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Studies of the kinetics of the bias-stress effect are reported for regioregular poly(thiophene) thin-film tran-
sistors. We associate the bias-stress effect with bipolaron formation, based on the observation that the stressing
rate is proportional to the square of the hole concentration. The bipolaron formation rate is measured as a
function of temperature, and the thermal dissociation rate is also deduced from the data. We discuss the hole
capture process and suggest that tunneling through the Coulomb barrier dominates. The temperature depen-
dence of bipolaron formation and recovery kinetics leads to a maximum in their formation at about 220 K, and
we also find other changes in the electrical properties near this temperature. A separate bias-stress effect is
observed to operate at much longer time scales and might be associated with a different population of
bipolarons.
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I. INTRODUCTION

Recent studies of bias-stress effects in polymer thin-film
transistors(TFT’s) found a reversible decay in the hole cur-
rent due to trapping in the polymer semiconductor.1 The rate
of loss of channel charge is proportional to the square of the
hole density in the accumulation layer. This result indicated
that self-trapped hole pairs(bipolarons) are formed and are
responsible for at least one component of the bias-stress ef-
fect. The data compared poly(thiophene) and poly(fluorene)
semiconductors and found similar mechanisms. However,
different bipolaron binding energies in the two materials
gave a large difference in the stress effect and the resulting
TFT characteristics. Further studies showed that the stress
was reversed by light absorbed in the polymer semiconduc-
tor, supporting the hole pairing interpretation.2

The formation of bipolarons is a general and well-known
phenomenon in doped conductive polymers. Most past stud-
ies were aimed at observing the conversion of polarons into
bipolarons over time scales much longer than in this work.
To the best of our knowledge, the relative drift mobility of
polarons and bipolarons in the same material has not been
directly compared. At high doping levels(up to tens of per-
cent unit charge per thiophene ring), the number of free spins
in doped polymers is not always correlated to the conductiv-
ity, leading to the conclusion that bipolarons are at least par-
tially responsible for charge transport.3–6 In these conditions
metal-like features are observed in the absorption spectra.7

Brédaset al.8 have proposed that bipolaron transport domi-
nates at high doping levels, where the otherwise localized
bipolaron states form bands. In the TFT channel only a frac-
tion of a percent of the thiophene rings carry a charge, which
is equivalent to a low doping level. In doped polymers the
counter-ion is expected to play an important role in stabiliz-
ing the bipolaron; however, bipolarons were also observed
by Ziemelis et al.9 in poly(3-hexyl thienylene) (P3HT)
metal-insulator-semiconductor devices where the charge den-
sity is comparable to that found in a TFT. Moreover, bipo-
larons are negative correlation energy states that must be
stabilized by a large relaxation of the polymer backbone
from the unpaired polaron state to the bound state. The re-

laxation energy depends strongly on the local structure of the
polymer. In high-mobility polycrystalline regioregular poly-
(thiophene) films such as those studied here, where the mo-
bile species consists of holes partially delocalized in the
p-p stacking direction,10 it is highly likely that bipolarons
have a much smaller mobility than the unpaired holes.

The previous studies1 measured the hole trapping kinetics
at room temperature. In order to improve understanding of
the mechanism of hole capture and the reverse dissociation
of the bipolarons, more information about the kinetics and its
temperature dependence are needed, and this is the focus of
the present paper. The formation of the hole pair or bipo-
laron,shhdBP, and the reverse dissociation is described by the
following reaction and kinetics:

h + h↔ shhdBP, s1d

dNh/dt = − kNhstd2 + bNBPstd, s2d

Nh0 = Nhstd + 2NBPstd, s3d

whereNh andNBP are the hole and bipolaron concentrations,
andk andb are corresponding rate constants, both of which
are expected to be temperature dependent. When the transis-
tor is in the off state,NBP=0, and Eq.(1) predicts that when
the device is turned on,Nh and therefore the TFT current
decay from an initial valueNh0 to a steady state which de-
pends on the values ofk and b. The present measurements
use this property to obtain information about both rate pa-
rameters.

