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We describe a transport model for ordered polymer semiconductors that considers the physical and electronic
structure, including the effects of hole delocalization in ordered lamella, grain boundary structures, a two-
dimensional density of states, and percolation effects related to transport dimensionality. Simple model calcu-
lations are compared to experiments on regioregular polythiophene.
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I. INTRODUCTION

Over the past decade or so the room-temperature mobility
of polymer thin-film transistors has increased from about
10−5 to 0.1 cm2/Vs,1–5 with organic small molecules having
a mobility of up to 1–5 cm2/Vs and single crystals even
higher.6 The dominant cause of the increase is the improve-
ment in structural order, and such a relation between order
and mobility is expected for any disordered material. Previ-
ous transport models of low-mobility amorphoussor mostly
amorphousd polymer semiconductors make no specific as-
sumptions about the polymer structure, which is implicitly
taken to be isotropic and disordered.7–9 A hopping model is
usually applied to a broad Gaussian tail of localized states,
and it is assumed that there are no accessible bandlike states.
Instead, the dominant transport path is determined by a com-
petition between an increasing density of localized states
which favors a high hopping rate and the decreasing occu-
pancy of the states. This model is able to account for a wide
range of data on amorphous conducting polymers.

However, the high-mobility semiconducting polymers are
far from being random structures.10,11 Careful control over
deposition and substrate surface preparation results in par-
tially crystalline lamella layers that are highly oriented in the
out-of-plane direction. Thep-p stacking of the polymer
rings allows hole delocalization between chains, giving two-
dimensional transport within a lamella, rather than one-
dimensional transport along a chain.3,10 The polycrystalline
structure also favors bandlike transport over hopping. Hence
there is every reason to suppose that both the electronic
structure and the transport mechanism are likely to be differ-
ent from the amorphous polymers. Models of bandlike trans-
port at a mobility edge, with a band tail of localized states
that traps carriers have been successful in several high-
mobility organic semiconductors such as pentacene and
some polymers.12–15

The aim of this paper is to develop the transport model for
high mobility polymers, taking into account the ordered
structure. Our focus is on polymers for thin-film transistors
sTFTsd, and specifically polys3-alkylthiopheneds sPATd of
which there are many variants.10 A key aspect of transport in
a polycrystalline polymer is the relative contribution of the
grain and grain boundary material. Although a great deal is
known about the lamella structure of ordered PAT,10 the
long-range structure is not known in detail. However, it
seems useful to identify some key issues and general prin-

ciples and see how much progress can be made in develop-
ing a structural model that can form the basis of a transport
model that is capable of interpreting experimental results.
The paper therefore first discusses the structure for the par-
ticular case of regioregular PAT, which so far has the highest
mobility reported for a polymer. We then try to construct an
appropriate density-of-states model along with transport
mechanisms that allows a calculation of the conduction in a
TFT and comparison with data.

Transport data

The conduction,s, or mobility, m, of polymers and poly-
crystalline organic small molecules usually approximate to a
thermally activated behavior of the form,

s = s0 expfEF/kTg; m = m0 expfET/kTg. s1d

Many measurements of transport in ordered organic semi-
conductors observe a change in the activation energy in the
100–250 K temperature range, with the lower temperature
region having a smaller activation energy and also a smaller
prefactor.14,16–18 However, in general, amorphous polymers
and polycrystalline organic small molecules, such as
pentacene,19 often do not show a change of slopessee Fig.
2d, although a gradual change reflecting hopping is some-
times observed. Our own measurements of regioregular
polys3,3--didodecylquarterthiophened sPQT-12d,5 in Figs.
1–3, show transfer characteristics and the mobility as a func-
tion of temperature, and they are described in more detail
elsewhere.5,14,20Transfer data in Fig. 1 show the subthresh-
old region usually observed in disordered materials. The sub-
threshold region becomes more extended at low tempera-
tures.

Figure 2 shows the pronounced change in mobility acti-
vation energy at about 250 K. Below this temperature the
energy is about 50 meV, depending on gate voltage, while at
higher temperature the energy increases to 0.25 eV. How-
ever, there is no change of slope in material that has in-
creased disorder, as shown in Fig. 2. One of the purposes of
this paper is to try to understand the change in activation
energy, particularly as this feature cannot be readily ex-
plained by simple transport models.

Extracting the temperature dependence of TFT parameters
such as mobility from the transfer data is nontrivial, because
the curvature in the TFT characteristics deviate from the

PHYSICAL REVIEW B 71, 165202s2005d

1098-0121/2005/71s16d/165202s13d/$23.00 ©2005 The American Physical Society165202-1



standard expressions.12 The apparent threshold voltage in-
creases at low temperature, and the apparent mobility de-
pends on the choice of threshold voltage and gate voltage.
The threshold voltage of polymer TFTs is generally several
volts at 300 K and much larger at low temperature, and it
reflects the trapping of immobile charges in localized states.
The resulting measure of TFT mobility is a value for the
mobile carriers, since the immobile carriers are automatically
excluded from consideration. In a situation where there may
be alternative transport mechanisms, a description of the ef-
fective mobility of all the carriers has less ambiguity, al-
though it is certainly dependent on gate voltage. We there-
fore use two alternative descriptions of the mobility—the
conventionalmTFT, based on a fit to the TFT transfer data,

and an effective mobility,mEFF, obtained by settingVT=0,
and applying the good approximation that the onset voltage,
VON, is close to zero,

mEFFsVGd =
ISD

CGsVG − VONd
L

W
<

ISD

CGVG

L

W
s2d

Figure 3 shows data formEFF at different gate voltages.
The data are similar to Fig. 2, with the change of slope at
,250 K, although the quantitative values differ. At low tem-
perature,mEFF,mTFT because of the threshold voltage effect,
while above 250 K, the two values are similar, provided that
the measurement is performed at high-enoughVG. The high
temperature region from 250 to 400 K shows activation en-
ergy of 0.22 eV and the extrapolation to 1/T=0 sthe mobility
prefactord is 500 cm2/Vs. It is tempting to associate the pref-
actor with a bulk mobility, but generally it also includes a
large entropy factor, as we discuss in Sec. V A.

