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Abstract

We have studied the transfer characteristic variations induced by aging effects and applied voltage in top contact pentacene thin film transistors
(OTFTs) fabricated by using Polymethylmetacrylate buffer layer. The electrical stability of pentacene OTFTs was tested by applying prolonged
bias stress (up to 10* s) with gate voltage Vestress=—30 Vand +30 V. The environmental effects were analysed by measuring the degradation of
electrical characteristics of OTFT exposed to air. The results have been analysed in terms of trap state model, evaluating the channel conductance
using a one-dimensional approach. This allows us to correlate the transfer characteristics variations to changes in localised state distribution.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The new opportunities that the use of organic semiconduc-
tors offer to device fabrication in the field of large area, low-cost
and flexible electronics, have recently increased the research
efforts on these materials [1]. Recent results have shown that
devices based on some organic semiconductor can be easily
compared with those based on amorphous silicon. Indeed, the
performance obtained with pentacene-based organic thin film
transistors (OTFTs) [2] make possible that OTFTs are used as
drivers of organic light emitting diodes in high-resolution active
matrix displays [3]. These applications require very reliable
devices with relative good on current stability. It has been
reported that exposure to air and prolonged applied voltage lead
to a decrease of pentacene OTFT performance in terms of field
effect reduction, threshold voltage and subthreshold slope
variation [4,5]. The observed instability depends upon the detail
of device fabrication, as different capping layer and different
buffer layers between pentacene and gate dielectric [6,7].

In this work we present an experimental study of the aging
effects and electrical stability of high quality pentacene-based
OTFTs fabricated by using Polymethylmetacrylate (PMMA)
buffer layer.
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2. Device fabrication

Devices have been fabricated on heavily doped silicon
wafers, acting as gate electrode, thermally oxidised to form the
gate dielectric (silicon dioxide thickness of d,, =80 and 60 nm),
in top contact configuration. Before pentacene deposition, the
samples have been spin coated with a film of PMMA 950K
(about 5 nm thick) annealed at 90 °C for 10 min. It has been
shown that thin PMMA films can be used as buffer layer in
order to improve the performance of pentacene OTFTs both in
bottom contact and top contact configurations [8]. PMMA
buffer layer influences the structure of pentacene grown on SiO,
[9] modifying the pentacene/dielectric interface. Thermal
evaporation of pentacene (Sigma Aldrich, 99% purity) has
been performed, by a Radak evaporation source, on the samples
without an extra purification process or a substrate heating
(evaporation rate about 3 nm/min). Source/drain gold contacts
(30 nm thick) are evaporated through a shadow mask on top of
the pentacene active layer (L=100 um, W=200 pum).

3. Electrical stability

The electrical stability of pentacene OTFTs was tested by
applying prolonged gate bias stress (up to 10* s) with gate
voltage, Vesiress=—30 V and +30 V, with drain voltage, Vys=
—1 V. Transfer characteristics, monitored at selected times
during the bias-stressing cycle, are shown in Figs. 1 and 2 for
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Fig. 1. Experimental transfer characteristics measured at different bias stress
times (0—10* s) (solid lines) and after 48 h (dashed line). Bias stress condition
Vestress= 30 V; Vgg=—1 V. Transfer characteristics, calculated by the trap states
model, are also shown, corresponding to unstressed (closed circles), after bias
stress (open circles) and recovered device (open squares).

Vestress=—30 V and +30 V respectively. Bias stress at V,=
—30 V induces an almost rigid shift of transfer characteristics
(see Fig. 1), both in linear and subthreshold regimes.
Correspondently, field effect mobility (ugg) and subthreshold
slope (S) remain almost unchanged (upp=.4 cm?/Vs and
S=.4 V/dec), whereas the threshold voltage (/};,) monotonically
increases, as shown in Fig. 3, from —4.6 V to —=7.6 V.

After bias stress the transistor was kept in vacuum at room
temperature for 48 h with no applied voltage. The transfer
characteristic measured after this period (see Fig. 1) shows a
complete recovery of on-current in the linear region, whereas a
decrease of subthreshold slope is observed (Fig. 1).

