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Bipolaron mechanism for bias-stress effects in polymer transistors
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The slow formation of hole bipolarons is proposed to explain the bias-stress effect that is observed in some
polymer thin-film transistoréTFT). 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 Il. EXPERIMENTAL MEASUREMENTS

. . I Measurements of the bias-stress effect were performed
The bias-stress effect is a common property of thin-film : .
on two p-type polymer semiconductors, which when taken

transistors (TFT) and is reported in some polymer_ together offer some insight into the stress mechanism.

transistors:? The characteristic feature is a slow decrease i ;o I .
the on current when the transistor is turned on for an ex']Don(9-9 -dioctyl-fluorene-co-bithiophene (F8T2) is ob-

tended time. Equivalently, it is described by a slow shift intained from Dow Chemicals and has also been studied by

the threshold voltage. The effect occurs because mobile caP—ther groups. The other material is a regioregular poly-

riers are trapped or otherwise removed from the channeflioPhene (Pg), synthesized by Xerox Research Center
reducing the channel conductance. The effect is usually ref Canada from a monomer with symmetrical alkyl side
versible, but sometimes a high-temperature anneal is rekhains, thus conferring regioregularilty on the polyrher.
quired to recover the unstressed state. The time scale for botfrray diffraction data exhibit sharp peaks, from which it is
stress and recovery can be anything from seconds to days erident that Pz has a(100-oriented lamellar structure,
longer. similar to the structure observed from x-ray measurements in
There are several mechanisms that can cause the biagioregular pol¢3-hexylthiopheng P3HT! TFT’s formed
stress effect. In any particular situation, the origin might bewith PTgzg have field-effect mobilities comparable to those
trapping in states within the gate dielectric, at theformed with P3HT, but the material is more stable in®air.
semiconductor/dielectric interface or in the semiconductoiSirringhauset al. have shown a correlation between regio-
itself, or an extrinsic effect such as slow ion migration orregularity, lamellar orientation, and high TFT mobility in
electrochemical degradation. Slow trapping in the dielectrid®3HT/
is often by tunneling, where the exponential dependence of Bottom gate TFT's were fabricated with alternative struc-
the tunneling probability on distance provides the long timetures, all of which gave comparable results. The gate dielec-
scale. Normal trapping in a semiconductor, with a typicaltric was either 100 nm of silicon thermal oxideapacitance
capture cross section of order 1§ cn?, is generally too 30 nF/cnf) or plasma-enhanced chemical vapor deposited
fast to account for stress effects, because equilibrium bedPECVD) silicon oxide or nitride(capacitance 20 nF/cin
tween the free and trapped carriers is established by the timEhe semiconductor was deposited by spin coating, usually
the channel is fully populatetiA slow, carrier-induced meta- on a self-assembled monolay@AM) of organic trichloro-
stable structural change can occur in the semiconductor, argllanes. SAM materials include OTS, OTS8, BTS, and
leads to a corresponding increase in trap density. This forlkTS (respectively, octadecyl-, octyl-, benzyl-, and
of bias-stress effect is well documented in hydrogenatedridecafluoro-1,1,2,2-tetrahydrooctyl-trichlorosilafie The
amorphous silicof. semiconductor thickness was 30-50 nm. Evaporated gold
There are reports of organic TFT’s with and without bias-source-drain contacts were deposited in either the staggered
stress effects?® Many studies determine its presence byor coplanar configuration. In some devices the contacts were
whether measurement of the transfer characteristic gives made by lithography and in others by jet-printed masks, and
different result when repeated twice. However, as discusseithe results are not sensitive to the method of fabrication or to
below, a consistent repeated characteristic is not a sufficierthe details of the device geometry. The TFT’s had channel
condition for the absence of the bias-stress effect. We prdengths of 10-100um, with width-to-length ratios in the
pose a model for the bias stress effect, based on studies inge 5-50 and were conventional device structures with
two polymeric TFT's that have significantly different charac- rectangular gate, source, and drain contacts. Both pulsed and
teristics. Section Il describes the devices and measurementguasistatic TFT measurements were made to obtain the trans-
Section Il develops the evidence for a bipolaron mechanisnfier characteristics and the time dependence of the on-current.
to account for the stress effects, and the properties of th&he TFT mobility is in the range 16—10 2 cn?/V's in
bipolarons are discussed further in Sec. IV. F8T2 and 10%2-10 ! cn?/Vs in PTig.%® All the measure-
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0 0.05 0.1 0.15 0.2 0.25 0.3 FIG. 3. Repeated quasistatic measurement of the transfer func-