The poly(thiophene) semiconductors are disordered, poly-
crystalline materials, and therefore the properties of the
trapped hole pairs may depend strongly on specific location
in the material, giving alternative sites or a distribution, as
discussed previously.1 Generalizations of Eqs.(1)–(3) would
be required to include such distributions. Furthermore, the
TFT transport data give no direct information about the
structure of the hole pair. Recent calculations by dos Santos
suggests that the low-energy state for the bipolaron occurs
with the holes occupying adjacent thiophene rings in the
p-p stacking direction, rather than both holes occupying the
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same ring.11 A pair of holes in this structure is also referred
to as a polaron pair. Our description of the hole pair as a
bipolaron does not differentiate between this or any other
possible pair structure.

II. MEASUREMENTS

Measurements were made using as the semiconductor a
poly (3,3--dialkyl-quarterthiophene) where the alkyl chains
are 12 carbon atoms long(PQT-12), a poly(thiophene) syn-
thesized by Xerox Research Centre of Canada.12 The mate-
rial has symmetrical alkyl side chains, thus conferring regio-
regularity on the polymer(Fig. 1). The bottom gate coplanar
TFT’s have gold source and drain contacts and either a
100-nm silicon thermal oxide gate dielectric or 20-nm
plasma-enhanced chemical vapor deposition(PECVD) sili-
con oxide on 200-nm nitride gate dielectric(Fig. 1). The
electrodes are patterned by digital lithography13 on the ther-
mal oxide substrate and by regular lithography on the
PECVD substrate. The semiconductor was deposited by spin
coating to a thickness of 30–50 nm, on a self-assembled
monolayer(SAM) of octadecyl-trichlorosilane(OTS). The
presence of the SAM was found to increase the semiconduc-
tor mobility by a few orders of magnitude.1 Upon annealing
the device at 140 °C for approximately 20 min and then
cooling to room temperature, PQT-12 formed a partially
polycrystalline film.12,15 X-ray diffraction showed the pres-
ence of (100) peaks, indicating an interplanar spacing of
s17.8±0.3 Åd. Thus the polymer structure in the film can be
described as a mixture of crystallites and amorphous areas.

Pulsed and quasistatic measurements are used to charac-
terize the transistors. Quasistatic data are obtained by sweep-
ing the gate voltage from positive to negative voltages in
0.5–1 V steps, in 1–5-s intervals. Pulsed current measure-
ments are captured on a digital oscilloscope, and normally
the gate voltage is pulsed while the drain voltage is held
constant, with measurements usually made in the linear re-
gime. Room-temperature measurements are usually per-
formed in air or nitrogen, while temperature-dependent mea-
surements are made in a vacuum probe stationsP
,1 mTorrd equipped with a Joule-Thomson refrigerating
stage for low-temperature measurements down to,80 K
(MMR Technologies, Mountain View, CA).

III. RESULTS

Figure 2 shows a typical TFT transfer characteristic mea-
sured at room temperature. The field effect mobility is in the
range 0.05–0.1 cm2/V s. The on/off ratio is .106, the
turn-on voltage is close to 0 V, and the threshold voltage is
5–10 V. The 300-K transistor data are described reasonably
well by a constant mobility above the subthreshold region.
Lower-temperature transfer data taken with the pulsed tech-
nique are shown in Fig. 3 and exhibit an increasingly large
subthreshold region as discussed further below. The capaci-
tative switching transient extends to longer time as the tem-
perature is reduced and limits the measurement to about
4 ms after the gate pulse at low temperature.

The quasistatic measurements show negligible room-
temperature hysteresis, when the same data are measured in
quick succession, as indicated in Fig. 2. However, pulsed
measurements tend to give a slightly higher mobility, indi-
cating stress effects that are rapidly reversed.

A. Long-time bias-stress effects and recovery

Previous studies of the stress effect focused on the current
decay in the first few seconds after the gate bias is applied.1,2

Figures 4 and 5 show the change in drain current for a TFT
measured over an extended period of time at different gate

FIG. 1. Bottom contact coplanar TFT structures on a Si wafer
(left) and glass substrate(right). The chemical structure of PQT-12
is included.