A previous model of transport in these TFTs has focused
on the low-temperature region, and has shown that a band-
tail model with isotropic conduction gives a reasonable de-
scription of the transport.14 This paper looks at the transport
in more detail to see if a more realistic model can account for
the additional complexities of the higher-temperature data.

II. STRUCTURAL BASIS FOR A TRANSPORT
MODEL

A. Polythiophene structure

High mobility PAT TFTs are made by the solution pro-
cessing of regioregular material on a flat, hydrophobic sur-
face, which promotes structural ordering.3,5,10,21,22The or-
dered PAT has a lamella structure formed of polymer chains
which lie in the plane of the substrate, with the conjugated

FIG. 1. Transfer characteristics of PQT-12 at different tempera-
tures showing the increase in the threshold voltage. The data are
measured with a pulsed gate voltage to reduce bias-stress effects
and with a drain voltage of 1 V. The data are scaled by the factors
indicated.

FIG. 2. TFT mobility vs inverse temperature for two samples of
PQT-12, showing the change of activation energy near 250 K in the
higher-mobility material, but not in the lower-mobility material.
The high-mobility sample is deposited on an octadecyltrichlorosi-
lane sOTSd self-assembled monolayer and the lower-mobility
sample is the same material deposited on the untreated silicon oxide
dielectric.

FIG. 3. Effective mobility sas defined in the textd vs inverse
temperature for high-mobility PQT-12, measured at different gate
voltages. The dashed line corresponds to an activation energy of
0.22 eV and a mobility prefactor of 500 cm2/V s. The change of
slope at the highest temperature, also seen in Fig. 2, is due to
thermal changes in the sample.
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rings approximately perpendicular to the substrate, as illus-
trated in Fig. 4. The lamella planes are widely spaced
s1.7 nm in PQT,5 1.2–3.0 nm in other PAT variants10d, due to
the long alkyl chains attached to the backbone.

Structural studies, including x-ray and atomic force mi-
croscopy sAFMd, show that the ordered PAT lamella
are nanocrystalline, and that the size of the ordered region
is of order 10 nm. Sirringhaus reports 9.5 nm for
polys3hexyethiophened sP3HTd from the x-ray measure-
ment.3 AFM measurements of PQT-12 show structures ex-
tending,10 nm along the chain direction, stacking together
into larger clusters.23 There is a similar ordering of P3HT on
graphite, except that the lamella are perpendicular to the sub-
strate, so that the individual planes can be seen by AFM.24

The average crystallite sizes are,20 nm, and there are sub-
stantial regions of disordered material. Other growth condi-
tions give a more needlelike microstructure.25

Figure 5 illustrates the generally accepted structure for an
ordered nanocrystalline lamella. Within a nanocrystal region
the chains are stacked side-by-side with considerable long-
range order. At each end the polymer chains extend from the
ordered region by differing amounts. This must occur be-
cause there is a distribution of chain lengths, but it probably
would also occur in monodispersed material. The chain ends
are presumed to contribute to the disordered material at the
grain boundaries. The crystallite grains are not expected to
be perfectly ordered because of the torsional rotations of the
rings and the presence of chain ends, as well other possible
chain defects and impurities. We should therefore anticipate
a localized band tail within each grain, but expect that the
disorder is less than in the intergranular regions.

Although highly textured in the vertical direction, the
nanocrystals are randomly oriented in thex-y plane, since
there is no preferred direction, at least for a dimension much
larger than the grain size and in the absence of an alignment
layer.26,27 Individual lamella are therefore separated by grain
boundaries, which we expect to have a more disordered
structure. The transport model needs to explicitly include the
grain boundary structure.

The accumulation-layer width of a TFT is typically about
1 nm, and since the lamella are separated by a larger dis-

tance, TFT transport is dominated by a single lamella plane.
Therefore, to a good approximation, planes further from the
dielectric interface do not need to be considered for the TFT
transport model. This structure implies that a two-
dimensional density of states should be used to model the
transport, at least for the ordered regions. Transport in a
single plane is probably one reason why the TFT mobility is
very sensitive to the surface preparation of the gate dielec-
tric.

B. Grain boundaries

The nanocrystalline lamella have very specific structural
orientations in the plane, this being defined by the directions
of their chainsssee Fig. 5d. The orientation implies that the
electronic property of the boundary between two adjacent
grains depends primarily on their relative orientations. Fig-
ure 6 illustrates small angle grain boundaries for lamella that
are connected end-to-end with respect to the chain orienta-
tion. It seems natural to expect that the end-to-end structure
will exhibit some interpenetration of the chains along with
considerable disorder in the boundary. Side-to-side grains
also have the possibility of a reasonably smooth connection
at some locations. In either case the links between grains are
bent chains of low bend angles. The significance for the
transport is that we expect localized states to be associated
with bent chains and with a correlation between the localiza-
tion energy and the bend angle.

High-angle grain boundaries, also illustrated in Fig. 6, are
more disordered. At the very least, the boundary is charac-
terized by bent chains with a higher bend angle. Our conclu-
sion is that grain boundaries are not isotropic, and that there
are favorable and unfavorable transport directions across the
boundaries, with the most favorable direction being where
the angle is smallest.

FIG. 4. Illustration of the structure of PQT-12 showing the or-
dering of the adjacent chains and the location of the alkyl chains,R.
In PQT-12,R=C12H25, while in the model structure employed in
the electronic structure calculation,R is represented by a single H
atom. The registration between the chains is such as to minimize the
interaction between the alkyl side chains with neighboring chains.

FIG. 5. Illustration of polythiophene lamella showing long-
range order within the lamella, small local fluctuations in chain
position, and disordered chain endssadapted from Ref. 10d. The
alkyl chains are omitted.
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Disordered regions between grains are apparent in most
AFM images of the structure, and it seems reasonable to
expect that these regions are made up of amorphous material.
A rough estimate of the ratio,F, of the area of the grain
boundary layer to the area of the lamella, is,

F = 2d/L, s3d

whereL is the size of a crystallite andd is the width of the
disordered region. SettingL=20 nm and d=0.5–1.0 nm
givesF=0.05–0.10, so that 5–10% of the material is in the
boundary, andd can hardly be less than 0.5 nm, because this
is about the size of a single thiophene ring. Electronic states
in the grain boundaries therefore cannot be ignored.

