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Conjugatedpolymers enable theproductionof flexible semiconductor
devices that can be processed from solution at low temperatures.
Over the past 25 years, deviceperformancehas improved greatly as a
wide variety of molecular structures have been studied1. However,
one major limitation has not been overcome; transport properties
in polymer films are still limited by pervasive conformational and
energetic disorder2–5. This not only limits the rational designofmate-
rials with higher performance, but also prevents the study of physical
phenomena associated with an extended p-electron delocalization
along the polymerbackbone.Herewe report a comparative transport
study of several high-mobility conjugated polymers by field-effect-
modulated Seebeck, transistor and sub-bandgap optical absorption
measurements. We show that in several of these polymers, most not-
ably inarecently reported, indacenodithiophene-baseddonor–acceptor
copolymerwith a near-amorphousmicrostructure6, the charge trans-
port properties approach intrinsic disorder-free limits at which all
molecular sites are thermally accessible. Molecular dynamics simu-
lations identify theorigin of this long sought-after regime as a planar,
torsion-free backbone conformation that is surprisingly resilient to
side-chain disorder.Our results providemolecular-design guidelines
for ‘disorder-free’ conjugated polymers.
In several donor–acceptor co-polymers7–10 surprisingly high field-

effect mobilities.1 cm2V21 s21 have recently been found despite the
microstructure of these polymers being less ordered than those of cry-
stalline or semicrystalline polymers, such as poly-3-hexylthiophene3

(P3HT)or poly(2,5-bis(3-alkylthiophen-2-yl)thieno(3,2-b)thiophene)5

(PBTTT), and in somecases beingnear amorphous. Thehighmobilities
have been attributed to a network of tie chains providing interconnect-
ing transport pathways between crystalline domains3, but this does not
fully explain how these polymers can exhibit significantly highermobi-
lities than P3HT or PBTTT. To probe energetic disorder in these sys-
tems,we investigate the Seebeck coefficient a, which canbe determined
experimentally by measuring the electromotive force EMF that devel-
ops across amaterial in response to an applied temperature differential
DT as follows: a5 EMF/DT. For small carrier concentration, as in the
experiments reportedhere, thedominant contribution toa is the entropy
of mixing associated with adding a carrier into the density of states,
which is determined by the density of thermally accessible transport
states11–14. If the energetic dispersion is less than kBT (kB, Boltzmann’s
constant) then the density of thermally accessible states will be temper-
ature independent and equal to the density of molecular sites. By con-
trast, if the energetic dispersion among hopping sites is much greater
than kBT then the density of thermally accessible states will increase as
the temperature is raised. Thus, we can estimate the energetic disorder
relative to kBT associatedwith transport bymeasuring the temperature
dependence of the Seebeck coefficient of field-effect transistors (FETs)
which independently control the carrier density15.

We have investigated a range of state-of-the-art diketopyrrolo-
pyrrole (DPP) and isoindigo copolymers, and here show results for
PSeDPPBT16,17 andDPPTTT18,19 withmobilities of 0.3–0.5 cm2V21 s21

and 1.5–2.2 cm2V21 s21, respectively (for the chemical structures of
PSeDPPBT andDPPTTT, see Supplementary Fig. 13a). PBTTT serves
as a semicrystalline polymer reference system. Among themany poly-
merswe investigated, we find the lowest degree of energetic disorder in
indacenodithiophene-co-benzothiadiazole (IDTBT). IDTBT is a highly
soluble polymer (Supplementary Information section 1) exhibiting high
field-effect mobilities despite a lack of long-range crystalline order6,20.
Top-gate IDTBT FETs with films annealed at 100 uC and Cytop gate
dielectrics reliably exhibit near-ideal performance: a low threshold volt-
age ofVTh5–3V, a low contact resistance (Fig. 1a) and a high saturation
mobility of 1.5–2.5 cm2V21 s21 extracted from anear-ideal, quadratic
current dependence on gate voltage.
These mobility values are lower than the highest values claimed in

the literature9,10,19. On the one hand, there is ongoing debate about the
possible overestimation of mobilities in polymer FETs owing to devia-
tions from the ideal in their electrical characteristics21. All mobility
values reported herewere conservatively estimated. Artefacts related to
contact resistance make it possible, for example, to extract mobilities
up to anorder ofmagnitude higher fromnon-optimized IDTBTdevices
with non-ideal electrical characteristics (Supplementary Information
section 2). On the other hand, we have restricted ourselves to top-gate
FETs with spin-coated films and have not used techniques that may
enhance mobilities for certain materials by increasing the interfacial
orientation or alignment relative to that present in the bulk10. This
enables us to correlate interface-sensitive FET Seebeck measurements
with bulk-sensitive optical spectroscopy.
Among the polymers investigated, IDTBT had not only one of the

