, which is indicative of charg
trapping. The influence of water was further confirmed
flooding the chamber with different gases after anneali
Synthetic air which is water free produced similar results
the vacuum measurements, excluding the possible influe
of oxygen. Flooding with~wet! room air, however, yielded
positive threshold shifts similar to those seen in Fig. 2. Th
observations demonstrate that water is a necessary prer
site for positive threshold instabilities.

FIG. 2. Threshold voltage shiftDVT as a function of time and drain–sourc
biasVds at a fixed gate bias ofVg5210 V.
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An important question, however, remains. It is not cle
whether the water provides the mobile ions itself~H1 and
OH2), whether a water network is formed in the insulator,
whether water generates high-mobility paths for alrea
present ionic impurities. These ions may arise from resid
ions in the insulator~present at a level of less than 3 ppm!7 or
from doping ions migrating from the polyaniline electrode
To address this issue, further experiments are in progres

We also investigated the electrical reversibility of bi
stress. Figure 4~a! shows the threshold voltage shift of
transistor which was stressed atVg5210 V for 1 h ~closed
boxes!. Afterward, the bias was reversed (Vg5110 V, open
boxes! for another hour. The initial threshold voltage is a

FIG. 3. Gate sweeps of a pentacene TFT measured in vacuum after an
ing at 50 °C. The device was stressed for 1 h atVg5210 V and Vds

521 V. A threshold shift of23.3 V is observed.

FIG. 4. ~a! Threshold voltage shift of a transistor stressed atVg5210 V
~closed boxes!. It fully recovers after reverse bias atVg5110 V ~open
boxes!. ~b! A transistor stressed atVg5210 V ~closed boxes! partially
recovers after being stressed atVds5210 V ~open boxes! for the same time.
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most recovered. Figure 4~b! shows the result of a secon
experiment, where, after similar initial stress on another tr
sistor, pure drain stress was applied for 1 h (Vds5210 V,
gate grounded!. The threshold shift is greatly reduced, how
ever the initial situation is not restored. A negativeVds gen-
erates a gate field of the same direction as positiveVg , how-
ever the field will be inhomogeneous, since the sou
remains grounded. Thus, complete recovery cannot be
pected. One can also argue that charge trapping—cau
negative threshold shifts—may play a role in device rec
ery. However, a comparison with Fig. 1 shows that sourc
drain stress of the same magnitude leads to much sm
shifts on a virgin device, namely21.2 V as compared to
about24.2 V on the prestressed sample.

Having studied threshold voltage shifts and their reve
ibility on a transistor level, it is interesting to make a co
nection to logic circuits and wonder about their stability u
der bias stress. Our current circuit design5 is based on
inverters~for a schematic, see the inset of Fig. 5! andNAND
gates. An inverter can be in two stable states during op
tion, and is defined by the input voltageVin being low~equal
to the circuit drive voltageVdd), or high (Vin grounded!,
respectively. The load transistor which is the lower device
the schematic has in both states the gate connected to
source, whereasVds changes approximately betweenVdd and
zero. Therefore, the load transistor is only subject to p

FIG. 5. Transfer characteristics of a stressed inverter as a function of s
time. Inset: Schematic of the inverter.
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drain stress which was shown to cause little change ofVT

~see Fig. 1!.
Consequently, the parametric instability of an inverter

determined by the input transistor. WhenVin is low, itsVds is
close to zero, and the gate voltage is equal toVdd. Then, the
input transistor is subject to pure gate stress. WhenVin is
high, its gate is grounded. At the same timeVds'Vdd, which
corresponds to pure drain stress. Consequently, the i
transistor alternates between pure gate and pure drain st
Similar to Fig. 4, drain stress generates an opposite, bu
homogeneous, gate field, thus reducing the influence of
stressing. The net result is improved parametric stability
the inverter, as depicted in Fig. 5.

Our measurements demonstrate that bias stress in
organic TFTs manifests itself predominantly in the form o
positive threshold voltage shift for negative gate bias stre
This instability arises from the movement of ions in the ga
field and is connected to the water that is present in
devices. Charge carrier trapping, which would yield negat
threshold shifts, plays only a minor role. Furthermore, b
stress has no influence on the mobility. Future studies will
aimed at clarifying the nature of the ionic species involved
well as the influence of bias stressing on the subthresh
behavior. Logic based on inverters shows operational sta
ity that exceeds that of individual transistors due to par
compensation of the parametric instabilities during inver
operation.
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