FIG. 2. TFT transfer characteristics of PQT-12 at room tempera-
ture. Two measurements are shown, repeated after a few minutes to
show the absence of hysteresis.

FIG. 3. TFT transfer data at different temperatures in the linear
regime of operationsVDS=−1 Vd, showing the wider subthreshold
region at lower temperature.
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voltages and temperatures. There is an initial behavior at
times less than about 10 s followed by a longer-time behav-
ior with different characteristics. The initial decay occurs
rapidly and with increasing strength as the gate voltage is
increased and is the main focus of this paper. The long-time
behavior occurs at 102–105 s at room temperature, also with
a rate that increases with gate voltage. There is a reduction in
the rate of current decay as the temperature is reduced.

The two regimes of stress effects are also distinguished by
the recovery rate. When stress is applied for a short time
(i.e., up to 100 s), the recovery takes only a few seconds, as
discussed in a previous publication. The evidence for the
rapid recovery is that there is no observable change in the
transfer characteristics when the measurement is repeated
within a short time of about 1 min(see Fig. 2). However, the
longer-term stress effect recovers much more slowly. As pre-
viously observed with F8T2, we verified that the longer-term
stress effect is due to a shift of the threshold voltage and
there is little change in the subthreshold region of the trans-
fer curve and no decrease in carrier mobility, as is shown by
the data in Figs. 6(a) and 6(b).

We measured the recovery rate of the longer-term bias
stress. Here the sample is stressed for 2 h at 50 V gate bias.
The recovery is allowed to proceed at zero bias and is mea-
sured by tracking the turn-on voltageVon of the transistor.

The recovery of the threshold voltage is shown in Fig. 7. The
form of the recovery is approximated by a double exponen-
tial with characteristic time constants of approximately 1300
and 32 000 s.

Both the short-term and long-term decays are relatively
independent of the choice of gate dielectric, and results for
SiO2 thermal oxide and PECVD silicon oxide/nitride are
shown in Fig. 8. The two regimes of bias stress are therefore
likely to be due to trapping at different sites in the polymer
as discussed later. In the following sections we focus on the
short time stress effect only.

FIG. 4. Current decay of PQT-12 at two different gate voltages
and over an extended time range, showing that there is a fast initial
decay, then a plateau, and finally a longer time decay.

FIG. 5. Drain current decay as a function of time at different
temperatures over an extended time rangesVG=−50 Vd, showing
that the bias stress effect is temperature dependent.

FIG. 6. Transfer characteristicssVD=−1 Vd before and after
stressing the TFT withVG=−50 V for 7200 s. Linear scale(a) and
semilogarithmic scale(b).

FIG. 7. Recovery of the switch-on voltageVon after stressing a
TFT at VG=−50 V for t=7200 s. Recovery after stressing fort
,100 s takes a few seconds(no threshold voltage shift is
observed).
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B. Bipolaron kinetics from pulsed measurements

The previous studies showed that the initial decay of the
current reflects the trapping of hole pairs.1 The capture of
holes to form the bipolaron has very low capture cross sec-
tion, which was attributed to the mutual Coulomb repulsion
of the holes. The Coulomb barrier may be overcome by ther-
mal activation or by tunneling, and these mechanisms are
expected to be distinguished by their temperature depen-
dence.

As in previous work, the rate of bipolaron formation is
obtained by measurement of the initial current decrease in a
pulsed measurement of the TFT, at a short enough time that
the reverse process can be neglected. The measurement is
performed in the linear regime of the TFT, so that the hole
concentration can be assumed proportional to the current and
dNh/dt can be measured. The decay is measured at short
times to minimize the reverse process of bipolaron dissocia-
tion in the kinetics described by Eq.(2), so that the rate
constantk is measured directly. The hole concentration is
calculated from the gate capacitance, using the relationNh
=CGsVG−VTd, while previously it was calculated from the
TFT current and from the measured mobility. Basing the
values on the gate capacitance avoids needing to know the
temperature dependence of the mobility, but includes immo-
bile holes which represent an increasing fraction of the holes
when the temperature is reduced, as indicated by the TFT
characteristics in Fig. 3.