Time (sec) tion of an F8T2 TFT, showing strong bias-stress effect. The maxi-
) . mum gate voltage in the measurementi85 V. The dashed lines
FIG. 1. Time dep_enden_ce of the drain curre_nt of an F8T2 TFTindicate the form of the transfer characteristics when measured with
after a gate voltage is applied, measured at various gate voltages Qspulsed gate voltagiRef. 9

shown. The normalized longer time decay of the drain current for

both F8T2 and P is shown in the insert. tively quickly. A comparison of the long time decay of the
ments were made in air and in the dark, and the sampleosIrain current is given in the insert to Fig. 1.

were stored in nitrogen when not in use, to minimize envi- Figures 3 and 4 show quasistatic measurements of the

ronmental effects. tsrt‘afjltrt]isnferthceh aggt?/gftt:sé tT)hs n;(;i&'tﬁluer?/rglfar(]gt;ézaﬁ)lerflo()r r{]/)ed >

Figures 1 and 2 show examples of the on current of TFT'S g 9 age | PO: y :

. : nd then decreasing it in 1-V increments of 2-s duration,

made from both polymer semiconductors as a function of ¢ X
. o . . ending at—20 or —25 V. Each set of data takes about 1 min
time, after switching on the devices to different gate voltage%0 acquire and the second measurement is made under the
In the linear regimdrain voltage-gate voltage These data sameqconditions as the first, but after a short time interval. In
extend for—1 s and over this period the current in F8T2 F8T2 (Fig. 3), where the stréss effects are more ronouncéd
decays by 20-60% and in Rf by 5-30%. The decay is 9.9, P ’

initially rapid and then slows, and is more pronounced atthe classic behavior is observed of a voltage shift in the onset

higher gate voltage. More details of this gate voltage depen(-)f the current. The transfer characteristics are also strongly

. . e curved. However, pulsed measurements of the transfer char-
dence are described below. The transient effects arising from_, "~ "~ X : . .

. . o acteristic give straight lines with a threshold voltage shift
the TFT capacitance and carrier transit times occur at shorter, ; . .
. : after stresS. Evidently the curvature in the transfer data in
times than these data. A notable difference between the se “q. 3 is a result of the stress effect in proaress during the
conductors is that the F8T2 TFT current continues to decay 2 prog g

over an extended time, while the gFcurrent stabilizes rela- theasurements. The pulsed data indicate that the mobility is
' essentially unchanged and that the stress effect indeed corre-

0.14 sponds to the removal of conducting holes from the channel.

PT Figure 4 shows that there is virtually no threshold voltage
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FIG. 2. Time dependence of the drain current of &s@TFT

after a gate voltage is applied, measured at various gate voltages as FIG. 4. Repeated quasistatic measurement of the transfer func-
shown. tion of a PTrg TFT, showing negligible bias stress effect.
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0.6 states. Further evidence that associates the stress effect with
FgT2 s g the polymer is that the same dielectric/SAM combination
05 [ Vg=20V gives different results for the two semiconductors. The stress
- Vpg=8V is large and stable in F8T2 and smaller and rapidly reversed
<:S. 0.4 in PTRR'
g The reversal of the stress by illumination in F8T2 sug-
£ 03 gests that the stress effect corresponds to the trapping of
e PECVD Oxide & carriers in states for Whlc_h_ the occupancy is read_lly cha_nged
' 02 o U by a recombination transition. This result seems inconsistent
o gog® B, R CaRk with a metastable structural change, which usually requires
01 ‘4 Thermal Oixide annealing to reverse. Furthermore, the illumination effect is
] (X2) not consistent with ion migration or electrochemical degra-
0 , ‘ ; dation as the origin of the stress effect.
0.01 0.1 1 10 100 Our conclusion, therefore, is that the primary stress effect
Time (hours) occurs in the polymer semiconductor, and the mechanism is