Positive bias stress at V;=+30 produces an almost rigid shift
of transfer characteristics toward positive voltages (see Fig. 2).
Also in this case, field effect mobility remains almost constant
(upe=.5 cm?/Vs) but, contrarily to negative bias stress,
subthreshold slope increases from 0.4 V/dec to 0.5 V/dec.
However, as in the case of negative bias stress, the most evident
phenomenon is the variation of threshold voltage that shows a
monotonic shift from —5 V in the unstressed device to —.7 V

after 10* s (see Fig. 3). The recovery of transfer characteristic
after 48 h in vacuum with no voltage applied is not complete
(Fig. 2). In particular, a partial reduction of threshold voltage
shift was observed, whereas the subthreshold slope does not
change relative to bias stress condition.

In analogy with amorphous silicon thin film transistors, the
threshold voltage variation can be fitted, for both negative and
positive bias stress (see Fig. 3), by a stretched exponential
formula:

AV(t) = AVw{l‘ eXp {_@q }

where AV,=(Vy(t=0)—Vy(t=0)) is the maximum threshold
voltage variation, corresponding to —4.8 Vand 5.5 V for negative
and positive bias stress, respectively. The fitting parameter f3
results about .45 for both bias stress, whereas the time constant T
is 11,500 s for Vgress=—30 and 2800 s for Vgyress=+30 'V,
indicating a faster Vy, shift for positive bias stress.
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Fig. 2. Experimental transfer characteristics measured at different bias stress
times (0—10* s) (solid lines) and after 48 h (dashed line). Bias stress condition
Vastress=130 V; Vag=—1 V. Transfer characteristics, calculated by the trap states
model, are also shown, corresponding to unstressed (closed circles), after bias
stress (open circles) and recovered device (open squares).
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Fig. 3. Threshold voltage variation (A Vy,=V(£)—Vn(0)) for pentacene OTFTs
during positive (squares) and negative bias stress. Stretched exponential
functions (lines), fitting experimental data, are also shown.

We have analysed the results of bias stress experiments in
terms of trap state model. Indeed, it has been shown [10,11] that
it is possible to perfectly reproduce the pentacene-based TFT
characteristics assuming drift-diffusion transport model and a
spatially uniform distribution of localised states (DOS), that
includes the contributions of the in-grain and grain boundary
defects as well as of the dielectric/pentacene interface defects.
DOS can be approximated by the sum of two exponential terms
(tail states and deep states): N(E)=Ne “/“t+Nze ®/%d
[12,13], where E is the energy, measured from the top of the
valence band, E; and E4 are the characteristics energies for the
tail-state and deep-state DOS respectively and NV, and Ny are the
tail-state and deep-state DOS values at E=0, respectively.
Transfer characteristics have been computed by evaluating the
channel conductance using a one-dimensional approach: the
Poisson’s equation for the electrostatic potential, ¢, is solved in
the direction perpendicular to the active layer surface, x:

&y p

2 esc’

As usual, boundary conditions are imposed on both side of
the active layer, thus turning this problem into an implicit
boundary value problem: at front interface the solution must
satisfy:

Ves—¥(x = 0) I dy
fox 50X >SC do lx=0’

while, at the back interface the electric field must vanish:

dy/
dx Ix=tsc o

In order to account for bulk and surface localized states
whose energy levels are distributed throughout the organic

semiconductor gap, the space charge, p, is assumed equal to the
sum of the mobile charge, py.., that is computed analogously to
inorganic semiconductors, and a fixed charge that is given by
the sum of two exponential tails of acceptor like states and two
exponential tails of donor like states. The contribution to the
space charge of a single tail can be written, in the case of
acceptor states as:

acc E 1 e

J— E

Pirap = 7 Noe P dE
E, 1 +em

and analogous for donor states. In order to speed up the
computation, the integrals are evaluated assuming an approx-
imation for the Fermi function: for £ ranging in an interval of
3kT around the Fermi level, a third order polynomial
approximation is used, while, for £ lying outside this interval,
an exponential approximation is employed [12]. This leads to an
analytical expression that can be directly evaluated. Since in the
transfer characteristics the drain bias is low, the Fermi level has
been taken equal to Ey=—Vy4s/2, the value that should occur in
the mid of the channel. Once discretized, the non-linear
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Fig. 4. Density of localized states calculated by fitting transfer characteristics of
Figs. 1 (a) and 2 (b), corresponding to negative and positive bias stress,
respectively. Solid lines: unstressed devices; dashed lines: after bias stress
devices; dot lines: recovered devices.
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Fig. 5. Experimental transfer characteristics (symbols), measured in vacuum at
Vas=—1V, for as-fabricated devices (open squares) and after 2 (closed squares),
15 (closed triangles) and 40 (open circles) days. (L=100 pm, W=200 pm).
Solid lines are the calculated transfer characteristics fitting the as-fabricated and
40-days conditions.