highest mobilities, if not the highest, but also the most-ideal electrical
characteristics (Supplementary Information section 2). This is evident
in the temperature-dependent dependence of drain current ID on gate
voltageVG in the saturation regime,whichwas fitted to ID / (VG–VTh)

c

between 200 and 300K. For IDTBT, the exponent c takes the ideal,
temperature-independent value 2, (Fig. 1b). By contrast, c increases
with decreasing temperature as c5T0/T1 1 for PBTTT, PSeDPPBT
and DPPTTT, which is commonly observed in polymer FETs and is
interpreted in terms of carriers hopping within an exponential density
of stateswith characteristicwidth kBT0. kBT (ref. 22). Concomitantly,
the mobility rises on increasing the magnitude of the gate voltage as
trap states within the band tail are progressively filled (Supplementary
Information section 2). Whereas this disorder model fits the other
polymers, it does not fit the IDTBT FET data even when T0 is taken
to be as small as 330K.Weknowof noprior report of such ideal (c5 2)
behaviour for a polymer FET. The IDTBT transfer characteristics are
well fitted over the entire temperature range with a disorder-free,
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metal–oxide–semiconductor FET-likemodelwith a thermally activated,
but gate-voltage-independent mobility (Fig. 1c). This was confirmed
by directly extracting the gate voltage dependence of themobility from
the transfer characteristics of devices with patterned semiconductor
layers tominimize leakage and fringe currents. In IDTBT, themobility
was nearly independent of gate voltage for jVGj. 20V across the entire
temperature range, whereas in PBTTT the mobility strongly increases
with gate voltage at lower temperatures (Fig. 1d). These results suggest
that energetic disorder is significantly lower in IDTBT than in the other
polymers.
To accuratelymeasure the Seebeck coefficients of FETswith 20–50mm

channel lengths as functions of gate voltage and temperature, we devel-
oped a microfabricated device architecture with an integrated heater
and temperature sensors positioned along the FET’s channel23 (Sup-
plementary Information section 3). The carrier concentrations n in the
accumulation layer were estimated frommeasurements of capacitance
versus gate voltage (Supplementary Information section 4). We find
Seebeck coefficients (Fig. 2) that aremuch larger thankB/e< 86mVK21

(e, elementary charge), that are decreasing functions of increasing car-
rier concentration n and that are independent of temperature between
200and300Kwithin themeasurement error.Temperature-independent
Seebeck coefficients over a similar temperature rangehave been reported
previously only for single crystals of themolecular semiconductors pen-
tacene and rubrene15.
We have attempted to interpret the Seebeck and FETmeasurements

as functions of temperature consistently in terms of the variable-range
hopping disorder model used in ref. 24, that is, akin to models used to
explain analogous measurements in amorphous silicon25. For PBTTT
and PSeDPPBT this may be possible, but the fits depend on several
unknownparameters and, asdiscussed above, the disordermodel breaks
down for IDTBT (Supplementary Information section 2). A simpler,

more consistent interpretation of the three salient Seebeck features that
is applicable to all polymers is given by a narrow-bandmodel in which
charge carriers experience a small degree of energetic disorder and are
able to access a temperature-independent density of thermally access-
ible sites. The narrowness of the carriers’ energy bands is probably due
to polaron formation14, as supported by charge accumulation spectro-
scopy (Supplementary Information sections 5 and 6). In the simplest
narrow-band model, the Seebeck coefficient can be expressed as the
sum of three contributions14 (Supplementary Information section 7):

a~
kB
e
ln

N{nc
nc

� �
z

kB
e
ln 2ð Þzavib ð1Þ

The first contribution is the change of the entropy of mixing when the
density of mobile polarons is nc and the density of thermally accessible
sites is N. The second contribution is the entropy change arising from
the twofold spin degeneracy. The final term is the high-temperature
limit of the entropy change produced by a polaron altering the stiffness
or frequencies of the molecular vibrations. Only the first contribution
depends explicitlyoncarrier density.Because inourorganicFETsnc=N,
the primary contribution to the Seebeck coefficient comes from themix-
ing contribution. Thus, a plot of a versus the logarithm of the mobile
carrier density should yield a straight line with slope2(kB/e)ln(10)5
2198mVK21 decade21. It is evident fromFig. 2b that the slopes of the
near-linear, experimental a–log(n) plots depend on the specific polymer
and exceed this value. These discrepancies can be reconciled by taking
into account that a fraction f of the n injected carriers are trapped in
shallow traps and do not participate in transport. Then nc5 n(12 f)
and the slope of the a–log(n) plot is increased to2(kB/e)ln(10)/(12 f).
This procedure is justified if these band-tail-like traps are within,kBT
of the narrow band of conducting polaron states. We extract values of
f5 0.3, 0.5 and 0.7 for IDTBT, PBTTT and PSeDPPBT, respectively.
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Figure 1 | Transistor characteristics of IDTBT-based FETs compared with
other polymer FETs. a, Room-temperature output characteristics and device
architecture of a typical IDTBT organic FET with channel length L5 20mm
and channel widthW5 1mm. b, c plotted versus 1,000/T for IDTBT (structure
shown), PSeDPPBT, DPPTTT and PBTTT organic FETs. c, Temperature