slow trapping of holes into a deep electronic state. Slow
FIG. 5. Time dependence of the recovery in the dark of the drairtrapping implies a state with a very small capture cross sec-
current in F8T2 TFTs with thermal oxidéine) and PECVD oxide  tjon, and we suggest that the obvious candidate is the forma-
(pointy gate dielectric, after a 20-V bias stress is applied. Two setsjon of bipolarons, or paired hole states. This model is attrac-
of PECVD oxide data from the same PECVD sample are shown. tjye because(a) bipolarons are known to form in some
thiophenes(b) the repulsion between the two holes should
shift in repeated measurements ofdRT Since current decay 9ive a very small capture cross section for bipolaron forma-
is evident in Fig. 2, this result implies that the stress is refion, and(c) the bipolaron is a tightly bound state that is
versed in a matter of a few seconds at room temperaturé&ither nonconducting or of very low mobility and hence re-
More details of the bias-stress measurements in F8T2 af@oves mobile holes from the channel. Bipolarons have been
described in Ref. 9. studied in detail in thiophene oligomé?sand also in various
For both polymers, a similar stress effect is observed irPolymers;* but are generally considered not to occur in re-
TFT's with different gate dielectrics, when comparing silicon gioregular polythiophene$:** Indeed, rapid formation of
thermal oxide and PECVD oxide. Furthermore, the TFT's areStable bipolarons is incompatible with high-mobility TFT's,
made either with or without a SAM between the dielectricPut the idea that they might form very slowly has apparently
and the semiconductor, and the stress effect occurs in eith&Pt been considered.
case. We have tried several SARIand while there are some ~ The key test for the bipolaron model is the expected con-
variations in the stress, the similarities are substantial. centration dependence of the formation kinetics. The reaction
The recovery of F8T2 after bias stress is shown in mordn Which two holesh, form a bipolaron, lih)gp,
detail in Fig. 5 for TFT's made with the PECVD oxide and
thermal oxide dielectrics. The recovery is measured after ap- h+h—(hh)gp, (1)
plying a 20-V gate stress bias for about 1 min, and the .
leaving the sample in the dark for an extended time, measur]r(-aads to & rate equation for the hole concentrathgy,
ing the current briefly to avoid further stress. The device th/dt:—kNﬁ+ bNgp, 2
takes about 2 days to recover completely at room tempera-
ture. Devices made with both dielectrics exhibit similar re-where the second term on the right is the breakup of bipo-
covery kinetics. larons of concentratioNgp, andk andb are rate constants.
Ano_ther s_ignificant observation is that the stress effect in - The predictedN? behavior was tested by measuring
F8T2 is rapidly reversed by exposure to band-gap fight. 4N, /dt as a function of time at fixes, and separately as
Only a brief exposure is required so that the process is eviy function of Vg at fixed measurement time. Most of the
dently efficient, and apparently requires fewer carriers I9neasurements and the largest valuesif /dt are at quite
complete than the stressing process. The stressing and illyigh gate voltage§20—50 \). The hole concentration is ob-
mination cycles appear to be completely repeatable, as Wgined from the linear TFT drain current, , according to,
have cycled some samples many times.
Ip/Vp=(WIL)Ceu(Ve—Vr)=(WIL)uNp/d, (3)

Evidence for a bipolaron model where W/L is the geometry factorCg is the gate capaci-

The data strongly suggest that the primary stress effect itgance,u is the mobility, andd is the effective width of the
associated with electronic states in the semiconductor, rath@ccumulation layer. Both types of plots are obtained from the
than in the dielectric or the SAM. The evidence is the insendata in Figs. 1 and 2 and other similar measurements, and the
sitivity of results to different dielectrics and different SAM’s. plots of dNy/dt vs Nﬁ are shown in Figs. 6 and 7 for F8T2.
Silicon thermal oxide is an excellent dielectric known to The hole concentration is calculated from Eg) with the
have few trapping states, and so should not give a significamheasured mobility and an estimatddf 1 nm. Similar re-
stress effect, while PECVD oxide has many more trappingults are obtained for Rk from the data in Fig. 2. We also
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FIG. 6. The rate of decrease of the hole concentratdy,/dT,
plotted versus the square of the hole concentraﬁtﬁnin F8T2,
measured at constant time and varying gate voltage.

FIG. 8. The rate of decrease of the hole concentratidf,/d T,
plotted versus the square of the hole concentraﬁtﬁnin PTrr
measured at constant time and varying gate voltage.

obtained measurements @N,/dt from shorter pulsed mea- 18
surements with times of10 3 s, and these are shown in 2.7<10 % c/s for F8T2 and a smaller value of 1.3

Fig. 8 x 10718 cmP/s for PTrg. Note that the rate constants for the
All of the data show the predicted dependencel i, /dt two materials only differ by a factor 2 even though the stress

on Nﬁ within experimental uncertainty. Comparison of Figs. effect is very different.