Figure 9 shows one example of the pulsed data and the
measured value ofdNh/dt as a function ofNh

2. The data all
follow the square law form of Eq.(2), and the rate constant is
determined from the slope. The measurement assumes a uni-
form hole concentration in a channel of depth of 1 nm.
Given the crystalline structure of PQT-12, most of the cur-
rent flows in a single thiophene plane adjacent to the inter-
face, and so the calculated bulk density is an
approximation.14 While it may change some of the numerical
details, the exact depth of the channel does not change the
general validity of our results.

Figure 10 shows the resulting temperature dependence of
the apparent rate constant for temperatures between room
temperature and 140 K. The room-temperature rate is 3
310−19 cm3/s, compared to the previously reported value of
1.3310−18 cm3/s. The factor of 4 difference is largely due to

a numerical error in the previous analysis. The apparent bi-
polaron formation rate is independent of temperature from
300 to 220 K and, at lower temperature, has an activation
energy of,0.12 eV.

The hole capture ratek in Eq. (2) determines the initial
decay of the current, while the dissociation rateb determines
the steady-state hole concentration. Hence information about
the bipolaron dissociation rate was obtained by analyzing the
time dependence of the TFT current as a function of tem-
perature. Figure 11(a) shows examples of the relative decay
of the TFT current over a time period of 0.1 s, at different
temperatures. There is an initial decay which tends to a
steady state, and both the time dependence and magnitude of

FIG. 8. Current decay of PQT-12 atVG=−20 V, VDS=−1 V on
thermal silicon oxide and PECVD silicon oxide/nitride dielectric.

FIG. 9. (a) Drain current decay data as a function of gate volt-
age, showing that the decay rate is higher at higher gate voltage.(b)
Charge removal rate measured from data as in(a), plotted as a
function ofN2. The slope of the line is the bipolaron formation rate
constant.

FIG. 10. Bipolaron formation rate as a function of inverse tem-
perature. The break in the curve occurs at 220 K.
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the decay are temperature dependent. There is clearly a more
pronounced current decay between 220 and 260 K than at
higher or lower temperatures. Figure 11(b) is a series of cal-
culated decay curves according to the model discussed in
Sec. IV B. The curves shown in Fig. 11(b) show a good
qualitative similarity to the data[Fig. 11(a)].

From data as in Fig. 11(a), the ratio of the current at 0.1 s
to that extrapolated to zero time is used as a convenient
measure of the decay and the results are shown in Fig. 12.
This ratio decreases as the temperature is reduced down to

about 220 K and then increases again, until essentially no
decay is observed in this time range at 140 K. The results
imply that the current exhibits its fastest decay at 220 K, and
the same result is also evident in Fig. 11. The form of Fig. 12
results from a balance between the increasing equilibrium
bipolaron concentration at lower temperature and the de-
creasing rate of formation. The solid line is a fit to the data,
and the parameters of the fit give information about the bi-
polaron kinetics.

C. Pulsed and dc measurements of TFT characteristics

The effect of the bias stress, and its variation with tem-
perature, should be reflected in the quasistatic and pulsed
measurements of the TFT characteristics. Pulsed measure-
ments are expected to minimize the stress effects, while qua-
sistatic measurements allow stress effects to develop, which
may distort the data. It is interesting to understand how the
stress effect influences the apparent mobility.