III. THE ELECTRONIC STRUCTURE

There have been many calculations of the electronic struc-
ture of polymers, mostly based on tight-binding calculations
of single chains and typically focusing on single chains. To
obtain a better understanding of the electronic structure of
the ordered polymers, calculations of the ideal crystalline
structure are performed to learn more about hole delocaliza-
tion.

A. First principles calculations for PQT-12

The calculations of the atomic and electronic structure28

for crystalline polythiophene use first-principles
pseudopotentials29 and density-functional theory.30 A similar
approach has been employed to calculate the structural prop-
erties of pentacene.31,32The two-dimensional sheets of poly-
thiophene considered here are intended to represent the struc-
ture of regioregular, ordered PQT-12 films.5 Calculations of

the equilibrium atomic structure for these sheets are per-
formed, employing a unit cell containing eight C atoms, two
S atoms, and four H atoms, as shown in Fig. 7. This cell is
repeated in two dimensions with lattice vectorsa=sa,0 ,0d
andb=s0,b,0d to form an infinite sheet in thex-y plane. For
calculational convenience periodicity is also assumed to exist
in a third dimension withc=s0,0,cd. The length ofc is
chosen to be sufficiently large to eliminate interactions be-
tween neighboring sheets in thec direction. Such chains are
sufficiently long to eliminate interaction between sheets, so
that the material is effectively two dimensional. These fully
saturated side chains are electronically inert and are not in-
cluded explicitly in this study. Electron-phonon interactions
are not included in the calculation.

The wave functions are expanded in plane waves having
kinetic energies up to 40 Ry. The two-dimensional Brillouin
zone is sampled using 12k points. The lattice vectora,
which describes translations along the chains, was deter-
mined by energy minimization to have a length of 14.6 bohr,
i.e., 7.7 Å. In addition to the internal coordinates of the poly-
mer two other structural degrees of freedom are optimized:
the distance between neighboring polythiophene chains and
the angle of rotation of each chain along an axis running
along the chains. The angle of rotation about the chain axis is
determined to be 30° and the optimum spacing between
chains is 7.2 bohr, i.e., 3.8 Å. The energy of the structure is
reduced by 0.09 eV/sthiophene ringd by this rotation. While
it is possible that the presence of alkyl side chains could lead
to a different optimal chain rotation, this energy seems large
enough to allow us to predict that a significant rotation of the
polythiophene chains will be present—especially for poly-
mers having a low density of side chains, such as PQT-12.

The electronic structure is calculated as a function of the
interchain spacing and the results are shown in Fig. 8. The
interaction between adjacent rings increases the bandwidth
as the ring spacing decreases, and is associated with hole
delocalization. At the equilibrium interchain spacing the hole
bandwidth corresponding to the dispersion perpendicular to
the chains is 0.60 eV. The corresponding bandwidth for the
electrons is 0.19 eV. These values are obtained directly from
the Kohn-Sham eigenvalue spectrum. A more accurate treat-

FIG. 6. Schematic illustration of possible grain boundary struc-
ture for small-anglesupper figured and large-angle boundaries
slower figured, illustrating that the large-angle boundary has more
disorder.

FIG. 7. Illustration of eight rings of an infinite two-dimensional
sheet of polythiophene, as used for the electronic structure calcula-
tions. The smallest unit cell is described by the lattice vectorsa and
b, and the lengths of these vectors are determined by energy mini-
mization. The lattice pointsR=na+mb span a two-dimensional
plane and the polythiophene material therefore forms a two-
dimensional sheet. The calculations take place in a supercell with a
third lattice vectorc slength 14.8 Åd that is orthogonal to botha and
b.
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ment, with a proper calculation of the electron self-energy, is
likely to change these values by,20%.32 It is clear from
these results, nevertheless, that the matrix element for trans-
fer from chain to chain is a factor of 3 larger for the valence
band than for the conduction band. The greater bandwidth
exhibited by the valence band is consistent with the fact that
it is more sensitive to the interchain distance than the con-
duction band, as is apparent from Fig. 8. Consequently the
valence-band edge will be more affected by structural order
than the conduction-band edge.

The band structure is calculated for the equilibrium struc-
ture and the results are shown in Fig. 9. For both the elec-
trons and the holes the dispersion along the chainssG-Jd is
much larger than the dispersion perpendicular to the chains
sG-J8d. The two-dimensional density of states is given ap-
proximately by s2/pAdsW1W2d−1/2,231014/ seV cm2d,

whereW1 andW2 are the widths of theH1 band parallel and
perpendicular to the chainsssee Fig. 9d andA is the area of
the two-dimensional unit cell.

The available experimental data are consistent with the
calculations. Evidence for the hole delocalization is very
clear from the optical absorption which shows that the band
gap is reduced significantly in the ordered material. Brownet
al. report a shift of about 0.5 eV in the optical absorption
peak of P3HT and a broader band than in the regiorandom
material.33 Other measurements find a similar result, with a
shift of about 0.3 eV at the onset of absorption between ran-
dom and regular P3HT.34 Photoluminescence in the same
regioregular P3HT is shifted down by about 0.25 eV, which
is consistent with the optical absorption.34 A sharper optical-
absorption edge correlates with increased mobility in PQT-12
optical absorption, and also the photoluminescence peak is
close to the absorption edge, with a small Stokes shift.5

The agreed origin of these effects is that order-induced
carrier delocalization increases the valence and conduction
bandwidths and hence reduces the band gap. The calcula-
tions confirm the reduction of the gap and find that about3

4
of the shift occurs in the valence band, which suggests that
the valence-band shift is about 0.3–0.4 eV between ordered
and amorphous material.

