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Bipolaron mechanism for bias-stress effects in polymer transistors

R. A. Street,* A. Salleo, and M. L. Chabinyc
Palo Alto Research Center, 3333 Coyote Hill Road, Palo Alto, California 94306, USA

~Received 27 November 2002; revised manuscript received 27 March 2003; published 18 August 2003!

The slow formation of hole bipolarons is proposed to explain the bias-stress effect that is observed in some
polymer thin-film transistors~TFT!. The primary evidence is the observation that holes are removed from the
channel at a rate proportional to the square of their concentration. As bound hole pairs form, they deplete the
TFT channel of mobile holes, which reduces the TFT current and causes a threshold voltage shift. The slow
rate of bipolaron formation is attributed to the mutual Coulomb repulsion of the holes. Contrasting stress
effects in different polymers are related to the magnitude of the bipolaron binding energy. Present experiments
cannot distinguish whether the bipolarons are intrinsic, or associated with disorder, interfaces, or impurities.
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I. INTRODUCTION

The bias-stress effect is a common property of thin-fi
transistors ~TFT! and is reported in some polyme
transistors.1,2 The characteristic feature is a slow decrease
the on current when the transistor is turned on for an
tended time. Equivalently, it is described by a slow shift
the threshold voltage. The effect occurs because mobile
riers are trapped or otherwise removed from the chan
reducing the channel conductance. The effect is usually
versible, but sometimes a high-temperature anneal is
quired to recover the unstressed state. The time scale for
stress and recovery can be anything from seconds to day
longer.

There are several mechanisms that can cause the
stress effect. In any particular situation, the origin might
trapping in states within the gate dielectric, at t
semiconductor/dielectric interface or in the semiconduc
itself, or an extrinsic effect such as slow ion migration
electrochemical degradation. Slow trapping in the dielec
is often by tunneling, where the exponential dependenc
the tunneling probability on distance provides the long ti
scale. Normal trapping in a semiconductor, with a typi
capture cross section of order 10216 cm2, is generally too
fast to account for stress effects, because equilibrium
tween the free and trapped carriers is established by the
the channel is fully populated.3 A slow, carrier-induced meta
stable structural change can occur in the semiconductor,
leads to a corresponding increase in trap density. This f
of bias-stress effect is well documented in hydrogena
amorphous silicon.4

There are reports of organic TFT’s with and without bia
stress effects.1,2,5 Many studies determine its presence
whether measurement of the transfer characteristic give
different result when repeated twice. However, as discus
below, a consistent repeated characteristic is not a suffic
condition for the absence of the bias-stress effect. We p
pose a model for the bias stress effect, based on studie
two polymeric TFT’s that have significantly different chara
teristics. Section II describes the devices and measurem
Section III develops the evidence for a bipolaron mechan
to account for the stress effects, and the properties of
bipolarons are discussed further in Sec. IV.
0163-1829/2003/68~8!/085316~7!/$20.00 68 0853
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II. EXPERIMENTAL MEASUREMENTS

Measurements of the bias-stress effect were perform
on two p-type polymer semiconductors, which when tak
together offer some insight into the stress mechani
Poly~9-98-dioctyl-fluorene-co-bithiophene! ~F8T2! is ob-
tained from Dow Chemicals and has also been studied
other groups.5 The other material is a regioregular poly
thiophene (PTRR), synthesized by Xerox Research Cen
of Canada from a monomer with symmetrical alkyl si
chains, thus conferring regioregularilty on the polyme6

X-ray diffraction data exhibit sharp peaks, from which it
evident that PTRR has a ~100!-oriented lamellar structure
similar to the structure observed from x-ray measurement
regioregular poly~3-hexylthiophene!, P3HT.7 TFT’s formed
with PTRR have field-effect mobilities comparable to tho
formed with P3HT, but the material is more stable in ai6

Sirringhauset al. have shown a correlation between regi
regularity, lamellar orientation, and high TFT mobility i
P3HT.7