Figure 3 shows a typical family of pulsed TFT measure-
ments at temperatures between 90 and 300 K. The TFT sub-
threshold slope decreases and the apparent threshold voltage
shifts to larger bias with decreasing temperature. Extracting
the mobility as a function of temperature depends consider-
ably on the analysis and interpretation of the data because
there is increasing deviation from the linear relation between
current and voltage at low temperature. The wide subthresh-
old region implies that a large fraction of holes are in low
mobility states, presumably because of disorder-induced lo-
calized states.15

Despite the difficulty in analyzing the TFT data, it is ap-
parent from Fig. 2 that in the region of 220 K the tempera-
ture dependence is less than at either higher or lower tem-
peratures. We extracted approximate mobility values for the
most mobile carriers, by a linear fit to the high-gate-voltage
region of the data and a comparison of pulsed and quasistatic
measurements is shown in Fig. 13. We use this as an approxi-
mation to the mobility to compare pulsed and quasistatic
data, and not as a complete analysis. Above about 250 K, the
dc and pulsed measurements give essentially identical re-
sults. This agrees with the observation that the bipolaron
stress effects are quickly equilibrated at room temperature,

FIG. 11. The decrease in TFT current after applyingVG

=−20 V, measured(a) and calculated(b) at different temperatures.
Data are normalized to unity and offset vertically.

FIG. 12. Comparison of current decay calculated through the
bipolaron kinetic model with the experiment. The bipolaron forma-
tion constant used in the model is the one measured experimentally.
N0 is given by the gate voltagesVG=−20 Vd and a channel thick-
ness of 0.5–1 nm. The fit parameters andNv (available hole states)
andU (bipolaron binding energy).

FIG. 13. dc and pulsed mobility measurements as a function of
temperature. The pulsed mobility is measured att=0 by subtracting
the capacity charging current from the actual current. Stress effect is
maximum between 180 and 280 K.
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so that the stress gives only a 20%–30% drop in current
unless the measurement time is very long. At temperatures
below 200 K the quasistatic measurement differs from the
pulsed measurement by about a factor of 2. The difference
seen at low temperature agrees with the expectation that the
dissociation of the bipolaron is thermally activated and that
the equilibrium bipolaron concentration is larger at low tem-
perature. Moreover, measurements at lower temperature re-
quire higher gate voltages, thus increasing the bias-stress ef-
fect in the dc measurements. Similar shapes of the mobility
versus 1/T plot were observed in a single-crystallite16 and
polycrystalline17 thin films of sexithiophene and in polycrys-
talline films of dihexylquarterthiophene(DH4T),18 but are
not observed in spin-cast films of P3HT.10

Figure 13 shows a regime between about 180 and 270 K
where the apparent mobility dips, and the difference between
the pulsed and dc measurement is largest, reaching about a
factor of 5. It is clear that the dip is related to the minimum
in Fig. 12 and is a stress effect. This observation is in agree-
ment with the results of Gomeset al.19 and Muck et al.18

who observe that the trapping rate ina-sexithiophene
sa-6Td and DH4T peaks aroundT=220 K.

An alternative representation of the temperature depen-
dence is to plot the current at a fixed gate voltage, as shown
in Fig. 14 for pulsed measurements. The mobility dip is ab-
sent, but there is a pronounced change of slope at about
240 K, which indicates a change in the transport properties
around this temperature. Bias stress can only be partially
responsible for this change of slope which requires further
study to fully understand.

IV. DISCUSSION

A. Bipolaron formation mechanism

The bipolaron formation rate has an activation energy of
0.12 eV up to 250 K and a constant value at higher tempera-
ture. Capture of two holes into a bipolaron involves over-
coming the Coulomb repulsion barrier, which we previously
estimated to be about 0.4 eV. The low activation energy sug-
gests that the mechanism is primarily tunneling through the
barrier rather than thermal excitation. In general, one might
expect a combination of both mechanisms, as illustrated in

Fig. 15, because a small thermal excitation up the barrier can
significantly reduce the tunneling distance.