B. Electronic structure of grain boundaries

The complete electronic structure of the polycrystalline
material must take into account the difference between the
ordered material making up the lamella and the disordered
material in the grain boundaries. We consider the case of two
ordered lamella with disordered material in between. Ac-
cording to our analysis of the electronic structure, Fig. 10
illustrates that two effects influence the alignment of states of
the ordered and disordered material near the valence-band
edge. The disordered region has a wider band tail of local-
ized states because of the increased disorder, but the band is
shifted down in energy compared to the ordered regions be-
cause of the hole delocalization.

The ordered regions therefore contain an energy barrier to
the transport of the holes into the disordered regions because
of the different energies of the band edges. Near the edge of
a lamella the hole delocalization decreases and the band gap
increases. Hence the band edge bends at the edge of the
lamella in a way that confines holes in the lamella. The edge
of an ordered lamella may have traps because of increased

FIG. 8. The energy position, relative to the vacuum level, and
the widths of the electron and hole bands, calculated as a function
of the spacing between the chains. The energiesv1 andv2 sc2 and
c1d are the energies of the top and bottom of the holeselectrond
band corresponding to transport perpendicular to the polymer
chains.

FIG. 9. Band structure for the two-dimensional sheet of PQT-12
for the lattice constants,a=14.6 bohr andb=7.2 bohr. The disper-
sion fromG to J=sp /a,0d and fromG to J8=s0,p /bd is shown. The
topmost hole bandH1 has a dispersion of 1.72 eV alongG-J and a
dispersion of 0.60 eV alongG-J8. The zero of energy is at the
valence-band maximum.

FIG. 10. Illustration of how the valence bands of ordered
lamella and disordered intergranular regions of the valence band
line up to give a barrier to holes transferring between lamella.
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disorder, but there is also a barrier limiting access to even
deeper traps.

C. The density-of-states distribution

The electronic structure allows us to develop a density-of-
statessDOSd distribution that can be used as the basis for a
transport model. The DOS combines a two-dimensional den-
sity of states for the ordered lamella structure with the pro-
posed shifted density of states for the disordered material
between grains, and this is illustrated in Fig. 11. The two-
dimensionals2Dd DOS is constant in energy, in contrast to
the square root energy dependence of a three-dimensional
s3Dd DOS. Hence, we assume that the lamella has a constant
DOS above the gap and a narrow tail of localized states
extending into the gap. The disordered grain boundary mate-
rial has a much broader band tail, but the whole DOS is
shifted into the valence band.

The TFT characteristics provide a rough estimate of the
density of the traps. The voltage difference between the turn
on, VON, and the threshold, VT, is typically 5–10 V at
300 K, which corresponds to,1012 states/cm2, lying deep
enoughse.g., .0.2 eVd to prevent the Fermi energy from
approaching the band edge. Since we expect that essentially
all of the charge is contained within one lamella plane, this
density of traps corresponds to about four traps for every
20320 nm lamella. Considering our estimate that 5–10% of
the material is in the disordered grain boundaries, the density
of localized states seems small, and we suggest that it is
evidence for the shifted-band-edge model, in which a sub-
stantial number of the localized states are pushed above the
valence-band edge of the lamella.

D. Polarons

The presence of polarons is an important consideration for
the electronic structure, because they are known to occur in
amorphous polymers.33–35 However, detailed measurements
of photoinduced absorptionsPAd show that the polaron ener-
gies are very different in disordered and ordered P3HT.
There is a large polaron energy for regiorandom P3HTsthe

P1 PA band at 0.6 eVd but only a small energy for the regio-
regular P3HTstheDP1 PA band,0.1 eVd.33 This reduction
in energy is also attributable to hole delocalization, because
the polaron energy is sensitive to the localization of the wave
function.

In a simple polaron model the peak optical absorption of
the polaron is twice the binding energy,WP, while the hop-
ping energy,WH, is half the binding energy.36 Hence theP1
measurements imply energies ofWP=0.3 eV, WH=0.15 eV
for disordered material andWP,0.05 eV,WH,0.02 eV for
the ordered material. This means that polarons should be a
large factor in the mobility and temperature dependence of
transport in amorphous material. Polarons are less important
in the ordered structures, but are still expected to cause a
significant increase in the effective mass and a corresponding
reduction of the band mobility.

Both the band-gap shift and the different polaron energies
affect the electronic transport and must be taken into account
in any detailed transport model. A key question regards the
relative energies of the valence-band states in ordered and
disordered material and the related relative energies of the
transport paths. This question is complicated by several com-
peting effects. We take the band edge of ordered PAT as the
reference energy,E0, for the DOS and the transport energy.
Transport in disordered material occurs at energy

ETD = E0 + DEG − DEP − DED , E0 + 0.3 − 0.3 −DED, s4d

whereDEG is the band-edge shift due to hole delocalization
sestimated above to be,0.3 eVd, DEP is the difference in the
polaron energysalso,0.3 eV, as discussed aboved, andDED
is the extra disorder energy of localized states. Energy is
defined to be positive going into the valence band. The hole
localization and the polaron energies therefore approximately
offset each other.

Since the transport energy contains terms of opposite
signs, it is not obvious that the disordered material has a
transport path further into the band gap, compared to the
ordered material, even though this is the natural expectation.
The offset between the ordered and disordered materials due
to hole localization is an important effect that may dominate
the transport properties, and Sec. IV develops this theme.

IV. TRANSPORT MECHANISMS

The transport process involves conduction within the or-
dered nanocrystals, transfer across grain boundaries, and the
long-range connectivity of the structure.