Bottom gate TFT’s were fabricated with alternative stru
tures, all of which gave comparable results. The gate die
tric was either 100 nm of silicon thermal oxide~capacitance
30 nF/cm2! or plasma-enhanced chemical vapor deposi
~PECVD! silicon oxide or nitride~capacitance 20 nF/cm2!.
The semiconductor was deposited by spin coating, usu
on a self-assembled monolayer~SAM! of organic trichloro-
silanes. SAM materials include OTS, OTS8, BTS, a
FTS ~respectively, octadecyl-, octyl-, benzyl-, an
tridecafluoro-1,1,2,2-tetrahydrooctyl-trichlorosilane!.8 The
semiconductor thickness was 30–50 nm. Evaporated g
source-drain contacts were deposited in either the stagg
or coplanar configuration. In some devices the contacts w
made by lithography and in others by jet-printed masks, a
the results are not sensitive to the method of fabrication o
the details of the device geometry. The TFT’s had chan
lengths of 10–100mm, with width-to-length ratios in the
range 5–50 and were conventional device structures w
rectangular gate, source, and drain contacts. Both pulsed
quasistatic TFT measurements were made to obtain the tr
fer characteristics and the time dependence of the on-cur
The TFT mobility is in the range 1023– 1022 cm2/V s in
F8T2 and 1022– 1021 cm2/V s in PTRR.6,8 All the measure-
©2003 The American Physical Society16-1
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ments were made in air and in the dark, and the sam
were stored in nitrogen when not in use, to minimize en
ronmental effects.

Figures 1 and 2 show examples of the on current of TF
made from both polymer semiconductors as a function
time, after switching on the devices to different gate voltag
in the linear regime~drain voltage,gate voltage!. These data
extend for;1 s and over this period the current in F8T
decays by 20–60 % and in PTRR by 5–30 %. The decay is
initially rapid and then slows, and is more pronounced
higher gate voltage. More details of this gate voltage dep
dence are described below. The transient effects arising f
the TFT capacitance and carrier transit times occur at sho
times than these data. A notable difference between the s
conductors is that the F8T2 TFT current continues to de
over an extended time, while the PTRR current stabilizes rela

FIG. 1. Time dependence of the drain current of an F8T2 T
after a gate voltage is applied, measured at various gate voltag
shown. The normalized longer time decay of the drain current
both F8T2 and PTRR is shown in the insert.

FIG. 2. Time dependence of the drain current of a PTRR TFT
after a gate voltage is applied, measured at various gate voltag
shown.
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tively quickly. A comparison of the long time decay of th
drain current is given in the insert to Fig. 1.

Figures 3 and 4 show quasistatic measurements of
transfer characteristics. The measurement is performed
setting the gate voltage to a positive voltage~usually 10 V!
and then decreasing it in 1-V increments of 2-s durati
ending at220 or225 V. Each set of data takes about 1 m
to acquire and the second measurement is made unde
same conditions as the first, but after a short time interval
F8T2 ~Fig. 3!, where the stress effects are more pronounc
the classic behavior is observed of a voltage shift in the on
of the current. The transfer characteristics are also stron
curved. However, pulsed measurements of the transfer c
acteristic give straight lines with a threshold voltage sh
after stress.9 Evidently the curvature in the transfer data
Fig. 3 is a result of the stress effect in progress during
measurements. The pulsed data indicate that the mobilit
essentially unchanged and that the stress effect indeed c
sponds to the removal of conducting holes from the chan
Figure 4 shows that there is virtually no threshold volta

T
as
r

as

FIG. 3. Repeated quasistatic measurement of the transfer f
tion of an F8T2 TFT, showing strong bias-stress effect. The ma
mum gate voltage in the measurement is225 V. The dashed lines
indicate the form of the transfer characteristics when measured
a pulsed gate voltage~Ref. 9!.

FIG. 4. Repeated quasistatic measurement of the transfer f
tion of a PTRR TFT, showing negligible bias stress effect.
6-2
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shift in repeated measurements of PTRR. Since current decay
is evident in Fig. 2, this result implies that the stress is
versed in a matter of a few seconds at room temperat
More details of the bias-stress measurements in F8T2
described in Ref. 9.

For both polymers, a similar stress effect is observed
TFT’s with different gate dielectrics, when comparing silico
thermal oxide and PECVD oxide. Furthermore, the TFT’s
made either with or without a SAM between the dielect
and the semiconductor, and the stress effect occurs in e
case. We have tried several SAM’s8 and while there are som
variations in the stress, the similarities are substantial.

