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Organic semiconductors (OSCs) are exotic, carbon-based 
optoelectronic materials that owe their unique solid-state 
physical properties to the soft, van  der Waals bonding 

between individual molecules. The π-conjugated electronic states 
tend to be robustly delocalized across the individual, covalently 
bonded molecular units; yet their shape depends strongly on the 
molecular geometry, and the ability of the electronic wavefunctions 
to delocalize across molecular units is very sensitive to the inter-
molecular packing. Concomitantly, the molecular units are large 
and may contain hundreds of atoms, leading to complex structural 
dynamics with many different vibrational modes. Some of the inter-
molecular and torsional modes are very soft with excitation ener-
gies down to a few hundred millielectronvolts, resulting in large 
vibrational amplitudes at room temperature. This implies a strong 
coupling between the electronic and structural dynamics that gives 
rise to unique and fascinating phenomena in these molecular sol-
ids, such as a transient localization of the electronic states, but is 
also a performance-limiting factor for their charge transport and 
optoelectronic properties, such as carrier mobilities or excited-state 
lifetimes.

Their soft molecular nature has allowed OSCs to carve out a space 
as an established and emerging optoelectronic technology across a 
wide range of applications: organic light-emitting diode (OLED) 
display technology, which became a US$25 billion industry in 2018, 
makes use of the near-unity fluorescence and electroluminescence 
quantum yields that are now achievable in highly engineered molec-
ular emitters. Flexible OLED displays, which are currently being 
launched by several major display manufacturers, are enabled by the 
robust mechanical properties of OSCs under repeated mechanical 
strain and bending. OSCs can be deposited by low-cost, solution- 
or vacuum-based coating, or direct-write printing techniques uni-
formly over large areas and with low defect densities at low process 
temperature (<100 °C). This is being exploited in flexible electronic 
applications, such as the active matrix addressing of liquid crystal 
displays by organic field-effect transistors (OFETs)1. OFETs are  

currently the only thin-film transistor technology that is compatible 
with direct manufacturing on low-cost plastic substrates, such as 
polyethylene terephthalate or triacethyl cellulose, that do not toler-
ate process temperatures >100 °C. The absence of rare or toxic ele-
ments in the composition of OSCs is also attractive, particularly for 
applications in organic photovoltaics (OPVs), which have recently 
made impressive advances. The unique ability of OSCs to combine 
mixed electronic and ionic conduction is enabling emerging appli-
cations in organic electrochemical transistors (OECTs)2, chemical 
and biological sensors, thermoelectrics3, and neuromorphic devices 
for machine learning4. In the future it might become possible to 
combine all these attributes to realize stretchable optoelectronic 
systems interfaced directly with soft biological systems for personal 
health monitoring or drug delivery5.

This Review is focused on the charge transport properties of 
OSCs. The charge carrier mobility of OSCs, which is one of the 
main performance metrics for OFETs but also crucially impacts all 
other device applications, has improved from the very low values 
of 10–6–10–5 cm2 V–1 s–1 of the first OFETs demonstrated in the late 
1980s to values >1–10 cm2 V–1 s–1. There is an important debate 
about the most reliable methods for extracting mobility values 
from the characteristics of OFETs and not all high mobility values 
claimed in the literature can be considered reliable6,7. However, 
there is clear evidence that the mobility of the best OSCs now 
exceeds that of thin films of amorphous silicon. This impressive 
advance in performance has been enabled by a broad exploration of 
molecular structures by organic chemistry, a detailed understand-
ing of the underpinning structure–property relationships, an opti-
mization of all aspects of device architecture and the elimination 
of extrinsic, transport-limiting impurities; these subjects have been 
the focus of several excellent reviews8,9. Importantly, the search for 
better materials has been guided both by an increasingly sophisti-
cated understanding of the microscopic charge transport physics on 
the molecular scale, and by an increasing appreciation of the role of 
transport processes occurring at larger length-scales. In recent years 
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the transport physics of a number of high-mobility small-molecule 
and conjugated-polymer model systems has been investigated in 
great depth and it has been possible to unravel the complex fac-
tors that determine the charge carrier mobilities of these materials. 
The focus of the present Review is to discuss these recent advances 
in physical understanding, in particular of the relationship between 
structural disorder and dynamics and charge transport properties in 
both small-molecule and conjugated-polymer systems. It also aims 
to identify directions for future research that might enable OSCs to 
reach ultimate mobility limits for such van der Waals bonded mate-
rials. The case of systems containing ions, relevant for applications 
such as OECTs and thermoelectrics, will also be discussed briefly, 
highlighting how the electronic structure of OSCs is modified and 
how high carrier mobilities can be maintained.

Transport physics of crystalline molecular semiconductors
Charge transport properties of molecular semiconductors are 
directly related to their molecular structure and assembly in the 
solid state (their crystal structure). Although molecular structure 
plays an important role, it is the packing of individual moieties 
within the solid state that determines the overlap of neighbouring 
orbitals and defines pathways for charge transport. A top view of the 
four most commonly observed packing motifs with an indication 
of the dominant transfer integrals (J) between adjacent molecules 
is presented in Fig. 1, together with relevant examples of prototypi-
cal molecular structures. Transport takes place primarily within the 
x–y plane. Systems that offer only one large J exhibit strongly aniso-
tropic transport with carrier mobilities being highest in one spe-
cific direction. This is commonly found in slipped-stack (Fig. 1a) 
or slipped π-stack (Fig. 1b) configurations, which are distinguished 
by the molecular orientation in adjacent columns being the same or 
rotated, respectively. The anisotropy of transport can easily be tuned 
with molecular packing: for herringbone packing, there are three 
large transfer integrals (Fig. 1d); this can provide isotropic trans-
port properties in the x–y plane when the three values of J are equal 

or very similar10,11. Brick-wall packing in which there tends to be 
only two large transfer integrals may be considered an intermediate 
regime (Fig. 1c). With the exception of rubrene, which remains the 
molecule with the highest reproducible mobility so far (>15 cm2 
V–1 s–1) in a slipped π-stack packing, charge carrier mobilities are 
commonly found to be highest in systems with isotropic distribu-
tion of transfer integrals12,13; we discuss the associated physics in 
more detail below (Table 1). A brief overview of some of the high-
est mobility molecular semiconductors discovered to date and their 
structure–property relationships is given in Box 1.