A. Transport within an ordered lamella

In our view, the appropriate model for transport within an
ordered lamella is band transport, with a reasonably well-
defined band edge and a narrow, localized state distribution.
We think that a hopping model most likely applies to amor-
phous polymers, but that the nanocrystalline structure of
high-mobility polythiophene makes the difference. The crys-
tallites should be characterized by a band edge at which
transport takes place, and which is similar from grain to
grain. sEven though the lamella are small, the quantum size-

FIG. 11. Proposed density-of-states distribution combining or-
dered and disordered material and showing the sharp band edge and
constant 2D DOS in the ordered layer and the shifted band edge,
with a wider band tail for the disordered intergranular material.
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effect for a 10 nm size is no more than 10 meV, even assum-
ing infinite walls, and so this is not expected to be a signifi-
cant factor in the room-temperature conduction.d We expect
that there is disordered polymer at the grain boundaries that
will contribute localized states forming much of the band tail
that traps the carriers. Other papers have shown that the
multiple-trapping formalism with a three-dimensional den-
sity of states provides a reasonable quantitative model for the
transport in polycrystalline organic materials.12–14

We would like to estimate the mobility of free carriers in
a lamella, and we can approach this from different limits. For
example, theories of bandlike transport in amorphous, inor-
ganic semiconductors suggest that the mobility at the mobil-
ity edge is of order 10 cm2/Vs.36 This value is obtained by
considering that the minimum scattering length is of order 1
bond length and is also about the value obtained from mea-
surements in amorphous silicon. This approach may set an
approximate lower limit on band transport in the absence of
a significant polaron effect.

In a perfect crystal, the mobility is determined by scatter-
ing from acoustic phonons. The mobility is proportional to
the scattering length and is given by37

m =
2.45p"4Be

«ac
2 s3kTd3/2sm*d5/2, s5d

whereB is the bulk modulus,«ac is the deformation poten-
tial, andm* is the effective mass. The first principles calcu-
lations of the electronic structure in Sec. III give information
about each of these parameters. The total energy of the poly-
thiophene sheets was calculated as a function of interchain
distance and the energy was fitted with a simple quadratic
function, DE=KDx2, to obtainK=0.70 eV/Å2 sfor a single
unit celld. For a deformation along theb axis sperpendicular
to the chainsd,

B = V
d2E

dV2 =
b

ac

d2E

db2 =
b

ac
s2Kd

This yields B=3.8310−2 eV/Å3=6.1 GPa, wherea and b
are given by the calculations andc is measured by x-ray
diffraction s,1.8 nmd. The deformation potential, defined as
the energy shift of the valence band per unit change in the
interchain spacing, is calculated to be approximately 2.7 eV.
The same calculations also give effective massessm* /md for
the directions parallel and perpendicular to the polymer
chains; these are 0.15 and 1.75sfor the holesd and 0.17 and
5.25 sfor the electronsd. Using these values to estimate the
hole mobility, we obtainmperp.=11 cm2/V s and mparallel
=4800 cm2/V s, and the respective mean free paths are 1.1
and 150 nm.

The large value estimated for the parallel mobility cannot
be achieved in the nanocrystals, because the mean free path
greatly exceeds the size of the nanocrystals. If there is scat-
tering only at the boundary of a 10 nm lamella, the mobility
can be no more thanmparallel,300–450 cm2/V s. However,
there are two reasons to expect the mobility to be even
smaller. First is the internal disorder of the lamella arising
from small rotations and other distortions of the chains.38 An
inspection of the structure in Fig. 4 shows that rings can

rotate easily, with respect to their neighbors, by thermal en-
ergy, and those rings with alkyl chains attached can be pulled
out of alignment by disorder in the side-chain configurations.
These effects reduce the conjugation length and the associ-
ated scattering length and mobility. However, we do not have
a quantitative estimate for the increased scattering. The sec-
ond effect to reduce the mobility arises from polarons. Even
though the polaron effects are smaller in the ordered lamella
than in the amorphous polymers, we do not doubt that they
increase the effective mass and reduce the mobility com-
pared to the calculations that do not include electron-phonon
interactions. Again, further calculations are needed to quan-
tify the magnitude of the effect.

In any event, the apparent mobility of the ensemble of
lamella is an average of the values in the two directions,
which tends to be dominated by the smaller mobilityssee
Sec. Vd. These estimates suggest that a polythiophene
lamella has an effective hole mobility of order 10 cm2/V s
with an upper limit that is below 30 cm2/V s. The electron
mobility should be smaller because of the weakerp-p cou-
pling, as indicated in Fig. 8.

Measurements of single-crystal organic small molecules
usually find room-temperature mobility in the range of
1–30 cm2/V s,6,39 compared to 100–10 000 for inorganic
covalent semiconductors. The lower values arise in part from
the larger effective masses, because the bands are narrow, but
mostly from the smaller elastic modulus typical of organic
materials due to the Van der Waals bonding between mol-
ecules. According to Eq.s5d, the mobility is proportional to
the elastic modulus, so it seems highly unlikely that any
organic semiconductors can have a high room-temperature
mobility on the scale of the much harder, inorganic semicon-
ductors.

B. Intergranular transport

The combined DOS of both ordered and disordered re-
gions determines the transport. A key point that emerges, as
illustrated in Fig. 10, is that states that are deep traps for the
disordered regions now become shallower traps for the or-
dered regions, and many of the traps in the amorphous ma-
terial are inaccessible as they lie within the valence band of
the ordered material.

According to this picture, the grain boundaries are rela-
tively empty of localized states above the valence band of
the lamella. We consider alternative mechanisms of transport
from grain to grain, based on the structural model.

1. Conduction along bridging polymer chains

Where there are polymer chains connecting the adjacent
lamella, particularly those with small bend angles, we expect
that transport across the grain boundary is relatively easy,
with moderate energy traps from the disorder.

2. Tunneling or thermal activation

Where there is no low-angle grain boundary connecting
the lamella, transport is less probable, because holes must
tunnel across the barrier or fall into deep traps. At low tem-
perature tunneling is the only available mechanism, but at
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elevated temperatures there can be thermal activation
through higher energy states of the disordered region.

Our conclusion is that intergranular transport is probably
directional, favoring transfer between lamella of approxi-
mately the same orientation, at least at low temperature.

C. Dimensionality and percolation

The anisotropic nature of the polymer structure and con-
ductance leads to the consideration of percolation effects in
the transport, and this has been featured in a number of trans-
port models for polymers.40,41 The dimensionality of the
transport process is important, and here there is a distinction
between small-scale and large-scale dimensionality. In the
case of an amorphous polymer, the dominant transport direc-
tion is along the polymer chains, so the material is locally
one-dimensional. However, a disordered polymer has no pre-
ferred large-scale direction for the chains, so the long-range
transport is three-dimensional; hence an isotropic transport
model is appropriate.