We first estimate the expected rate of hole capture. The
probabilityp for capture by the combined tunneling and ther-
mal activation process is

p = v expf− EsRd/kTgexps− 2R/R0d, EsRd = e/s4p««0Rd,

s4d

wherev is the attempt frequency,EsRd is the Coulomb po-
tential energy(with kT expressed in units of eV), andR0 is
the tunneling parameter. The maximum rate occurs when the
exponent is minimized, which occurs for a tunneling distance
given by

RM
2 = eR0/s8p««0kTd, s5d

and the effective temperature-dependent activation energy is
then

EMsTd = s2ekT/p««0R0d1/2. s6d

According to this expression, choosingR0=1 nm leads to
an activation energyEMs150 Kd=0.22 eV, increasing to
0.31 eV at room temperature. As expected, the energy of the
combined process is smaller than the barrier height, but it is
significantly larger than the observed activation energy. Fur-
thermore, the calculated energy increases with temperature
because activation is increasingly favored by the thermal en-
ergy, whereas the measurements find a constant energy at
low temperature and no temperature dependence at higher
energy.

This simple model evidently does not fully account for
the data and indicates that the mechanism of bipolaron for-
mation is more complex. Many alternative mechanisms may
be involved in the capture. For example, the transition from
temperature-independent to thermally activated behavior
could be a change from reaction-limited to diffusion-limited
kinetics. The measurement of the capture kinetics is based on
the total hole concentration in the channel. However, it is
evident from the TFT characteristics that the channel holes
have a wide distribution of mobilities at low temperature,
presumably because of the presence of shallow traps. The
temperature dependence of the rate constant may reflect the
activation energy for the diffusion of trapped carriers.

Alternatively, the rate may reflect that only a fraction of
holes—those with the highest mobility—participate in the
trapping process. We have previously shown that atT

FIG. 14. Drain current as a function of 1/T at different gate
voltages. There is a break in the temperature dependence at 240 K.

FIG. 15. Coulomb potential model for hole capture to form a
bipolaron, as discussed in the text.
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,220 K, the mobility of PQT-12 depends strongly on the
gate voltage—i.e., the charge density in the channel.15 This
behavior is evident for the data of Fig. 3: the subthreshold
region of the TFT’s widens as the temperature is lowered.
The gate-dependent mobility is consistent with the well-
known mobility edge transport model where at low tempera-
ture a large fraction of holes is trapped in the valence band
tail while current is carried by the smaller fraction of mobile
holes. An approximate band-tail width of 34 meV was esti-
mated for PQT-12.15

The bipolaron formation rate can be recalculated by tak-
ing into account band-tail trapping—i.e., by assuming that
only the free holes participate in the trapping process. The
alternative processes are described by rate constants for cap-
ture of free holes by any hole(trapped,Nht or free,Nhf) or
just the capture of pairs of free holes:

kNh
2 = kftNhfNh = kffNhf

2 . s7d

The resulting formation ratekff is approximately independent
of temperature over the whole range investigated here(see
Fig. 16), indicating that the apparent temperature decrease of
the bipolaron formation rate atT,250 K might simply be
due to the progressively lower availability of free carriers
able to form bipolarons at lower temperature. The formation
rate corrected for trapping isk=s2.1±0.9d310−18 cm3/s.

B. Kinetics of bipolaron dissociation

The equilibrium bipolaron concentrationNBP,eq is given
by1

NBP,eq= kNh
2/b = sNh

2/NVdexpsU/kTd, s8d

where the first expression is derived from the kinetic equa-
tion (2) and the second from the reaction[Eq. (1)]. Equation
(8) relates the forward and reverse rates to the effective den-
sity of valence band states,NV, and the bipolaron formation
energyU. The reverse rate is therefore given by

b = kNV exps− U/kTd. s9d

The relative magnitude ofk andb explain the temperature
dependence of the stress effect. In the high-temperature re-
gime sT.260 Kd, the bipolarons quickly equilibrate, and so

the relative change in current due to the stress effect is given
by

I0/IST = Nh0/Nh,eq= Nh0/fNh0 − 2NBP,eqg = f1 − 2NBP,eq/Nh0g−1.

s10d

The equilibrium density of bipolarons increases with re-
duced temperature because of the exps−U /kTd term in
Eq. (8), and so the stress effect is predicted to get larger, as is
observed down to about 220 K(see Figs. 11 and 12). The
change in behavior at lower temperature occurs because the
bipolaron concentration during the typical measurement in-
terval is determined by the kinetics rather than the equilib-
rium. The effective formation rate decreases starting at about
230 K (see Fig. 10) and by 180 K has decreased by about an
order of magnitude. The decreasing rate is evident from
Fig. 11.