evolution of IDTBT transfer curves fitted with a disorder-free MOSFETmodel
(drain voltage, VD5260V). d, Gate-voltage dependence of saturation
mobility m at 300 and 240K for patterned IDTBT (top) and PBTTT
(bottom) devices.
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Thus, our Seebeckmeasurements indicate significantly less trapping in
IDTBT than inPBTTTorPSeDPPBT; in IDTBT themajority of charge
carriers reside in mobile states.
To interpret the magnitude of the Seebeck coefficients, we estimate

the number of equivalent sites in our polymers. By assuming there to
be one equivalent site on each polymer repeat unit, we obtain N5
7.431020 cm23 (IDTBT) andN58.931020 cm23 (PBTTT) on the basis
of reported unit cell parameters20,26. The solid black and red lines in
Fig. 2b show the resulting estimates of the Seebeck coefficients for IDTBT
and PBTTT, respectively, on ignoring the carrier-induced changes in
these molecules’ vibrations. The small discrepancies between the solid
lines of Fig. 2b and the experimental data may indicate the vibrational
contribution. This interpretation yields 50–100mVK21 for the vibra-
tional contribution of IDTBT.This appears reasonable, although smal-
ler than what has been reported for pentacene (265mVK21; ref. 27) or
boron carbides (200mVK21 at 300K; ref. 28).
The small degree of disorder in IDTBT is also consistentwith optical

absorption measurements by photothermal deflection spectroscopy
(Supplementary Information section 8). This technique provides a
bulk-sensitive way of probing energetic disorder manifesting itself as
sub-bandgap tail states of the excitonic joint density of states and of
estimating their widths in terms of the Urbach energy, Eu, extracted
from the optical absorption coefficient in the vicinity of the band gap
Eg,a(E)~a0exp((E{Eg)=Eu) forE,Eg. Formoredisorderedpolymers,
Eu has previously been found to correlate with the T0 values extracted
from fits of device characteristics according to an empirical relationship
Eu< kBT0 (ref. 17). Among the,20 high-mobility polymersmeasured
in this work (examples in Fig. 3 and Supplementary Fig. 13), IDTBT
exhibits the lowest Urbach energy of 24meV, which is less than kBT at
room temperature and, to the best of our knowledge, is the lowest value
reported in a conjugatedpolymer.Notably, the second- and third-lowest
values are alsomeasured inhigh-mobility polymers, naphtalenediimide-
basedP(NDI2OD-T2)8,17,29 (Eu5 31meV)andDPPTTT(Eu5 33meV).
This should be compared with PBTTT (Eu547meV).
Our results demonstrate that donor–acceptor copolymers without

pronounced crystallinity can exhibit a lower degree of energetic disorder
than crystalline or semicrystalline conjugated polymers; it is important

to understand the underlying microstructural origin for this. We are
also interested in whether IDTBT’s exceptional properties originate in
certain unique molecular design features that may not yet be imple-
mented to the same degree in other polymers with comparable mobi-
lities but with otherwise less ideal transport characteristics. IDTBT
cannot simply be understood as a classical rigid-rod polymer; its high
solubility in awide range of solvents suggests a degree of chain flexibility
that is not common for such polymers (Supplementary Information
section 1). To understand these matters better, we have modelled the
three-dimensional structures of IDTBT,P(NDI2OD-T2) andPBTTTby
combining quantum chemical and molecular dynamics calculations30,31