The recovery of F8T2 after bias stress is shown in m
detail in Fig. 5 for TFT’s made with the PECVD oxide an
thermal oxide dielectrics. The recovery is measured after
plying a 20-V gate stress bias for about 1 min, and th
leaving the sample in the dark for an extended time, mea
ing the current briefly to avoid further stress. The dev
takes about 2 days to recover completely at room temp
ture. Devices made with both dielectrics exhibit similar r
covery kinetics.

Another significant observation is that the stress effec
F8T2 is rapidly reversed by exposure to band-gap lig9

Only a brief exposure is required so that the process is
dently efficient, and apparently requires fewer carriers
complete than the stressing process. The stressing and
mination cycles appear to be completely repeatable, as
have cycled some samples many times.

Evidence for a bipolaron model

The data strongly suggest that the primary stress effe
associated with electronic states in the semiconductor, ra
than in the dielectric or the SAM. The evidence is the ins
sitivity of results to different dielectrics and different SAM’s
Silicon thermal oxide is an excellent dielectric known
have few trapping states, and so should not give a signific
stress effect, while PECVD oxide has many more trapp

FIG. 5. Time dependence of the recovery in the dark of the d
current in F8T2 TFTs with thermal oxide~line! and PECVD oxide
~points! gate dielectric, after a 20-V bias stress is applied. Two s
of PECVD oxide data from the same PECVD sample are show
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states. Further evidence that associates the stress effect
the polymer is that the same dielectric/SAM combinati
gives different results for the two semiconductors. The str
is large and stable in F8T2 and smaller and rapidly rever
in PTRR.

The reversal of the stress by illumination in F8T2 su
gests that the stress effect corresponds to the trappin
carriers in states for which the occupancy is readily chan
by a recombination transition. This result seems inconsis
with a metastable structural change, which usually requ
annealing to reverse. Furthermore, the illumination effec
not consistent with ion migration or electrochemical deg
dation as the origin of the stress effect.

Our conclusion, therefore, is that the primary stress eff
occurs in the polymer semiconductor, and the mechanism
slow trapping of holes into a deep electronic state. Sl
trapping implies a state with a very small capture cross s
tion, and we suggest that the obvious candidate is the for
tion of bipolarons, or paired hole states. This model is attr
tive because~a! bipolarons are known to form in som
thiophenes,~b! the repulsion between the two holes shou
give a very small capture cross section for bipolaron form
tion, and ~c! the bipolaron is a tightly bound state that
either nonconducting or of very low mobility and hence r
moves mobile holes from the channel. Bipolarons have b
studied in detail in thiophene oligomers10 and also in various
polymers,11 but are generally considered not to occur in r
gioregular polythiophenes.12,13 Indeed, rapid formation of
stable bipolarons is incompatible with high-mobility TFT’
but the idea that they might form very slowly has apparen
not been considered.

The key test for the bipolaron model is the expected c
centration dependence of the formation kinetics. The reac
in which two holes,h, form a bipolaron, (hh)BP,

h1h→~hh!BP, ~1!

leads to a rate equation for the hole concentration,Nh ,

dNh /dt52kNh
21bNBP, ~2!

where the second term on the right is the breakup of bi
larons of concentrationNBP, andk andb are rate constants

The predictedNh
2 behavior was tested by measurin

dNh /dt as a function of time at fixedVG , and separately as
a function of VG at fixed measurement time. Most of th
measurements and the largest values ofdNh /dt are at quite
high gate voltages~20–50 V!. The hole concentration is ob
tained from the linear TFT drain current,I D , according to,

I D /VD5~W/L !CGm~VG2VT!5~W/L !mNh /d, ~3!

where W/L is the geometry factor,CG is the gate capaci-
tance,m is the mobility, andd is the effective width of the
accumulation layer. Both types of plots are obtained from
data in Figs. 1 and 2 and other similar measurements, and
plots ofdNh /dt vs Nh

2 are shown in Figs. 6 and 7 for F8T2
The hole concentration is calculated from Eq.~3! with the
measured mobility and an estimatedd of 1 nm. Similar re-
sults are obtained for PTRR from the data in Fig. 2. We also
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obtained measurements ofdNh /dt from shorter pulsed mea
surements with times of;1023 s, and these are shown i
Fig. 8.