The current decay as a function of temperature was cal-
culated using the kinetics described by Eq.(2), with the ex-
perimental values ofk, and using Eq.(8) to describeb, with
fitting parametersNV and U. Here N0 is fixed by the gate
voltage. From the calculated decay atVG=−20 V, the ratio
of the current at time zero and time 0.1 s is obtained and
compared to the results of the experimental measurement in
Fig. 12. A good fit to the data is obtained with values of
NV=631022 cm−3 andU=120 meV.

The discrepancy by about one order of magnitude be-
tween the fitted value ofNV and the calculated spatial density
of thiophene ringss,531021 cm−3d is not surprising given
the simplicity of our model and the uncertainty of the param-
eters. It must be kept in mind that we report apparent kinetic
parameters as at this point it is still unknown how trapping
affects bipolaron formation. Furthermore, it is reasonable to
assume that there is a distribution of bipolaron formation
energies rather than only a single value(see Sec. IV C),
which would have a significant impact on the fittedNV value.
The model outlined here is meant to be semiquantitative to
show that the anomalous temperature dependence of bias
stress in PQT-12 is readily explained by the formation of
bipolarons.

C. Longer-time stress effects

The data in Fig. 4 show that after the short-time stress
regime that is analyzed above, there is a longer-term stress
effect, with the property of having a slower recovery. There
are several possible explanations for the long-term stress and
further measurements are needed to explore this regime fur-
ther. We rule out charge injection in the dielectric since
PQT-12 on thermal oxide and on PECVD dielectric have
nearly identical properties as shown in Fig. 8. A likely ex-
planation is that the longer stress is also a bipolaron forma-
tion process, but at sites in the material where the bipolaron
binding energy is larger(causing the slower release) and the
capture cross section is smaller(causing the slower forma-
tion). This is a reasonable possibility in a disordered poly-
mer, since there is clear evidence that the hole polaron state
is sensitive to the local order.20,21

FIG. 16. Comparison of the apparent bipolaron formation rate
with the formation rate corrected for trapping of holes in band-tail
states.
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D. Disorder effects on the stress kinetics

As discussed in previous papers, it seems highly likely
that the formation of bipolarons is not uniform within the
polymer, but occurs in specific regions. However, the elec-
trical data give no direct structural information. Structural
studies show that the regioregular poly(thiophenes) that give
high-mobility TFT’s have a highly textured polycrystalline
structure with grain size of 2–10 nm. Polaron formation is
known to be suppressed in highly ordered crystalline regions
of poly(thiophenes) because the hole wave function is more
extended. It seems reasonable to expect that bipolarons will
be similarly suppressed. Hence bipolaron formation may oc-
cur predominately in the disordered regions between crystal
grains. Bipolaron formation is closely coupled to the struc-
ture of the polymer, since structural relaxation provides the
energy to bind the bipolaron.

It is interesting that the change of slope in the temperature
dependence of the current(Fig. 14), the maximum in the
bipolaron formation(Fig. 12), and the change in bipolaron
formation kinetics(Fig. 10) all occur at about the same tem-
perature. These are apparently unrelated phenomena, but ob-
viously the similar temperature suggests a link that we do not
yet understand.

V. CONCLUSION

The bias stress effect has an obvious influence on the
measured value of the TFT mobility, especially when derived
from quasistatic measurements. In particular, we find an
anomaly near 250 K where the apparent mobility is non-
monotonic with temperature. As explained above, this fea-
ture results from the counteracting effects of the increasing
equilibrium concentration of bipolarons, but the increasing
time needed to reach equilibrium. These stress effects are
reduced when measured with a pulsed gate bias and also by
making measurements at low gate voltage where the effect is
greatly reduced, due to theNh

2 dependence.
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