In contrast, TFT transport in the plane of the ordered PAT
lamella is two-dimensional under the assumption that the
holes are delocalized and the scattering length is smaller than
the nanocrystal size. The dimensionality of long-range trans-
port depends on the transport between lamella. The previous
discussion of the grain boundary suggests that there is a pre-
ferred direction for grain-to-grain transport, which occurs be-
tween grains with small angle differences. This suggests a
one-dimensional transport process, as illustrated in Fig. 12.
However, if the barrier for transport between grains with
high-angle boundaries becomes small enough, for example,
by thermal activation at sufficiently high temperature, then
there will be a transition to two-dimensional transport. We
expect that vertical transport perpendicular to the lamella
will be more limited than transport in the plane, and, indeed,
measurements of regioregular P3HT find a mobility of 3
310−4 cm2/V s for vertical transport, which is 3003 smaller
than the in-plane mobility.42

Low-dimensionality transport suggests an important role
for percolation. The classic percolation system has locally
conducting and insulating regions with bulk conduction only
occurring when there is a complete conduction path. Here

the situation is less well defined, in which the insulating
regions have lower but nonzero conductance. An essential
point about percolation is that it applies to a two-phase ma-
terial, in this case high-mobility lamella and low-mobility
disordered material. The percolation effects are such that the
relative contributions of the two phases to the transport may
be substantially different from their relative contributions to
the volume of material. The possible effects of percolation
are discussed below.

V. TRANSPORT MODEL CALCULATIONS AND
COMPARISON WITH EXPERIMENT

Now we apply the analysis of the structure and electronic
transport to a simple numerical model for transport in poly-
thiophene. Since we lack accurate values for many param-
eters, the primary aim of the model is to see if reasonable
estimates for the values yield an approximate fit to the data.

A. The mobility prefactor

First we discuss the mobility prefactor, as defined in Eq.
s1d. The transport data in Fig. 3 show an effective mobility
that increases rapidly with temperatures between 250 and
400 K with an activation energy of about 0.23 eV and a mo-
bility prefactor of,500 cm2/V s, which greatly exceeds our
estimates of the likely band mobility. In a model of bandlike
transport and localized band-tail states,mEFF is determined
by the fraction of carriers that are mobile,

mEFF =
1

nT
E NsEdmsEdfsE,VG,TddE

<
m0

nT
E

0

`

NVsEdexpS−
fE + EFsTdg

kT
DdE

=
m0NVkT

nT
exp„− EFsTd/kT…, s6d

wherenT is the total carrier density, andNV is the density of
states in the band, which starts atE=0. The approximations
assume a constant mobility, constant DOSsbecause it is two-
dimensionald, and a Boltzmann distributionsthough the
Fermi distribution is used in the numerical calculationsd. The
Fermi energy,EF, generally increases with temperaturesi.e.,
it moves further from the band edged. This is referred to as
the statistical shift and is a factor in the temperature depen-
dence ofmEFF. Applying a linear approximation to the tem-
perature dependence,EF=EF0+gTT, gives

mEFF =
m0NVkT

nT
exps− gT/kdexps− EF0/kTd

; mPREexps− EF0/kTd. s7d

The mobility prefactormPRE is defined by Eq.s7d and deter-
mined by the various parameters. Localized band-tail states
tend to makegT small; hence,mPRE@m0 when NVkT/nT
@1. The 2D density of states favors a largeNVkT/nT, be-
cause the DOS increases abruptly at the band edge. A large

FIG. 12. Schematic illustration of the proposed transport path
along preferential directions with low-angle grain boundaries, form-
ing a high-mobility percolation path.

STREET, NORTHRUP, AND SALLEO PHYSICAL REVIEW B71, 165202s2005d

165202-8



prefactor exceeding the actual band mobility is therefore not
unexpected.

B. Numerical model for transport

Model calculations of the TFT transport are performed,
guided by the above discussion. The features of the model
are the following:

sad A two-dimensional density of states is used for the
ordered lamella, along with the assumption that transport is
confined to a single plane of the lamella. The 2D DOS ob-
tained from the band structure is about 231014 cm−2 eV−1

but, as discussed in Sec. IV A we think that neglect of dis-
order and polaron effects in the calculation of the perfect
crystal overestimates the bandwidth, just as it overestimates
the mobility. Hence, we compare model results for the cal-
culated value of 231014 cm−2 eV−1, as well as a larger DOS
of 531014 cm−2 eV−1.

sbd An exponential band tail of localized states is as-
sumed, representing the disordered regions between the or-
dered grains, so that the combined DOS is as illustrated in
Fig. 11. The band-tail density of states’ slope and concentra-
tion are parameters of the model, but a reasonable fit to the
data can only be obtained if the number of deep localized
states is consistent with the measured threshold voltage.

scd A constant mobility is assumed in the ordered regions
representing transport in the ordered lamella. We also intro-
duce an exponential energy-dependent mobility in the band
tail fm=mB0 exps−sE−EBd /E0dg, which we attribute to the
conduction from the disordered intergranular regions. Both
are assumed for convenience to be independent of tempera-
ture, only because we lack any knowledge of their tempera-
ture dependence. The mobility in the band tail is certainly
expected to be temperature dependent from a hopping
mechanism. The energy-dependent band-tail mobility is
based on the expectation that the transport in disordered re-
gions will have a mobility that decreases rapidly as the DOS
decreases; hence, we choose an exponential.

sdd Percolation effects are ignored in these calculations,
but are discussed later.

The assumption of two-dimensional transport simplifies
the calculation, since there is no requirement to calculate the
potential profile into the semiconductor. The charge in the
TFT channel is obtained from the gate capacitancestaken to
be 3310−8 F/cm2, as used in the measurementsd.

Figure 13 shows the result of a calculation ofmEFFsTd
based on Eq.s6d and for two values of gate voltages20 and
30 Vd. These calculations assume zero mobility in the local-
ized states and are intended only to model the high-
temperature region. The parameters were chosen first to en-
sure that the room-temperature mobility is about
0.1 cm2/V s, as indicated by experiment, and then to repro-
duce the approximate temperature dependence and prefactor.
The mobility and band-tail slope are 30 cm2/V s and 0.1 eV
for the lower DOS and 10 cm2/V s and 0.08 eV for the
higher DOS.