All of the data show the predicted dependence ofdNh /dt
on Nh

2 within experimental uncertainty. Comparison of Fig
6 and 7 shows that both the slope and intercept are slig
different for the two plots. Part of the explanation is t
assumption of a fixed accumulation layer depth to obtain
hole concentration. The hole concentration actually va
rapidly with depth into the channel, and the depth varies w
gate voltage. The data in Fig. 7 show the same slope for
different gate voltages but a different intercept, which m
be due to the different accumulation layer depth. We a
assume a constant effective mobility according to Eq.~3! to
obtainNh . This approach ignores shallow trapping and oth
effects that could modify the actual value ofNh . A precise
evaluation of the rate constants needs to take these fa
into account.

The two data sets give rate constants of 1.9310218 and

FIG. 6. The rate of decrease of the hole concentration,dNh /dT,
plotted versus the square of the hole concentrationNh

2 in F8T2,
measured at constant time and varying gate voltage.

FIG. 7. The rate of decrease of the hole concentration,dNh /dT,
plotted versus the square of the hole concentrationNh

2 in F8T2,
measured at constant gate voltage and varying time.
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2.7310218 cm3/s for F8T2 and a smaller value of;1.3
310218 cm3/s for PTRR. Note that the rate constants for th
two materials only differ by a factor 2 even though the stre
effect is very different.

III. DISCUSSION

The observed dependence ofdNh /dt on Nh
2 provides

strong evidence that the bias stress effect is the result of
interaction of pairs of holes, and hence supports the bi
laron model. Various aspects of the model are discussed n

A. Trapping cross sections

The data provide an estimate of the capture cross sec
for bipolaron formation. According to the standard trappi
model, which describes the capture of a scattering mo
carrier, the rate constant is the product of the capture c
sections and the effective thermal velocityvT . The trapping
time t is given by

t215NhsvT5kNh . ~4!

The thermal velocity of mobile carriers isvT
5(3kT/mh)1/2, where mh is the hole mass, which is nor
mally of order 107 cm/s although the effective mass is n
known. However, the small values of the measured mobi
strongly suggest that holes spend a substantial portion
their time in shallow traps, with a corresponding reduction
the effective thermal velocity. Given the lack of detaile
knowledge about the transport, we can only estimate that
free-carrier mobility is;1 cm2/V s, as found in single-
crystal organic molecular solids,14 and hence that trapping
reduces the mobility and effective velocity by a factor;100.
The capture cross section is therefore of order 10223 cm2,
which is about 7 orders of magnitude smaller than typi
values for neutral traps. A small cross section is consis
with a repulsive interaction between the holes. The sub
quent discussion does not depend on a precise value fo
cross section.

FIG. 8. The rate of decrease of the hole concentration,dNh /dT,
plotted versus the square of the hole concentrationNh

2 in PTRR

measured at constant time and varying gate voltage.
6-4
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BIPOLARON MECHANISM FOR BIAS-STRESS EFFECTS . . . PHYSICAL REVIEW B 68, 085316 ~2003!
For the purposes of this discussion, the cross section
be approximated by the product of a typical neutral tr
cross section of 10216 cm22, and a factor,PB (;1027),
which is the probability of overcoming the repulsion. W
therefore associatePB with the Coulomb barrier,EB , be-
tween the holes. As illustrated in Fig. 9, the two plausib
mechanisms for the capture of the pair of holes are ther
excitation over the barrier, or tunneling through the barr
which have probability

PB5exp~2EB /kT!, thermal activation ~5!

5exp~22R/R0!, tunneling ~6!

whereR0 is the extent of the hole wave function andR is the
separation. The estimate ofPB corresponds to a barrie
height of about 0.4 eV or toR/R0 of ;8.

A Coulomb barrier of;0.4 eV corresponds to a separ
tion between the two holes of about 0.9 nm~assuming a
dielectric constant of 4!, which is consistent with there bein
a significant interaction between holes if the hole wave fu
tion has an extent ofR0;0.5 nm. For the tunneling mode
the same wave function extent leads to a tunneling dista
of 4 nm, at which distance the Coulomb barrier is about 0
eV. Again, this seems a reasonable value for the tunne
distance since the thermal and disorder energy should e
allow the holes to approach this close. It is hard to dist
guish between the two models, but careful measuremen
the temperature dependence of the bias stress could re
it, since the tunneling mechanism is almost independen
temperature. Preliminary measurements find only a w
temperature dependence at lower temperatures, favoring
tunneling model. In practice, a combination of tunneling a
thermal excitation probably occurs. Detailed theoretical c
culations are needed to give better estimates of the cap
rates, particularly for the tunneling mechanism.