Detailed experimental charge transport investigations have been 
undertaken on several high-mobility model systems and have given 
insight into the magnitude of the key parameters that govern charge 
transport. Angle-resolved ultraviolet photoemission spectroscopy 
experiments have yielded quantitative values of the transfer inte-
grals and confirmed that these are on the order of 100 meV, as pre-
dicted by band structure calculations14. These measurements also 
provided direct evidence for temperature-dependent hole–phonon 
coupling in the observed band dispersion15 consistent with theoreti-
cal predictions (Fig. 2a)16,17. A careful analysis of diffuse scattering 
features in transmission electron diffraction has allowed a direct 
experimental determination of the amplitude of thermal lattice fluc-
tuations, which were found to be on the order of 0.1–0.2 Å at room 
temperature in several, widely studied molecular crystals. Such 
large amplitudes reflect the soft, non-covalent bonding between 
molecules and imply that there must be corresponding temporal 
fluctuations in the transfer integrals between adjacent molecules on 
the order of a 10–20% on the picosecond timescale on which these 
vibrations occur18,19. This suggests that non-diagonal, dynamic dis-
order in the transfer integrals must be an important factor in the 
transport physics of these molecular crystals.

Charge carriers in crystalline inorganic semiconductors, such 
as Si, are Bloch electrons with delocalized wavefunctions extended 
over the crystalline lattice. Some of the transport signatures com-
monly observed in molecular crystals are reminiscent of transport 

J2 J1

J1

J2

J1

J1

J3

c Brick wall

a Slipped stack b Slipped π-stack

d Herringbone

N N

N

N

N
N N

N

Si

Si

S

S

C10H21

C10H21

Cu

y

z
x

Fig. 1 | Most commonly observed molecular packings in crystals of molecular OSCs and corresponding benchmark materials. Top view; hydrogen atoms, 
side chains and rings are omitted for clarity. a,b, The slipped-stack (a, example of α-phase of copper phthalocyanine92) and slipped π-stack packings  
(b, rubrene93) only present one major transfer integral (J1). c, The brick-wall packing (TIPS-pentacene94) gives access to another transfer integral (J2).  
d, A third transfer integral (J3) is accessible within the herringbone packing (C10-DNBDT-NW10), allowing a more isotropic transport in the x–y plane.
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in inorganic semiconductors, including the observation of an ideal 
Hall signature and what is commonly referred to as a band-like 
temperature dependence of the mobility, for which the mobility 
increases with decreasing temperature in the limited temperature 
range between typically 150 K and room temperature (Fig. 3c)20. 
However, in molecular crystals optical spectroscopy, which probes 
the electronic states of the carriers on timescales faster than those 
of lattice vibrations, has provided direct evidence that charge car-
riers in molecular semiconductors are in fact not spatially fully 
extended Bloch electrons: at infrared frequencies charge carriers 
in rubrene molecular crystals exhibit a deviation from a simple 
Drude-like free-carrier response that manifests itself in a suppres-
sion of the optical conductivity below 2 THz near room temperature 
and is a characteristic signature of the transient localization physics 
discussed below (Fig. 2b)21–23. In charge modulation spectroscopy 
experiments with optical frequencies, the charge-induced absorp-
tions have a clear molecular character and resemble those of radical 
cations/anions in solution, suggesting that on ultrafast timescales 
the electron wavefunction is delocalized at best over small clusters 
of molecules24.

Several recent transport studies have been able to correlate a 
suppression of thermal lattice fluctuations with enhancement of 
carrier mobility and coherence of charge transport: by applying 
hydrostatic pressures up to 1 GPa at low temperatures, thermal 
disorder was significantly reduced and an ideal Hall signature 
was induced in single-crystal pentacene FETs25, which cannot be 

observed at room temperature and ambient pressure in this sys-
tem (Fig. 2c). Similarly, an increase of the field-effect mobility of 
C10-DNBDT-NW single-crystalline films from 9 to 16 cm2 V–1 s–1  
was observed under compressive strain of up to 3% (Fig. 2e), which 
is too large to be explained by simple strain-induced changes 
expected within a Bloch electron band structure framework, but 
is quantitatively consistent with the reduction in dynamic disorder 
expected for the strain-induced stiffening of the molecular lattice26.  
A strong isotope effect was shown in rubrene single crystals  
(Fig. 2f)27 that is not expected in a band transport regime dominated 
by acoustic phonon scattering, but is consistent with the expected 
increase of carrier localization due to increased vibrational ampli-
tude on C13 substitution.

To rationalize these unusual transport signatures within a con-
sistent theoretical framework it is helpful to consider the descrip-
tion of the motion of Bloch electrons in conventional conductors 
and semiconductors as a succession of individual collisions with 
scattering centres—static defects and dynamical lattice vibrations—
in an otherwise perfectly crystalline arrangement. Such semiclassi-
cal ‘band’ picture holds provided that the mean free path between 
collisions is much larger than the lattice spacing or, equivalently, 
when the semiclassical scattering rate 1/τ is much smaller than the 
electronic transfer rate J/ħ between lattice sites28,29. Assuming the 
Drude formula μ = eτ/m*, where the effective band mass m* ≈ ħ2/
(2Ja2), with a ≈ 6 Å a typical intermolecular distance, and setting 
the phenomenological condition (ħ/τ)/J = 0.25 yields approximately 
μ ≳ 50 cm2 V–1 s–1 as a lower bound for the applicability of Bloch–
Boltzmann (band) transport30.