6 and 7 shows that both the slope and intercept are slightly

different for the two plots. Part of the explanation is the lll. DISCUSSION
assumption of a fixed accumulation layer depth to obtain the

: . . The observed dependence dfN,/dt on Nﬁ provides
hole concentration. The hole concentration actually Van®3trong evidence that the bias stress effect is the result of the
rapidly with depth into the channel, and the depth varies with g€ . .

teraction of pairs of holes, and hence supports the bipo-

g?f;:rgﬁltt&;]%?é-l\—/g?t g géz Iguflg' ;f? :rcévr\:tt?:t esrigq;,swﬁiigor;zvfaron model. Various aspects of the model are discussed next.

be due to the different accumulation layer depth. We also

assume a constant effective mobility according to 6j.to A. Trapping cross sections

obtainNy. This approach ignores shallow trapping and other  The data provide an estimate of the capture cross section

effects that could modify the actual value Nf,. A precise  for pipolaron formation. According to the standard trapping

gvaluation of the rate constants needs to take these factopsodel, which describes the capture of a scattering mobile

Into account. carrier, the rate constant is the product of the capture cross
The two data sets give rate constants ofX1® *® and  sectione and the effective thermal velocity, . The trapping

time 7is given by

- 7 1=Npovr=kNj. (4)
o The thermal velocity of mobile carriers isvy
2 =(3kT/my)*? wherem, is the hole mass, which is nor-
'E mally of order 16 cm/s although the effective mass is not
o known. However, the small values of the measured mobility
- strongly suggest that holes spend a substantial portion of
g 40 | their time in shallow traps, with a corresponding reduction in
5 F8T2 the effective thermal velocity. Given the lack of detailed
= 50 | dN/dt measured at fixed Vg \ knowledge about the transport, we can only estimate that the
© Vary t; 12 to 140 msec free-carrier mobility is~1 cnf/Vs, as found in single-
k=27x 107 IcmZ/SGCL . crystal organic molecular solid$,and hence that trapping
60 0 05 } 15 0 05 reduces the mobility and effective velocity by a factet00.

The capture cross section is therefore of order2@n?,
N2 “ 0% cm'G) which is about 7 orders of magnitude smaller than typical
values for neutral traps. A small cross section is consistent
FIG. 7. The rate of decrease of the hole concentratidg,/dT, with a repulsive interaction between the holes. The subse-
plotted versus the square of the hole concentrahignin F8T2,  quent discussion does not depend on a precise value for the
measured at constant gate voltage and varying time. cross section.
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A hh covery by thermal activation, and rapid stabilization of the
Energy (hh)sr stress effect. The equilibrium bipolaron concentration for the
U reaction in Eq(1) is given by
Mobile hole NgpNy=NZexpU/KkT), @

state p
N+ 2Ngp=Npg, (8)

whereU is the formation energy of the reactioN, is the
initial (i.e., unstressedhole concentration as determined by
the gate voltage, andly is the effective concentration of

i available hole state@he highest occupied molecular orbital
4«— R —» : level). As previous authors have not&twhen the formation
energy is large, most holes form bipolarons, but wheis
small, the large entropy of the holes limits bipolaron forma-
Stion. WhenU is small, Eqgs(7) and (8) approximate to

FIG. 9. Model illustrating the Coulomb potential barrier to the
formation of a bipolaron, and two alternative capture mechanism

For the purposes of this discussion, the cross section may Ngp= (NZ/Ny)exp(U/KT)~ 102 exp(U/KT), (9)
be approximated by the product of a typical neutral trap
cross section of 106 cm™2, and a factor,Pg (~10°7),  using the valuesNy,=10"cm 2 and Ny=10"cm 2. U
which is the probability of overcoming the repulsion. We needs to be larger than about 0.2 eV for a significant bipo-
therefore associat®g with the Coulomb barrierEg, be-  laron concentration at room temperature. There is essentially
tween the holes. As illustrated in Fig. 9, the two plausiblecomplete conversion of holes to bipolarons whéh
mechanisms for the capture of the pair of holes are thermar 0.5 eV. A relatively small difference in formation energy
excitation over the barrier, or tunneling through the barriertherefore can account for the different properties of F8T2
which have probability and Pkg.
The bipolaron formation energy is also related to the sta-
Pg=exp(—Eg/kT), thermal activation (5) bility of the stress effect. Detailed balance relates the rate at
which bipolarons dissociate into a pair of holes and the bi-
=exp —2R/Ry), tunneling (6)  polaron formation rate. SettindN,,/dt=0 in Eg. (2), and