Poisson’s equation is iteratively solved using the Newton’s
method (or relaxation method) and the resulting carrier
distribution, along the depth of the channel, is computed. The
DOS parameters have been determined by using a least squares
approach: the optimisation method used is the Levenberg—
Marquardt method [13].

The calculated characteristics are shown in Figs. 1 and 2 for
negative and positive bias stress respectively. Fig. 4a shows the
calculated DOS for negative bias stress. The localized state
distribution does not change during bias stress, whereas,
according to the reduction of subthreshold slope in the
recovered curve, a reduction of deep states is observed for the
transistor measured after 48 h. In addition, simulations confirm
that the main effect of negative bias stress is the reduction of flat
band voltage from Vy,=2.6 V for unstressed device to 0.4 V
after 10* s. In the case of positive bias stress (Fig. 4b), after bias
stress the simulations show an increase of deep states (Fig. 4b)
as well an increase of flat band voltage from V,=2.2 V for
unstressed device to 8.7 V after 10* s.
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Fig. 6. Threshold voltage and field effect mobility variations during 40 days for a
pentacene OTFTs in air. Vy, and upg are calculated from the transfer
characteristics shown in Fig. 5.
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Fig. 7. Density of localized states calculated by fitting transfer characteristics of
Fig. 5, corresponding to as-fabricated device (solid line) and the device aged for
40 days (dashed line). Tail states components for as-fabricated (dot) and aged
device (dashed—dot) are also shown.

The mechanism of the observed flat band shift is still not
clear. In polymeric thin film transistor threshold voltage
variation has been related to “slow” trapping occurring in the
disordered area of the polymer film [14]. On the other hand, it
has been reported that electric fields induce structural changes
of pentacene that can influence charge distribution and carrier
motions in a pentacene OTFT [15].

4. Environmental stability

The sample has been exposed to air and light for more than
6 weeks, and has been repeatedly measured, as a function of the
exposure time. A representative group of transfer characteristics
measured in vacuum at low drain voltage Vy=—1 V, for
different aging times, is shown in Fig. 5. As can be seen, the
aging phenomenon does not affect the subthreshold region, but
it reduces the on-current while the off-current tends to increase
with the aging time. The on-current variation is due to the
reduction of field effect mobility and the increase of threshold
voltage with aging time (see Fig. 6). To calculate the density of
localised states we fitted the experimental transfer character-
istics by the trap state model above described. As shown in
Fig. 5 the calculated characteristics reproduce very well the
experimental data. The simulation results confirm that device
degradation induced by aging is mainly related to the reduction
of carrier mobility. In addition, in the calculated DOS, shown in
Fig. 7, it is evident an increase tail-state density for aged
devices, whereas deep localized states remain unaffected. This
results in a slower turn-on of transfer characteristics and, as a
consequence, in the observed increase of threshold voltage in
aged device. The tail-state density increase, induced by aging
process, could be related to the oxidation of pentacene film,
caused by humidity or oxygen contained in air. Indeed, recent
experimental results as well as numerical calculation [16,17,6]
indicate that adsorbed water and/or oxygen, that induces defects
levels near the valence band, are probable origin of the defects
in pentacene films oxygen atoms.
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5. Conclusions

Bias stress experiments performed on pentacene OTFTs
show that the main effect on transfer characteristic is an almost
rigid shift toward negative voltages and positive voltages for
negative and positive bias stress applied, respectively. In
addition, for positive bias stress, a small increase of subthresh-
old slope has been observed. By using a model with spatially
uniform distribution of localised states, we related these
variations to changes of flat band voltage and, for positive
bias stress, an increase in deep localised states. It has to be noted
that the bias stress effects are recovered, at least partially for
positive bias stress, after few days. On the contrary, the
environmental effects cannot be recovered and produce a
reduction of hole mobility and an increase of tail states. These
shallow traps can be induced by adsorbed water and/or oxygen.
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