As discussed above, high-mobility OSCs display room- 
temperature mobilities in the range μ ≈ 1−20 cm2 V–1 s–1, well below 
this band limit. In this class of materials, the thermal vibrations of 
the constituent molecules are so large that they enable quantum 
microscopic processes beyond the semiclassical description: in the 
presence of strong molecular disorder, the electronic wavefunctions 
show a marked tendency to localization at short times, ≲1 ps, lead-
ing to a sizeable suppression of the charge diffusivity31,32. This physi-
cal mechanism, which has been denoted transient localization (TL), 
translates into a mobility of the form29:

μ ¼ e
kBT

L2

2τvib
; ð1Þ

where e is the elementary charge, kB is the Boltzmann constant, T is 
temperature, L is the TL length and τvib is the timescale of intermo-
lecular motions. This formula shows explicitly that the parameters 
governing charge transport in this regime—L and τvib—differ from 
those relevant in conventional semiconductors—the effective band 
mass m* and scattering time τ. The TL mechanism is able to rec-
oncile the observation of ‘band-like’ mobilities that decrease with 
temperature, yet with absolute values that (precisely due to the pres-
ence of localization processes slowing down the carrier motion) fall 
below the range of band transport. Figure 3a illustrates the charge 
carrier wavefunction and transport mechanism in the TL regime; 
for a realistic visualization on an actual molecular system see ref. 33,  
which also provides a recent validation of the TL scenario by an 
independent theoretical method.

When disorder is so strong that the carriers become localized on 
a single molecular site, Eq. (1) ceases to be valid and a transition to a 
thermally activated hopping regime is expected34–37. The breakdown 
of the TL regime can be estimated by setting L ≈ a in Eq. (1): tak-
ing kBT ≈ 25 meV and τvib ¼ ω�1

0
I

, with ħω0 ≈ 5 meV in the typical 
range of the intermolecular vibration frequencies in molecular crys-
tals, yields μ ≲ 0.5 cm2 V–1 s–1.

The knowledge gained from Eq. (1) provides important predic-
tions and general guidelines to improve the transport character-
istics of materials: to achieve the highest carrier mobilities within 

Table 1 | Table of calculated parameters for a number of 
high-mobility materials of current interest

Materiala Jb σ/Jc Θe φ ω0

Rubrene38 143.9 0.295 0.210 0.785 5.9

Rubrene39 118.7 (0.20)d 0.259 0.785 11.33

Rubrene41 118.2 0.315 0.315 0.785 8.37

Pentacene38 158.7 0.268 2.538 0.969 –

Pentacene39 151.2 (0.23)d 2.445 0.956 12.33

DNTT39 150.8 (0.20)d 1.820 0.952 14.02

C10-DNTT38 141.0 0.437 0.678 0.785 –

C8-DNTT39 116.2 (0.32)d 0.824 0.785 3.21

C10-DNBDT38 113.5 0.506 0.828 0.785 –

BTBT40 94.9 0.342 (0.326)d 0.0019 0.785 4.85

BTBT39 63.0 (0.43)d 0.201 0.785 10.61

C8-BTBT40 161.8 0.429 (0.527)d 0.909 0.785 6.11

C8-BTBT39 82.4 (0.50)d 0.774 0.785 6.30

m8-BTBT40 150.9 0.663 (0.686)d 0.887 0.846 5.85

TIPS-Pn40 72.8 0.570 (0.455)d 0.033 0 6.08

TMTES-Pn38 260.8 0.268 0.147 0.793 3.0

TES-ADT38 172.1 0.416 0.287 0.079 3.8

TES-ADT40 175.6 0.3478 (0.279)d 0.332 0 8.05

diF-TESADT38 193.3 0.313 0.294 1.537 4.6

TIPS-ADT40 60.3 0.574 (0.545)d 0 0 6.68
aAll values are calculated considering a generic two-dimensional model of OSCs with 
three non-equivalent bonds a, b and c in the highly conducting plane38. bThe parameter 

J ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J2a þ J2b þ J2c

q

I

 determines the electronic bandwidth, which is between 4J and 5.67J for all 

structures studied. cThe total energetic disorder is similarly defined as σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2a þ σ2b þ σ2c

q

I

, 

and refers here to intermolecular vibrations alone. dValues between parentheses correspond to 
calculations where only Γ-point vibrations are included. eThe band anisotropy is identified by 
two angles Θ and φ such that Ja = cosΘ, Jb = sinΘcosφ and Jc = sinΘsinφ. The optimal isotropic 
structure corresponds to Θ = Θ0 = 0.955 and φ = π/4 = 0.785. The appreciable spread of values 
reported for a given material are indicative of the differences obtained between different methods.
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the TL regime one should aim to minimize localization effects, in 
order to increase L as much as possible. This can be achieved by 
acting principally on two factors. The first is the energetic disorder 
σ, which is unavoidable even in perfectly crystalline systems, and 
mostly originates from the thermal fluctuations of the intermolecu-
lar transfer integrals31,38,39. The mobility decreases with dynamical 
disorder as a power law, μ∝(σ/J)−ν, with J setting the scale of the 
electronic bandwidth and ν a material-dependent exponent that has 
been calculated to be in the range 1.5 < ν < 3.5 (ref. 30). While the 
presence of thermal molecular disorder is tied to the very nature of 
weakly bonded molecular solids, the large variability of ratios σ/J 
observed across different compounds (Table 1) shows that there is 
ample room for optimizing this parameter, and hence the mobility,  
via a proper engineering of intermolecular interactions. In principle, 
this can be achieved either by suppressing the absolute disorder σ, 
or by increasing J at fixed disorder. In this respect, it has been shown 
recently that combining experimental spectral probes together with 

a theoretical analysis of the individual vibrational modes can provide 
key information to understand and control molecular disorder at 
the microscopic level40. There is evidence that the thermal disorder 
is dominated by few, in some systems just a single vibrational, ‘killer’ 
modes39. If these modes could be targeted by molecular design and 
their contribution to thermal disorder reduced, this could result in 
significant improvements in performance. According to the scaling 
form given above, reducing the disorder ratio σ/J from 0.5 to 0.3 
can result in an improvement of μ by up to a factor of six. Of similar 
importance are also the dynamic fluctuations of the diagonal elec-
tron–phonon coupling and the site energies30,39,41.