. , using Eq.(7), gives
whereR; is the extent of the hole wave function aRds the

separation. The estimate d?z corresponds to a barrier b=kNy exp —U/kT)=wg exp( — U/KT), (10)
height of about 0.4 eV or t®/R, of ~8. , i

A Coulomb barrier of~0.4 eV corresponds to a separa- WNere g is the a_ttempt-tgiesqape frequency for bipolaron
tion between the two holes of about 0.9 rassuming a dissociation, and is-10° s~ using the measured rate con-
dielectric constant of ¥ which is consistent with there being Stantk and the above estimate fot,. Note thatwg is a
a significant interaction between holes if the hole wave funcfactor ~10° lower than typical values for an attempt fre-
tion has an extent oR,~0.5 nm. For the tunneling model, 9uéncy, similar to the factor reducing the capture cross-
the same wave function extent leads to a tunneling distancg€ction. Using an estimate frorr; F'_gl- 5 of 1 day for the re-
of 4 nm, at which distance the Coulomb barrier is about 0.0%0very time in F8T2,b is 10°s and the bipolaron
eV. Again, this seems a reasonable value for the tunnelinfPrmation energy i&T In(wg/10"”) ~0.52 eV, which is con-
distance since the thermal and disorder energy should easifyStent with the observation of a large stress effect. These
allow the holes to approach this close. It is hard to distin-values illustrate that according to the bipolaron model, the
guish between the two models, but careful measurements magmtude of the bias stress effect is correlated with the re-
the temperature dependence of the bias stress could resolg@very time—large stress effects are stable for an extended
it, since the tunneling mechanism is almost independent ofme and weak stress effects recover more rapidly.
temperature. Preliminary measurements find only a weak
temperature dependence at lower temperatures, favoring the C. Stress recovery by illumination

tunneling model. In practice, a combination of tunneling and  Tpe data showing a rapid reversal of the stress by illumi-

thermal excitation probably occurs. Detailed theoretical calyation in F8T2 are readily explained by the capture of elec-
culations are needed to give better estimates of the captuggyng through the recombination process

rates, particularly for the tunneling mechanism.

B. The bipolaron binding energy Since the bipolaron state has a double positive charge, the

According to the bipolaron model, the difference in the electron is strongly attracted and hence recombines rapidly.
recovery rate of the bias stress between F8T2 angkRS  Band-gap absorbed light creates both free carriers and exci-
explained by a different binding energy of the bipolaron. Atons, and it is also possible that the excitons reverse the
large binding energy gives a stable state with slow recoveryipolarons directly. The effects of illumination are discussed
in the dark, while a smaller binding energy allows fast re-in more detail elsewhere.
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D. Bipolaron structure and disorder effects E. Implication for TFT’s

The main implication for TFT’s of the bipolaron model is
at the stress effect is a property of the semiconductor, and
1 ) . . e those materials that form stable bipolarons are less suitable
moleculest* Of particular relevance is the identification of . . . o
. . . . 10 o for TFT's. Since the rate of bipolaron formation increases
bipolarons in oligothiophenesT) in solution:~ Bipolarons . ; . . .
! : rapidly with hole concentration, operation at low gate fields
are clearly observed in 6T and 9T but in 12T the doubly . X
reatly reduces the stress effects, which may partly explain
charged state more closely resembles two separate hole p . . ) ; .
. . . . some of the differences in published data. Materials with
larons, suggesting an effect of conjugation length in the for-

. ; : small bipolaron formation energies recover rapidly, which
mation of bipolarons. This work also found a second form of : o
: Lo ) also reduces the adverse effects of bias stress. Hence if bi-
bipolaron that resulted from the dimerization of oligoth-

: . . : olarons prove to be the correct bias-stress mechanism, then
iphenes. The role of bipolarons in polythiophene, and th . . . .