The mobility prefactor is 100–200 cm2/V s for the differ-
ent data sets, which is 1 order of magnitude larger than the
band mobility and shows thatNVkT/nT is ,10 for a reason-

able DOS. Hence the large, measured prefactor is consistent
with the lower expected band mobility. The calculated acti-
vation energy is 0.175 and 0.20 eV for the different gate
voltages and the larger DOS, which is somewhat smaller
than the measured energy. The 300 K Fermi energy is 0.179
and 0.212 eV, respectively, showing that the statistical shift
is indeed small. The calculations show that if the DOS is
larger, then the prefactor is indeed larger, as expected from
Eq. s7d.

The difference between the 20 and 30 V mobility values
implies a significant threshold voltage; otherwise the results
would be identical. We find that although the model is in
reasonable agreement with the data, obtaining an exact fit is
difficult. The reason is that a large mobility prefactor is ob-
tained when there is a large density of localized states to pin
the Fermi energy, but then there is also a large threshold
voltage. We have not explored all parameters fully to find the
best fit, but we suspect that there is still an additional aspect
of the transport, as discussed below.

The Fermi energy changes only slowly with temperature,
so that the measured activation energy reflects the position of
the Fermi energy with respect to the conductivity energy,
apart from the statistical shift, which, as discussed above, we
think must be relatively small. The smaller mobility activa-
tion energy at low temperature then suggests a different
transport path at lower energy. Hence, we model this behav-
ior by including the energy-dependent mobility in the band
tail.

Figure 14 shows the results of the same calculation of
effective mobility as in Fig. 13, with the addition of the
nonzero band-tail mobility. At low temperature the mobility
activation energy decreases and eventually becomes indepen-
dent of temperature. This corresponds to transport in the
band tail, at the Fermi energy, but in a more realistic model
we expect a temperature dependence. The temperature at
which the change of slope occurs depends on the choice of

FIG. 13. Numerical calculation of the effective mobility in the
high-temperature regime for two gate voltages, based on the model
described in the text. The assumed DOS above the band edge is 2
31014 cm−2 eV−1 sopen pointsd and 531014 cm−2 eV−1 sclosed
pointsd, the band mobility is 30 and 10 cm2/V s respectively, and
the other parameters are given in the text.
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parameters for the energy dependence of the band-tail mo-
bility and on the gate voltage. Reasonable parameters give a
change of slope at the observed value of 250 K. We could
easily obtain a better fit to the low-temperature region by
making the reasonable assumption that the band-tail mobility
is temperature dependent, but it does not seem useful to add
more parameters at this level of development of the model.
The data show that the gate-voltage dependence is largest at
low temperature, which is consistent with the measured in-
crease in the threshold voltage.

A separate numerical calculation of the TFT mobility,
mTFT, is also performed. The TFT transfer characteristics in
the linear regime are calculated as a function of gate voltage
at different temperatures. The position of the Fermi energy at
each gate voltage and temperature is obtained from the chan-
nel charge by an iterative calculation. We extract the TFT
mobility by fitting the ID-VG calculation to a straight line

over a range ofVG. Figure 15 shows two examples of calcu-
lations of mTFT for DOS parameters equal to the calculated
number and the larger values and with a band mobility of 50
and 40 cm2/V s, respectively. Other parameters, such as
msEd in the band tail, are varied to give a reasonable fit to the
data. The main point is that the model is again able to repro-
duce the form of the experimental data, even including the
threshold voltage. The change of slope at about 250 K again
originates from the assumption of low-mobility carriers in
the band tail, and, without this assumption, this form of the
data could not be obtained. The temperature at which the
slope change occurs and the magnitude of the current at the
transition depends on the band-tail slope and the energy de-
pendence of the mobility.

We are able to reproduce the large activation energy and
prefactor for the high-temperature region, and this is related
both to the assumed band mobility and the shape of the band
tail. However, this model assumes a larger band mobility
than the calculations in Fig. 13, to obtain a good fit. The
reason is that the model does not allow a choice of threshold
voltage, because this is taken out of the calculation. In order
to get a good fit we need to assume a lower density of band-
tail states, and the statistical shift ofEF then plays a larger
role. We therefore again find that it is difficult to find an
acceptable set of parameters that give the correct mobility
and threshold voltage. We suggest that percolation may be
the missing aspect of the model, and this is discussed next.

C. Percolation and mixtures

We can only estimate the role of percolation qualitatively.
We consider a material which has a high mobility,mH, oper-
ating in a portion of the volume,VH, and a low mobility,mL,
operating in volume,VL. If carriers randomly pass through
both materials, then the mobility of the mixture,mMIX, is
given by

mMIX = VmHmL/fmHVL + mLVHg. s8d

When mH /mL@1, thenmMIX,mL V/VL, unlessVL is suffi-
ciently small thatVL /V!mL /mH. Hence, the mobility of a
mixture is typically controlled by the smaller mobility value.
In this sense, it is perhaps surprising that PQT-12 with small
nanocrystals and significant disordered material in the grain
boundaries has the high mobility that is measured. Part of the
explanation is the shift of the band edge in the ordered ma-
terial, and another reason is attributable to percolation.

Percolation changes the analysis by considering the dif-
ferent paths through the material. For each conduction path
through the material, there is a mobility corresponding to the
values ofVH and VL for the path. AssumingVL= fV, then
from Eq. s8d,

mpath, mH/f1 + fmH/mLg. s9d

The percolation approach recognizes that there are many par-
allel conduction paths with different values off, and the
overall conduction is dominated by the few paths with the
highest mobility, in whichf is small andmpath,mH. Instead
of mobilities that add in series, for which the lower value
dominates, the mobilities of different paths add in parallel,
and the larger value dominates.

FIG. 14. Numerical calculation of the effective mobility, with
the same parameters as for Fig. 13, but including a nonzero band-
tail mobility.