The second important parameter governing charge transport 
is the degree of anisotropy of the band structure. This is deter-
mined by the relative values of the transfer integrals in the different 
bond directions (Fig. 1), which ultimately control the sensitivity of  
carrier motion to disorder38. It has been shown that, to optimize  
the transport of hole carriers, one should aim for structures with 

Box 1 | Some key examples of structure–property relationships in molecular semiconductors and conjugated polymers

Rubrene and pentacene used to be the most widely studied, pro-
totypical molecular semiconductors95, but in recent years organic 
chemistry has provided access to a wide range of new molecules 
that have allowed a more comprehensive and microscopic un-
derstanding of the key requirements for achieving high carrier 
mobilities and of the underpinning charge transport physics. 
Here we provide only a few examples. A key breakthrough was 
the discovery of highly soluble and chemically stable brick-wall 
materials, including 6,13-bis(triisopropylsilylethynyl)pentacene 
(TIPS-pentacene) and 2,8-difluoro-5,11-bis(triethylsilylethyn
yl)anthradithiophene (diF-TES-ADT), the latter exhibits charge 
carrier mobilities up to 6 cm2 V–1 s–1 in single crystals94,96. Simi-
larly influential was the report of herringbone-stacked alkylated 
thienoacene-based materials, [1]benzothieno[3,2-b][1]ben-
zothiophene (BTBT)97, dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]
thiophene (DNTT)98 and dibenzothiopheno[6,5-b:6′,5′-f]
thieno[3,2-b]thiophene (DBTTT)99, as well as liquid crystalline 
derivatives thereof100. These give access to charge carrier mobili-
ties in excess of 10 cm2 V–1 s–1 and exhibit similar transport sig-
natures to rubrene, including a fully developed, ‘ideal’ Hall effect, 
for which the Hall resistance scales inversely with the carrier con-
centration97–99. Another important, more recent development has 
been the investigation of thienoacenes with a bent-shaped core (V, 
N or zig-zag shape), which exhibit some of the highest mobilities 
observed so far, presumably as a result of a shape-induced sup-
pression of molecular vibrations10,45,101. Solution-processed single 
crystals of the alkylated N-shape 3,11-dialkyldinaphtho[2,3-d:
2′,3′-d’]benzo[1,2-b:4,5-b′]dithiophene (DNBDT-NW) exhibit 
mobilities up to 15 cm2 V–1 s–1 combined with the lowest flicker 
noise ever reported in rationally designed molecular solids88,102. 
These molecules have all been studied in p-type OFET configura-
tions. To realize n-type OFETs molecules are needed with deep-
er lowest unoccupied molecular orbital states, but the relevant 
transport physics is otherwise presumed similar. To date, the 
best performing n-type materials exhibit a brick-wall packing, a 
fully isotropic herringbone n-type material has to the best of our 
knowledge not been demonstrated yet. Among the brick-wall 
napthalene and perylene tetracarboxilic diimides derivatives, 
N,N′-bis(1H,1H-perfluorobutyl)-(1,7&1,6)-dicyanoperylene-
3,4:9,10-bis(dicarboximide) (PDIF-CN2) exhibits a mobility of 
up to 5 cm2 V–1 s–1 at room temperature and an ideal Hall sig-
nature46,103,104. These values are similar to those achieved on the 
brick-wall p-type counterpart, diF-TES-ADT. Fullerenes, such as 
C60, have achieved similarly high mobility values105.