. . . . FT materials need to be found in which the formation en-
influence of structural order, is less certain. There is a clear

difference in the hole polaron states between regioregulatergy is small enough to eliminate bipolarons or at least make

There is an extensive literature on the formation and propg,
erties of bipolarons in polymers and organic small

I e )
: . . . their ilibrium concentration r nably low, we pro-
and regiorandom PT as determined by induced absorptlone equilibrium concentration reasonably low, as we pro

measurement®1® The regioregular form has smaller po- P> 'S the case for R%. A study of bipolaron formation

- . o . .=~ could therefore help the search for suitable TFT materials.
laron binding energies, which is attributed to delocalization . . .
. T Conversely, studies of the bias-stress effect may provide con-
of the holes arising from ther-7 stacking in the two-

) : . siderable insight into the properties of bipolarons.
dimensional structure of the ordered lamellae. Bipolarons are . : :
Polymer semiconductors with stable bipolarons should

not identified in the induced absorption spectra off@nd have minimal equilibrium free hole concentration, because

there is some disagreement as to the identification of th‘ﬁwe available holes will pair. Hence these TFT’'s should turn

induced optical transitions. . ... _0on at a gate voltage close to 0 V in their rested state. The
The Vardeny group observes the coexistence of the differ- . . )
reesence of bipolarons may therefore complicate the inter-

ent energy polaron states correspo_ndlng t.o the orde_red phzgretation of the measured threshold voltage.
and the disordered phase in their studies of regioregular ~. . - : . !
It is interesting to consider whether the bias-stress effects

. 3 . . _
polythiophené'* This result suggests that bipolaron forma in pentacene can also be explained by the bipolaron model.

tion may be favored at certain sites in the polymer, and “We have observed that the bias stress effect is independent of

tainly one would expect the disorder of the polymer SUUCWUI&y o dielectric and the SAM, and therefore also appears to be
to lead to a distribution in the formation energies. It is pos-, property of the semiconductbrHowever sufficiently de-

sible that the bipolarons do not form in highly ordered re-y jjo stress measurements have not yet been performed.
gions of the polymer, but only at the boundaries between

ordered domains, or at the dielectric interface. Bipolarons
may even require an impurity such as oxygen to be stabi-
lized. It is suggested that polymer chains can be modeled as
short oligomers separated by conjugation defé&t@hains in Studies of the bias-stress effects kinetics show that mobile
the disordered or interface regions may have shorter effectiveoles are removed from the channel at a rate proportional to
conjugation lengths and so have a greater tendency to birfte square of their concentration. We conclude that trapped
bipolarons, based on the length effect in oligomerhole pairs—bipolarons—are the primary stress mechanism.
solutions'® Hence, the bias-stress effect may depend criti-The rate of bipolaron formation is very slow, because of the
cally on the nature of the sample preparation. The disorde$trong Coulomb repulsion of holes. The bipolaron binding
may also give a distribution to the rate constant for the for-8Nergy determines whether the stress effect is large and
mation of bipolarons, which could contribute to the differ- St@ble, as we find in F8T2, or small and transient, as in

ences in Figs. 6 and 7, to the time dependence of the curreﬁtTRR' Detballsl Oftrt]h? b;pol;arorll g_truc;[jure.ar.e nottcletap bLt‘t tI)t
as in Figs. 1 and 2 and also to the recovery rate in Fig. 5. ACEM probable that structural disorder 1s important in stabi-
Igmg the bipolarons.

much better understanding of the polymer structure is neede . . . .
to resolve these questions The blpo_laron is an e>_<amp|e of a negative correlation en-
’ ergy (negativeU) state, since the pair has lower energy than

. There 'S als? 'Esu:;f.'fcf'ent mfot:matlon to g'VZ 2851?2”“”&' the isolated holes. The negatildds made possible by a local
Interpretation of the difference between ggTan » 85 structural distortion of the polymer. However, the structural

several alternative explanations are possible. F8T2 is @ CQg|axation immediately reverts when the carriers are re-
polymer comprising fluorene and bi-thiophene units. Themoyed, unlike a metastable structural change that can re-
pair of thiophene rings may act like a short oligomer andmain after the carrier is released, as is foundisi:H.28 It
favor bipolaron formation. Localization of holes on the is interesting to note that negati\ke states are present in
thiophene may depend on the relative ionization potentialgnany different classes of disordered materials, and pro-
although these are rather similar for the two materi&isis  foundly affect their properties. In chalcogenide glasses, they
also possible that the difference is related to the degree ajccur at coordination defects, andanSi:H they are mani-
disorder in the two materials, and that more ordered polyfested as the formation of defects during the deposition of
fluorenes might exhibit smaller bias-stress effects. doped material.

IV. SUMMARY
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