B. The bipolaron binding energy

According to the bipolaron model, the difference in t
recovery rate of the bias stress between F8T2 and PTRR is
explained by a different binding energy of the bipolaron.
large binding energy gives a stable state with slow recov
in the dark, while a smaller binding energy allows fast

FIG. 9. Model illustrating the Coulomb potential barrier to th
formation of a bipolaron, and two alternative capture mechanis
08531
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covery by thermal activation, and rapid stabilization of t
stress effect. The equilibrium bipolaron concentration for
reaction in Eq.~1! is given by

NBPNV5Nh
2 exp~U/kT!, ~7!

Nh12NBP5N0 , ~8!

whereU is the formation energy of the reaction,N0 is the
initial ~i.e., unstressed! hole concentration as determined b
the gate voltage, andNV is the effective concentration o
available hole states~the highest occupied molecular orbit
level!. As previous authors have noted,15 when the formation
energy is large, most holes form bipolarons, but whenU is
small, the large entropy of the holes limits bipolaron form
tion. WhenU is small, Eqs.~7! and ~8! approximate to

NBP5~N0
2/NV!exp~U/kT!;1013exp~U/kT!, ~9!

using the valuesN051017 cm23 and NV51021 cm23. U
needs to be larger than about 0.2 eV for a significant bi
laron concentration at room temperature. There is essent
complete conversion of holes to bipolarons whenU
.0.5 eV. A relatively small difference in formation energ
therefore can account for the different properties of F8
and PTRR.

The bipolaron formation energy is also related to the s
bility of the stress effect. Detailed balance relates the rat
which bipolarons dissociate into a pair of holes and the
polaron formation rate. SettingdNh /dt50 in Eq. ~2!, and
using Eq.~7!, gives

b5kNV exp~2U/kT![vB exp~2U/kT!, ~10!

wherevB is the attempt-to-escape frequency for bipolar
dissociation, and is;103 s21 using the measured rate con
stant k and the above estimate forNV . Note thatvB is a
factor ;109 lower than typical values for an attempt fre
quency, similar to the factor reducing the capture cro
section. Using an estimate from Fig. 5 of 1 day for the
covery time in F8T2,b is 1025 s21 and the bipolaron
formation energy iskT ln(vB/1025) ;0.52 eV, which is con-
sistent with the observation of a large stress effect. Th
values illustrate that according to the bipolaron model,
magnitude of the bias stress effect is correlated with the
covery time—large stress effects are stable for an exten
time and weak stress effects recover more rapidly.

C. Stress recovery by illumination

The data showing a rapid reversal of the stress by illu
nation in F8T2 are readily explained by the capture of el
trons, through the recombination process

~hh!BP1e→h. ~11!

Since the bipolaron state has a double positive charge,
electron is strongly attracted and hence recombines rap
Band-gap absorbed light creates both free carriers and e
tons, and it is also possible that the excitons reverse
bipolarons directly. The effects of illumination are discuss
in more detail elsewhere.9

s.
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D. Bipolaron structure and disorder effects

There is an extensive literature on the formation and pr
erties of bipolarons in polymers and organic sm
molecules.11 Of particular relevance is the identification o
bipolarons in oligothiophenes (nT) in solution.10 Bipolarons
are clearly observed in 6T and 9T but in 12T the dou
charged state more closely resembles two separate hole
larons, suggesting an effect of conjugation length in the
mation of bipolarons. This work also found a second form
bipolaron that resulted from the dimerization of oligot
iphenes. The role of bipolarons in polythiophene, and
influence of structural order, is less certain. There is a c
difference in the hole polaron states between regioreg
and regiorandom PT as determined by induced absorp
measurements.12,13 The regioregular form has smaller po
laron binding energies, which is attributed to delocalizat
of the holes arising from thep-p stacking in the two-
dimensional structure of the ordered lamellae. Bipolarons
not identified in the induced absorption spectra of PTRR and
there is some disagreement as to the identification of
induced optical transitions.