For many of these molecular systems, single crystals are  
available for transport studies; in devices based on polycrystalline 
films, extensive optimization of film microstructure and 
morphology is crucial to approach the performance achievable  
in single crystals (for a review see ref. 9). In polymeric systems,  
for which usually no single crystals are available, characterization 
and control of thin film microstructure moves even more 
centre stage. For many years research focused on polymers 
with relatively simple repeat unit structures, including the 
polythiophene polymers poly-3-hexylthiophene (P3HT)106,107 and 
PBTTT108 that exhibit mobilities up to 0.1–0.5 cm2 V–1 s–1. These 
polymers have characteristic semi-crystalline microstructures, 
in which relatively highly ordered crystalline domains—which 
adopt preferential edge-on or face-on orientation with respect 
to the substrate—are embedded within a disordered amorphous 
matrix that accommodate the distribution of chains lengths 
and chain ends. However, even within the crystalline domains 
there is significant paracrystalline disorder—that is, absence of 
long-range order despite well-defined short- and medium-range 
order. This is caused, for example, by variations in the π–π stacking 
distances109. Recently, interest has shifted to polymers with more 
complex backbone structures, in particular so-called donor–
acceptor (D–A) copolymers comprising alternating electron-rich 
and electron deficient units along the backbone. There is a 
broad range of these polymers, comprising building blocks 
based on indacenodithiophene (IDT), diketopyrrolopyrrole 
(DPP), naphtalenediimide (NDI), cyclopentadithiophene 
(CDT), benzothiadiazole (BT), thiophene (T) or isoindigo 
(IIT), whose field-effect mobilities now commonly exceed 
1 cm2 V–1 s–1. A puzzling feature given the high mobilities is 
that the microstructure of these D–A copolymers tends to be 
less crystalline than that of P3HT/PBTTT: X-ray diffraction 
typically reveals some degree of either edge-on or face-on  
crystalline order110, but often with fewer higher order and  
broader diffraction peaks than, for example, PBTTT. In some 
systems, such as indacenodithiophene-benzothiadiazole 
(IDT-BT)55 or dithiopheneindenofluorene-benzothiadiazole 
(TIF-BT)111, both exhibiting charge carrier mobilities on the 
order of 2–3 cm2 V–1 s–1, there is even evidence for only local 
chain aggregation and formation of close contact points86, but 
not pronounced semi-crystalline order and their microstructure 
appears nearly amorphous112. This is an advantage for technological 
applications that require uniform electronic properties over large 
areas.
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intermolecular transfer integrals that are isotropic in the differ-
ent directions and for which the product of signs of the different 
transfer integrals is positive, as these are the most resilient to quan-
tum localization effects38. This has been recently shown for systems 
with three dominant transfer integrals, in which the distribution of 
transfer integrals can be represented as a point on a sphere, but is 
likely to remain valid as well for systems with more complex band 
parameters38. Without acting on the amount of disorder itself, the 
mobility of an OSC in the most conducting direction can increase 
by up to a factor of six when going from a purely one-dimensional 
to such an ideal isotropic two-dimensional structure, and possibly 
more in three-dimensional structures.

Stiffening the intermolecular bonds via strain or chemical func-
tionalization has been proposed as a possible strategy to improve 
charge transport19,26,29,42, as this reduces the molecular fluctuation 
time τvib ¼ ω�1

0
I

, which appears explicitly in Eq. (1). However, the 
expected changes in mobility are weak29,38, and the outcome is likely 
to be dominated by concomitant modifications of σ/J (ref. 41) and 
of the band structure anisotropy39. Finally, the mobility increases 
with the intermolecular distance as μ∝a2, which follows from basic 

dimensional arguments. This effect has been suggested to contribute  
to the outstanding performances of rubrene, where the intermo-
lecular distance in the direction of highest mobility is exceptionally 
large due to the slipped-stack structure39. Of course, it is also impor-
tant to consider that the electronic couplings decay exponentially 
with distance, which means that a large lattice spacing may not be 
beneficial in all systems.

It is interesting to contrast these conclusions43, which apply within 
the TL regime, with the band transport predictions. The band mobil-
ity can be written in full generality as μ ¼ �μ=λð Þ J=kBTð Þp

I
, with λ a 

dimensionless electron–phonon coupling strength and �μ ¼ ea2=ℏ
I

 
carrying the mobility units. The exponent p was calculated within a 
model system approach38 and was found to be material-dependent, 
ranging in the interval 0.5 < p < 1.2 when only intermolecular fluc-
tuations are considered, whereas a higher exponent p ≈ 2.6 was 
reported from a fully ab initio calculation in naphthalene44. Unlike 
the TL result, the band mobility within the thermal regime relevant 
to OSCs, kBT≳ħω0/2, is independent of ω0. The dependence on 
energetic disorder can be obtained from the above expression by 
substituting the definition σ /

ffiffiffiffiffiffiffiffiffiffiffiffi
λJkBT

p
I

 (refs. 29,30,38), which yields 
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μ∝(σ/J)−2. The dependence of μ on the band structure anisotropy 
resembles qualitatively that reported for the TL regime, with opti-
mal values reached for isotropic band structures38.

Paralleling the current experimental efforts in exploring novel 
molecular compounds10,19,26,40,45,46 theoretical estimates of the rel-
evant disorder and band parameters are also becoming available. 
Table 1 summarizes such parameters for a number of materials 
of current interest. It is remarkable that while low levels of disor-
der, σ/J≲0.3, and nearly ideal band structures have been indepen-
dently achieved in current materials, no compound exists yet that is  
able to combine such optimal features together. If such a com-
pound could be synthesized, mobilities surpassing those of the best  
molecular semiconductors discovered to date, including rubrene 
(μ ≈ 15 cm2 V–1 s–1) could be achieved. Assuming that localiza-
tion effects are minimized in such an ideal compound, we can use  
Bloch–Boltzmann theory, which predicts μ ¼ 0:81�μ= σ=Jð Þ2

I
 for 

an isotropic material with J = 100 meV at room temperature. 
Substituting σ/J = 0.3 in this expression with �μ ≈ 6 cm2 V–1 s–1 for 
a = 6 Å yields μ ≈ 50 cm2 V–1 s–1, at the onset of the band transport 
regime. This value, which has been obtained by considering only 

the effects of intermolecular disorder, should be considered as an 
ideal upper bound for actual materials and devices.

Of course, reaching such mobility limits in any new material will 
require elimination of any static structural defects, such as point 
defects or grain boundaries. We have not elaborated on such extrin-
sic issues in this Review, which can be very important in specific 
systems47. In this Review we have focused on molecular systems 
believed to be limited instead by intrinsic TL factors. Turning now 
to polymers, such static structural disorder effects move centre stage 
and any attempt to understand charge transport in polymers must 
start with detailed studies of their complex microstructure.