FIG. 15. Numerical calculation of the TFT mobilityslinesd
obtained by calculating the linear transfer characteristics, com-
pared to the measured dataspointsd. The model includes a nonzero
band-tail mobility. The DOS is 531014 cm−2 eV−1 for model 1 and
231014 cm−2 eV−1 for model 2, with the other parameters chosen
to give the best fit.
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The point of this discussion is that percolation may also
modify the temperature dependence of the TFT conductivity,
because the percolation paths change with temperature. At
low temperature, the disordered regions provide a high de-
gree of isolation between ordered regions, and there may be
only a few high-mobility percolation paths. As the tempera-
ture increases, enhanced conduction in disordered regions
provides conduction between more lamella, creating more
percolation paths, and at high-enough temperature the barri-
ers between lamella do not significantly limit transport. The
transport paths interconnect, and many more percolation
paths are effective. We therefore expect that the conductivity
increases with temperature faster than is expected from an
isotropic 2D conduction model, and the mobility is as illus-
trated in Fig. 16.

In summary, although we cannot provide a quantitative
model, we suggest that percolation has a significant role in
the transport. It is hard to estimate the magnitude of the
effect, but an additional increase in conduction by a factor
,2 between 250 and 400 K, would be enough to greatly
improve the fit of the numerical model to the data.

VI. DISCUSSION

Additional information is needed to make the model more
quantitative and to extract reliable parameters. For example,
more detail about the degree of disorder within the lamella
crystal structure and in the grain boundaries would improve
estimates of the electronic structure, and calculations of scat-
tering from disorder within crystallites would improve the
estimate of the mobility. Independent measurements of the
DOS would be valuable. The quantitative role of percolation
is also not known in detail.

Large crystal size is obviously helpful in reducing the
fraction of disordered material at the grain boundaries. How-
ever, a crystal size of order 10 nm seems to form a natural
limit in a wide range of polymers. Klineet al. show an in-
crease in mobility of P3HT with molecular weightsMWd up
to about 30 kD, which is associated with a change in crystal
ordering visible in AFM.25 However, the crystallinity is in
fact higher in the low-MW materials than in the high-MW

materials. Klineet al. suggest that the effect must be due to
the grain boundaries which are sharper for the low-MW ma-
terial as seen by AFM.

Percolation could explain why some measurements of
transport in polythiophenes find an increase in the mobility
with an alignment layer and some measurements do not. Heil
et al. report a factor 8 increase in TFT mobility using a
rubbed alignment layer,27 but the mobility is rather lows
,10−4 cm2/V sd and Sirringhauset al. report a similar align-
ment effect in polyfluorene.26 The alignment of crystallites
should create more low-angle grain boundaries and therefore
increase the number of percolation paths. The largest effect
is expected when the mobility is otherwise low. The mobility
should be less sensitive to increased alignment when there
are already many high-mobility percolation paths.

According to our analysis, the ordering of the polymer
structure has two effects. First, the volume of amorphous
material is decreased, so their associated localized-state den-
sity is reduced. Hence, even if the transport remains domi-
nated by hopping in the disordered material, the conductivity
will increase because the Fermi energy moves further up the
DOS for a given gate voltage, and the exponential increase in
hopping conductivity more than offsets the reduced volume
of material. The second effect is that the lamella provide a
higher mobility transport path that is accessible to holes. We
therefore anticipate different regimes of conduction, as fol-
lows:

sad A fully amorphous material. Isotropic conductionsat a
larger-length scale than the polymer chaind is dominated by
hopping, exhibiting a low mobility and a high effective acti-
vation energysor T1/n hopping, wheren depends on the di-
mensionalityd.

sbd A mixture of amorphous and ordered material in
which the amorphous material forms the dominant percola-
tion path. Conduction is primarily through the amorphous
regions. The ordered regions remove states and enhance the
conduction, compared to fully amorphous material. Trans-
port in the amorphous regions is favored at low temperature.

scd A mixture of ordered and amorphous materials, with
the ordered material forming the dominant percolation path.
The higher mobility of the ordered material dominates the
conduction, and high temperatures favor this mechanism. As
the fraction of disordered material decreases, the Fermi en-
ergy moves closer to the band edge, so that both the ordered
and disordered regions are more conducting at a specific gate
voltage. The transport model described here applies to this
situation.

Finally, it is also interesting to compare the crystallinity
and transport in different organic semiconductors. For ex-
ample, pentacene has a polycrystalline structure, and the TFT
mobility depends on the crystal size, which can be changed
by varying the deposition temperature. The mobility of pen-
tacene is about 1 cm2/V s when the grain size is,1 mm or
more, and it is within a factor,3 of the single crystal mo-
bility. However, a grain size of,100 nmstypically obtained
by lowering the deposition temperatured reduces the mobility
by 2–3 orders of magnitude.43 By comparison, a grain size as
small as 10–20 nm gives high mobility in polythiophene.
Apparently, relative to pentacene, the grain boundaries in
PAT do not limit the mobility as much as in pentacene, even

FIG. 16. Schematic diagram showing the increase in the tem-
perature dependence of the mobility when percolation is taken into
account.
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though highly disordered PAT itself has very low mobility.
The hole delocalization property may account for this result.

VII. CONCLUSIONS

We have tried to develop the elements of a transport
model that accounts for the physical and electronic structures
of ordered PATs, and which is perhaps extendable to other
ordered polymers. Although many details are not known pre-
cisely, the model gives a good qualitative representation of
the transport and at least semiquantitative agreement. The
model is able to reproduce the change in slope of the mobil-
ity of PQT-12 near 250 K, by assuming low-mobility states
within the band-tail distribution. This may be a good indica-
tion that there are two transport processes in operation,
which is consistent with the proposed structural model of
ordered lamella and disordered intergranular material. The

model also helps to put limits on the value of the micro-
scopic mobility in lamella and on what needs to be known to
extract an improved value from the TFT data. The results of
the model are consistent with a free mobility of about
10 cm2/V s, which is in line with theoretical expectations.
However, given the many uncertainties, accurate parameters
cannot yet be extracted.
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