(Supplementary Information section 9). The conformational search
points to interdigitated side chains as the thermodynamic, lowest-energy
structures in the three polymers (Supplementary Fig. 14). However, in
contrast to PBTTT26, for IDTBT the X-ray pattern simulated for such a
dense, ordered, interdigitated side-chain arrangement is not in agree-
ment with experimental data20. Instead,much better agreementwith the
measured X-ray diffraction is obtained when a less dense, disordered,
non-interdigitated side-chain arrangement is built fromnumerical anneal-
ing experiments (Supplementary Fig. 15). A similar protocol was also
applied to simulate side-chain disorder in P(NDI2OD-T2) and PBTTT.
In relation to their crystalline phases, the backbone conformations in
these disordered structures differ significantly between the polymers
(Fig. 4a): IDTBT adopts a wavy, yet remarkably planar, largely torsion-
free backbone; the deviation fromplanarity remains exceptionally small
(torsion angle of 5.26 4.0u). P(NDI2OD-T2) behaves similarly; although
it is not a planar molecule, the torsion-angle distribution between the
NDI and thiophene units remains relatively narrow (38.26 10.7u). In
contrast, PBTTTchains,whilemaintaininga linear conformation, explore
a broader range of torsion angles (27.26 14.6u between thiophene and
thienothiophene).
We have direct experimental evidence for a near-torsion-free back-

bone in IDTBT frompressure-dependentRaman spectroscopy (Fig. 4b
and Supplementary Information section 10). If there was significant
torsion inas-deposited films, thebackbone couldbeplanarizedby apply-
ing a hydrostatic pressure of a few gigapascals, as previously observed for
structurally related poly-dioctylfluorene-co-benzothiadiazole32 (F8BT),
and the Raman intensity ratio between the ring stretchingmode of the
IDT unit at 1,613 cm21 and the ring stretching mode of the BT unit at
1,542 cm21 would be expected to be pressure dependent. However, we
find experimentally that this ratio is remarkably pressure independent
between 0 and 2.5GPa, suggesting that the IDTBT backbone is indeed
already planar in as-deposited films.
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The frontier orbitals of the three theoretically investigated polymers
are spread along the backbones (Supplementary Fig. 20), such that con-
formational disorder is expected to broaden the density of states (DOS).
We have calculated the tail width of the DOS of the highest occupied
molecular orbital (HOMO) in IDTBT to be the least affected by side-
chain disorder; likewise for theDOSof the lowest unoccupiedmolecular
orbital (LUMO)ofP(NDI2OD-T2), here partly because of the stronger
confinement of the LUMO on the NDI units. In contrast, the HOMO
DOS of PBTTT broadens significantly on introducing side-chain dis-
order (Table 1). Remarkably, even in a completely amorphousphase simu-
lated by cooling low-density systemsmade of initially highly energetic,
randomlydistributedoligomers (Supplementary Information section9),
IDTBT accommodates side-chain disorder through bends in the back-
bone while retaining its near-planar conformation (Fig. 4c); its DOS is
not significantly broadened. In contrast, the other two polymers, in
particular PBTTT, adopt conformations with larger spans in torsion
angles and wider DOSs. The relative trend in disorder resilience evid-
ent from Table 1 is remarkably consistent with the measured Urbach
energies and transport properties.
Our results provide an explanation for the surprisinglyhighmobilities

in donor–acceptor copolymerswith less crystallinemicrostructures than
crystalline or semicrystalline P3HTor PBTTT, in terms of a lowdegree
of energetic disorder originating in a remarkable resilience of the back-
bone conformation to side-chain disorder, which is inevitable when
thin films are solution-deposited by rapid drying techniques. The excep-
tional properties of IDTBT suggest several cooperatingmoleculardesign
guidelines for discovering a wider class of such ‘disorder-free’ conju-
gated polymers: (1) collinear conjugated units with only a single or a

minimal number of torsion-susceptible linkages in an extended repeat
unit (also, the electronic structure will tend to be less susceptible to
residual torsions for larger conjugated units); (2) a relatively steep gas-
phase torsion potential with minima ideally (though not necessarily)
around 180u, 0u or both (Fig. 4d); and (3) long side-chain substitution
on both sides of one of the conjugated units to enable space filling in
non-interdigitated structures without introducing backbone torsion
and hindering closep2p contacts. Transport in such torsion-free poly-
mers is approaching intrinsic limits, in which all molecular sites along
the polymer backbone are thermally accessible; even higher mobilities
might be achievable in this regime through closer p–p contacts. The
level of energetic disorder as measured by the Urbach energy is com-
parable to that of certain inorganic crystals, such as GaN (ref. 33). That
this is possible in near-amorphous polymers is highly surprising. Our
results could lead to a new generation of disorder-free conjugated poly-
mers with improved charge, exciton, spin and other transport prop-
erties for a broad rangeof applications, and to the observationof physical
phenomena that have hitherto been prevented by disorder-induced
localization.
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Table 1 | DOS broadening induced by side-chain disorder
Microstructure IDTBT

HOMO (meV)
P(NDI2OD-T2)
LUMO (meV)

PBTTT
HOMO (meV)

Crystalline 26 33 30
Disordered 31 44 48
Amorphous 31 69 108

Values of the widths of the tails of the DOSs extracted by fitting the simulated DOSs of the different
polymers/phases to an exponential function.
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