Charge transport in low-disorder conjugated polymers
Research on high-mobility conjugated polymers in recent years has 
moved away from the simple polythiophene conjugated polymers 
that dominated the field 20 years ago and is focused largely on more 
rigid, fused-ring polymers—in particular donor–acceptor (D–A) 
copolymers with alternating electron-rich and electron-deficient 
units along the backbone of the polymer. Several excellent reviews 
have discussed the molecular design and structure–property  
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relationships of these D–A copolymers9,48,49; we present a brief over-
view over some of the most widely studied, high-mobility systems 
in Box 1. Achieving higher carrier mobilities is usually favoured by 
higher molecular weights50 although mobility improvements with 
molecular weight tend to tail off for values above 100 kDa (ref. 51). 
This reflects the need for chains to be long enough so they can act 
as tie chains to interconnect between adjacent crystalline domains. 
Uniaxial alignment of the polymer chains during the deposition pro-
cess generally leads to higher mobilities along the chain alignment 
direction. In diketopyrrolopyrrole-benzothiadiazole (DPP-BTz) 
and cyclopentadithiophene-benzotriazole (CDT-BTz), the align-
ment of polymer chains has resulted in field-effect mobilities that 
can reliably achieve 7 and 10 cm2 V–1 s–1 (refs. 52,53), respectively. 
Similar enhancement of mobility from 1 cm2 V–1 s–1 for unaligned 
films to 5 cm2 V–1 s–1 in the direction of chain alignment has also 
been observed in n-type poly(bis(octyldodecyl)naphthalene-bis(dic
arboximide)-diyl]-alt-bithiophene) (P(NDI2OD-T2))54. An impor-
tant feature in all these highest performing polymers is a degree 
of energetic disorder that is on the order of ~kBT (refs. 55–57). The 
energetic disorder can be quantified, for example, by determining 
the Urbach energy, which is a measure of the width of the tail of 
the optical absorption near the bandgap. It is remarkable that many 
high-mobility D–A copolymers, which have poorer crystallinity 
than P3HT/PBTTT, exhibit in fact significantly lower energetic dis-
order. This is believed to reflect more uniform distribution of con-
formations of the polymer backbone throughout the films55.

Despite the high mobility values that in some cases are close to 
those of the molecular crystals discussed above, the temperature 
dependence of the field-effect mobility in most polymer systems 
is found to be thermally activated (Fig. 3d). This is usually inter-
preted as a manifestation of residual, essentially static energetic 
disorder in the density of states due to spatial variations in the con-
formation of the polymer chain segments that charges encounter 
as they hop through the network of chains. In a few systems such 
as diketopyrrolopyrrole-triethylene glycol (2DPP-TEG), CDT-BTz 
and aligned DPP-BTz, a transition from a thermally activated 
behaviour at low temperatures to a ‘band-like’ temperature depen-
dence near room temperature has been observed52,53,58,59. However, 
this observation by itself should not be considered conclusive evi-
dence for a band or TL charge transport regime. The most convinc-
ing evidence to date that such a regime can in fact be reached in a 
polymer system stems from studies on aligned CDT-BTz, where a 
band-like signature in the temperature dependence of the mobility 
along the chain alignment direction was observed together with a 
clear Hall effect, suggesting that at least some of the charge carriers 
are sufficiently delocalized to couple to a magnetic field (Fig. 4a)52,59.

The favourable transport properties of low-disorder polymers 
also extend to the bulk as probed in diode structures, where much 
lower carrier densities prevail than at the interfaces of an FET. Some 
D–A copolymers, such as DPP-BTz and P(NDI2OD-T2), have 
shown among the highest bulk carrier mobility in single-carrier 
diodes with space-charge-limited current mobilities approaching 
those measured in FETs60,61. Here, the impact of lower energetic 
disorder directly translates into a faster filling of tail states in the 
density of states and thus significantly improved performances61. 
In OLEDs and OPV devices performance is of course governed by 
multiple, complex factors, not just charge transport, but the high 
bulk charge carrier mobility tends to increase current density and 
reduce power consumption, and the low degree of energetic disor-
der enables larger quasi-Fermi level splitting and higher open cir-
cuit voltages62.

When aiming to understand charge transport in conjugated 
polymers it is important to consider processes across multiple 
length scales. Indeed, it has been shown both theoretically and 
experimentally that carrier mobility in polymers exhibits a marked 
time dependence (Fig. 4b)63,64. Length scales map onto timescales, 

therefore different factors play a role in governing mobility, depend-
ing on the process of interest (Fig. 4c). This is relevant not just for 
understanding charge transport, but also for other processes, such 
as operation of OPVs: for instance, on-chain, short-timescale trans-
port is important for charge generation at the donor–acceptor inter-
face, where charges must move only a few nanometres away from 
each other to avoid recombining. Yet the charge collection process 
relies on transport processes with much longer characteristic tim-
escales as charges cross tens to hundreds of nanometres in order to 
reach the current contacts.

At the molecular scale, charges must be able to delocalize and 
move along the chains. Eventually, however, charges will have to 
move from chain to chain due to the occurrence of chain ends 
or kinks that act as structural traps. Local transport along single 
chains, corresponding to short times (<10 ps), albeit challenging 
to measure accurately, has been estimated using THz pump–probe, 
time-resolved electric-field-induced second-harmonic generation, 
and pulse radiolysis time-resolved microwave conductivity63,65. 
As intuitively expected, on-chain mobility is orders of magnitude 
larger than that measured over macroscopic distances by character-
izing electronic devices. For instance, on-chain mobilities as high as 
600 cm2 V–1 s–1 have been measured in ladder-type polymers66.