The Vardeny group observes the coexistence of the dif
ent energy polaron states corresponding to the ordered p
and the disordered phase in their studies of regioreg
polythiophene.13 This result suggests that bipolaron form
tion may be favored at certain sites in the polymer, and c
tainly one would expect the disorder of the polymer struct
to lead to a distribution in the formation energies. It is po
sible that the bipolarons do not form in highly ordered
gions of the polymer, but only at the boundaries betwe
ordered domains, or at the dielectric interface. Bipolaro
may even require an impurity such as oxygen to be st
lized. It is suggested that polymer chains can be modele
short oligomers separated by conjugation defects.15 Chains in
the disordered or interface regions may have shorter effec
conjugation lengths and so have a greater tendency to
bipolarons, based on the length effect in oligom
solutions.10 Hence, the bias-stress effect may depend c
cally on the nature of the sample preparation. The disor
may also give a distribution to the rate constant for the f
mation of bipolarons, which could contribute to the diffe
ences in Figs. 6 and 7, to the time dependence of the cu
as in Figs. 1 and 2 and also to the recovery rate in Fig. 5
much better understanding of the polymer structure is nee
to resolve these questions.

There is also insufficient information to give a structu
interpretation of the difference between PTRR and F8T2, as
several alternative explanations are possible. F8T2 is a
polymer comprising fluorene and bi-thiophene units. T
pair of thiophene rings may act like a short oligomer a
favor bipolaron formation. Localization of holes on th
thiophene may depend on the relative ionization potent
although these are rather similar for the two materials.16 It is
also possible that the difference is related to the degre
disorder in the two materials, and that more ordered po
fluorenes might exhibit smaller bias-stress effects.
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E. Implication for TFT’s

The main implication for TFT’s of the bipolaron model
that the stress effect is a property of the semiconductor,
those materials that form stable bipolarons are less suit
for TFT’s. Since the rate of bipolaron formation increas
rapidly with hole concentration, operation at low gate fiel
greatly reduces the stress effects, which may partly exp
some of the differences in published data. Materials w
small bipolaron formation energies recover rapidly, whi
also reduces the adverse effects of bias stress. Hence
polarons prove to be the correct bias-stress mechanism,
TFT materials need to be found in which the formation e
ergy is small enough to eliminate bipolarons or at least m
their equilibrium concentration reasonably low, as we p
pose is the case for PTRR. A study of bipolaron formation
could therefore help the search for suitable TFT materi
Conversely, studies of the bias-stress effect may provide c
siderable insight into the properties of bipolarons.

Polymer semiconductors with stable bipolarons sho
have minimal equilibrium free hole concentration, becau
the available holes will pair. Hence these TFT’s should tu
on at a gate voltage close to 0 V in their rested state. T
presence of bipolarons may therefore complicate the in
pretation of the measured threshold voltage.

It is interesting to consider whether the bias-stress effe
in pentacene can also be explained by the bipolaron mo
We have observed that the bias stress effect is independe
the dielectric and the SAM, and therefore also appears to
a property of the semiconductor.17 However, sufficiently de-
tailed stress measurements have not yet been performed

IV. SUMMARY

Studies of the bias-stress effects kinetics show that mo
holes are removed from the channel at a rate proportiona
the square of their concentration. We conclude that trap
hole pairs—bipolarons—are the primary stress mechani
The rate of bipolaron formation is very slow, because of
strong Coulomb repulsion of holes. The bipolaron bindi
energy determines whether the stress effect is large
stable, as we find in F8T2, or small and transient, as
PTRR. Details of the bipolaron structure are not clear, bu
seem probable that structural disorder is important in sta
lizing the bipolarons.

The bipolaron is an example of a negative correlation
ergy ~negativeU! state, since the pair has lower energy th
the isolated holes. The negativeU is made possible by a loca
structural distortion of the polymer. However, the structu
relaxation immediately reverts when the carriers are
moved, unlike a metastable structural change that can
main after the carrier is released, as is found ina-Si:H.18 It
is interesting to note that negativeU states are present i
many different classes of disordered materials, and p
foundly affect their properties. In chalcogenide glasses, t
occur at coordination defects, and ina-Si:H they are mani-
fested as the formation of defects during the deposition
doped material.
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