The mesoscale (10–100 nm) arrangement of transport paths 
plays an important role in governing mobility as well. In semicrys-
talline microstructures, due to the longer conjugation length and 
increased intermolecular coupling in ordered regions compared 
to the amorphous polymer, charges tend to be confined to the 
ordered regions67,68. Thus, charges experience an injection barrier 
as they cross from the crystallites into the amorphous intercrystal-
lite regions. This barrier into amorphous regions would slow down 
transport; moreover, transport in amorphous microstructures is 
inherently slower than in crystallites. Traversing amorphous regions 
is therefore very detrimental to transport. Crystallites are consid-
ered effectively electrically connected when they are bridged by a 
relatively straight tie chain, which requires the distance between 
crystallites to be not much longer than the polymer persistence 
length69. Under these conditions, charges can effectively travel from 
crystal to crystal without experiencing significant impediments 
due to the amorphous intercrystallite regions. The importance of 
tie chains was recently confirmed in studies involving blends of 
polythiophene batches with different molecular weights70. It was 
shown that, when the fraction of tie chains exceeds ~10–4, transport 
becomes more efficient independently of the details of the chain 
lengths and distributions in the polymer (Fig. 4d). This observa-
tion suggests an interesting parallel between electrical and mechan-
ical properties of semicrystalline polymers, where, for instance,  
the Huang–Brown model uses the fraction of tie chains to interpret 
the microstructural origins of some mechanical properties of poly-
olefin resins.

At larger length scales (hundreds of nanometres to micrometres), 
high mobility in semicrystalline microstructures is obtained when 
charges can travel from crystal to crystal without entanglements 
or abrupt changes in the polymer backbone direction. As a result, 
polymers that have rigid chains—giving rise to gradual, low-angle 
grain-boundaries where transport paths with no abrupt backbone 
direction change can exist—would exhibit more favourable trans-
port properties71. Indeed, it has been shown that semicrystalline 
polythiophene films that have undergone an alignment process 
whereby both low-angle and high-angle grain boundaries coexist 
consistently exhibit a higher mobility only in the direction of the 
low-angle grain boundaries72. A possible exception to this observa-
tion has been hypothesized for certain rigid molecules that display 
pseudo-epitaxial relationships between crystals called quadrites73. 
Quadrites may provide facile transport paths even between crystals 
with large misorientations, provided these are special angles dic-
tated by the molecular structure of the polymer74.
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Quantitative insight into these complex transport processes in 
polymers over multiple length scales can be derived from multiscale 
theoretical simulations. These typically involve the steps of simu-
lating realistic morphologies by molecular dynamics, partitioning 
into conjugation segments, calculating molecular charge transfer 
rates for pairs of conjugation segments and simulating the charge 
dynamics by master equation or kinetic Monte Carlo methods75,76. 
These methods were first applied to molecular systems such as dis-
cotic liquid crystals77, but have since also been shown to provide 
realistic estimates of carrier mobilities in conjugated polymers, 
including P3HT78, PBTTT79,80 or the D–A copolymer PCPDTBT81. 
For PBTTT it was shown that the fluctuations in the transfer inte-
grals (that is, dynamic disorder) occur mostly on timescales of 
<100 fs, which are faster than the timescale for charge transfer. This 
implies that charge transfer may be considered to be governed by an  

average value of transfer integral. On the other hand, the evolu-
tion of the landscape of energetic disorder occurs mostly on slower 
timescales: most hopping steps can be considered to occur within 
a static landscape of energetic disorder79. Only for the slowest hop-
ping processes involving trap states can the energetic landscape 
be considered self-healing, that is, charges can escape these trap 
sites as a result of conformational reorganization on a time scale of  
0.1 ns (ref. 80). Approaches based on model Hamiltonians have also 
provided powerful insight into the key processes and factors that 
govern charge transport in high-mobility polymer systems, such as 
how dynamic disorder mediates the hopping between states defined 
by static disorder82, the influence of bandwidth in D–A copolymers 
on carrier mobility83 and the identification of the most important 
parameters governing mobilities84. A particularly important insight 
has been the realization of the significance of delocalized states that 
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are available at energies <kBT away from the band edges and can 
mediate hopping processes over long distances82.

Conjugated polymers are generally more challenging to 
understand than molecular crystals due to their inherently dis-
ordered nature. Strategies for improving carrier mobilities often 
focus on making polymers resilient to disorder by mitigating 
its effects. As explained above, in semicrystalline systems this is 
achieved by straight tie chains connecting crystallites electrically 
through the inevitable amorphous regions of the polymer with-
out letting these slow down transport. In D–A copolymers such as 
indacenodithiophene-benzothiadiazole (IDT-BT), with low degree 
of energetic disorder and mobilities higher than 2 cm2 V–1 s–1, that 
cannot be considered semicrystalline but appear quasi-amorphous, 
the principle of making transport resilient to disorder must apply 
even more strongly because these materials are structurally more 
disordered than semicrystalline polymers. Such systems exhibit 
extended rigid, fused-ring conjugated units connected by only a 
few torsion-susceptible single bonds that are designed to exhibit 
steep torsion potentials. As a result, the polymer backbone adopts a 
nearly planar, largely torsion-free conformation owing to its rigidity  
(Fig. 3d). Polymer chain conformations can be predicted theo-
retically from molecular dynamics simulations, but can also be 
visualized for polymers adsorbed on surfaces by scanning tunnel-
ling microscopy techniques (Fig. 4e)85. In addition, the inherently 
smaller intrachain bandwidth in D–A copolymers also makes 
transport less sensitive to conformational disorder83. As a result, the 
edge of the density of states in such a D–A copolymer systems does 
not suffer from significant disorder-induced broadening, mean-
ing that the structural disorder does not induce deep electronic 
traps55. One might consider a system like IDT-BT as a limiting case 
of a semi-crystalline system, where the crystalline domains have  
shrunk to very small, aggregate regions or simply close contact 
points between adjacent chains86. Such close contact points remain 
crucial for mediating efficient charge transport between chains. 
For charges in such a system to move efficiently in between close 
contact points, the intrachain electronic structure must be resilient 
to disorder. Such insensitivity to structural disorder should also be 
beneficial in semi-crystalline systems, as otherwise transport along 
tie chains could limit charge transport, and may be the reason why 
D–A copolymers generally exhibit higher carrier mobilities than 
P3HT and PBTTT.

It is clear from the above discussion that, despite mobilities being 
quantitatively similar, the descriptions of charge transport in crys-
talline molecular semiconductors and structurally more disordered 
conjugated polymers differ significantly. In the former, mobilities 
reflect directly the dynamic disorder due to intermolecular phonon 
modes that lead to the TL of carriers. In contrast, in high-mobility 
conjugated polymers, where intrachain transport along the chains 
can be considered to be fast, mobilities are limited by residual, 
essentially static disorder in the intermolecular packing encoun-
tered within crystallites/aggregate regions or along the tie chains 
that connect these crystallites/aggregates. The interesting question 
arises about the extent to which there are also similarities between 
molecules and polymers. In polymers there is an equivalent cou-
pling between the charge and structural dynamics as in molecular 
systems: the static energetic disorder due to conformational varia-
tions encountered along the polymer backbone defines localized 
electronic states in the individual conjugation segments (Fig. 4c). 
The vibrational modes of the polymer chain, the high-frequency 
modes—such as C–C stretch vibrations, but also the low-frequency 
modes, such as torsional vibrations—couple to the electronic struc-
ture and cause dynamic disorder, which is ultimately responsible for 
mediating coupling between localized states on adjacent states and 
intrachain hopping along the chain82. However, while the carriers 
remain on a particular site, the electronic coupling to the vibrational 
modes also causes fast oscillations of the carrier wavefunction along 

the polymer backbone driven by the structural dynamics. These fast 
oscillations of the carrier wavefunction along the backbone around 
the sites defined by static disorder can be directly observed in opti-
cal spectroscopy as they lead to large enhancements of the oscilla-
tor strength for optical absorption by infrared vibrational modes87. 
They are similar to the charge carrier diffusion driven by the struc-
tural dynamics in the TL regime of molecular crystals. However, in 
polymers they do not directly manifest themselves in the mobility, 
which remains limited by slower, interchain and difficult intrachain 
hopping processes. It has recently been suggested88 that this strong 
coupling between charge and structural dynamics on picosecond 
timescales and molecular length scales, which occurs in both sys-
tems, may be responsible for a striking similarity in the spin relax-
ation physics of spin-1/2 charge carriers in molecular and polymeric 
systems. Despite opposite trends in the temperature dependence of 
the carrier mobility, the spin relaxation times in the two systems 
exhibit very similar magnitudes and decrease with increasing tem-
perature between 100–150 K and room temperature (comparison 
in Fig. 3c,d)88,89.

For polymeric systems it is difficult to predict ultimate mobility 
limits; in principle, the fast intrachain transport along the polymer 
backbone could support mobilities exceeding 100 cm2 V–1 s–1, but 
there are currently no clear strategies for overcoming the limita-
tions imposed by the slower interchain charge transfer processes 
that, even in aligned polymer films, are necessary for charges to 
cross practical device dimensions. One interesting approach to 
overcome these limitations has been to extend the π-conjugation 
to two-dimensional systems, which should be inherently less sus-
ceptible to disorder-induced localization. In such two-dimensional 
polymers, transition metal coordination or covalent organic link-
ers between conjugated units are used to synthesize extended 
two-dimensional conjugated sheets. In comparison to conven-
tional two-dimensional materials, such as graphene or transition 
metal dichalcogenides, these two-dimensional polymers retain a 
high level of chemical design flexibility and are compatible with 
low-temperature solution growth. The charge transport physics of 
these materials is just starting to be explored90.

Outlook
In this Review we have focused on the understanding of the charge 
transport physics of molecular and polymeric semiconductors. Over 
the past ten years much progress has been made in both identifying 
the key molecular structure requirements for achieving high car-
rier mobilities and general, experimental signatures of transport as 
well as building a theoretical understanding that is able to rational-
ize experimentally observed differences between materials within 
first-principle models. Due to their molecular nature both molecu-
lar and polymeric semiconductors exhibit a unique and fascinating 
charge transport regime in which structural and charge dynamics 
are intimately coupled. We hope that the level of depth of scientific 
understanding obtained to date will enable the discovery of new, 
fundamental transport phenomena, which may not be observable 
in other classes of electronic materials and could open up paths to 
completely new functionalities and uses. It also provides clearer 
molecular design guidelines that will hopefully enable further 
improvements in carrier mobilities, for which there remains sig-
nificant room within fundamental limits. Based on the discussion 
presented in this Review, promising strategies for molecular systems 
include the minimization of thermal disorder associated with spe-
cific vibrational modes and the simultaneous realization of a near 
isotropic distribution of transfer integrals. For polymeric systems, 
better use needs to be made of the fast intrachain transport along 
the polymer backbone in disorder-resilient polymers with long per-
sistence lengths. More efficient interchain transport at close cross-
ing points might be achievable through the incorporation of specific 
units into the polymer backbone that facilitate close interchain 
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packing. Improvements in performance are needed to meet require-
ments for a wider range of industrial applications—such as flexible 
organic liquid crystal displays and OLED displays or integrated sen-
sors and circuits for the Internet of Things. Recently, there has been 
growing interest in OSCs for emerging applications in bioelectron-
ics and thermoelectrics. For these applications it is very important 
to understand the charge transport properties in a regime in which 
both a high concentration of ions and electronic carriers exceeding 
1018–1019 cm–3 are present throughout the bulk of the organic film. 
Some of the additional and open issues of charge transport that arise 
in such systems are briefly highlighted in Box 2 and we also refer to 
several excellent reviews on mixed electronic–ionic conduction2,3,91. 
The pursuit of such exciting application directions supported by a 

continued exploration of new molecular structures and architec-
tures suitable for these applications and an in-depth, fundamental 
understanding of their charge transport physics will ensure that the 
field of OSCs is likely to remain vibrant.
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