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CONS P EC TU S

S i-based inorganic electronics have long dominated the semiconductor industry.
However, in recent years conjugated polymers have attracted increasing

attention because such systems are flexible and offer the potential for low-cost,
large-area production via roll-to-roll processing. The state-of-the-art organic con-
jugated molecular crystals can exhibit charge carrier mobilities (μ) that nearly match
or even exceed that of amorphous silicon (1�10 cm2 V�1 s�1). The mean free path of
the charge carriers estimated from thesemobilities corresponds to the typical intersite
(intermolecular) hopping distances in conjugated organic materials, which strongly
suggests that the conduction model for the electronic band structure only applies
to μ > 1 cm2 V�1 s�1 for the translational motion of the charge carriers. However, to
analyze the transport mechanism in organic electronics, researchers conventionally
use a disorder formalism, where μ is usually less than 1 cm2 V�1 s�1 and dominated
by impurities, disorders, or defects that disturb the long-range translational motion.

In this Account, we discuss the relationship between the alternating-current and direct-current mobilities of charge carriers,
using time-resolved microwave conductivity (TRMC) and other techniques including field-effect transistor, time-of-flight, and
space-charge limited current. TRMC measures the nanometer-scale mobility of charge carriers under an oscillating microwave
electric field with no contact between the semiconductors and the metals. This separation allows us to evaluate the intrinsic charge
carrier mobility with minimal trapping effects.

We review a wide variety of organic electronics in terms of their charge carrier mobilities, and we describe recent studies of
macromolecules, molecular crystals, and supramolecular architecture. For example, a rigid poly(phenylene-co-ethynylene)
included in permethylated cyclodextrin shows a high intramolecular hole mobility of 0.5 cm2 V�1 s�1, based on a combination
of flash-photolysis TRMC and transient absorption spectroscopy (TAS) measurements. Single-crystal rubrene showed an
ambipolarity with anisotropic charge carrier transport along each crystal axis on the nanometer scale.

Finally, we describe the charge carrier mobility of a self-assembled nanotube consisting of a large π-plane of
hexabenzocoronene (HBC) partially appended with an electron acceptor. The local (intratubular) charge carrier mobility
reached 3 cm2 V�1 s�1 for the nanotubes that possessed well-ordered π-stacking, but it dropped to 0.7 cm2 V�1 s�1

in regions that contained greater amounts of the electron acceptor because those molecules reduced the structural
integrity of π-stacked HBC arrays. Interestingly, the long-range (intertubular) charge carrier mobility was on the order of
10�4 cm2 V�1 s�1 and monotonically decreased when the acceptor content was increased. These results suggest the
importance of investigating charge carrier mobilities by frequency-dependent charge carrier motion for the development
of more efficient organic electronic devices.
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1. Introduction
Many compound and oxide semiconductor materials have

been developed over the last 60 years since the discovery of

solid state semiconductor devices; however, Si remains the

centralmaterial and dominates the semiconductor industries.1

Conjugated organic materials are the most recent candidates

to challenge the realm of Si to date, bearing attractive proper-

ties such as ease of fabrication, mechanical flexibility, and low

cost, which are not common to conventional inorganic semi-

conductor materials.2�5 In view of the intrinsic ability of

semiconductor devices to modulate or switch electrical cur-

rents in these materials, the most important materials param-

eter is the charge carrier mobility. The key to the successful

future of organic semiconductors is to realize a mobility

equivalent to that of Si-based materials. Organic conjugated

molecular crystals have been reported to often exhibit higher

values of mobility (>10 cm2 V�1 s�1)6 than amorphous silicon

(1�10 cm2 V�1 s�1),7,8 which is quite reasonable when con-

sidering the far higher mobility values reported for carbon-

based graphenes,9 fullerenes,10 and carbon nanotubes.11

Conjugatedmacromoleculesarealsopowerful candidatesas

organic semiconductor materials providing conductive path-

ways along their backbones. Highly sophisticated statistical

theories on the supramolecular structure of macromolecules

in their solid or solution states have already been developed in

the last century, making available the precise prediction of not

only themicroscopic backbone conformation parameters, such

as persistence length, but also macroscopic phase diagrams or

rheological parameters. Flexible backbone architectures are

advantageous for the fabrication of materials into devices;

however, this can disturb the effective charge carrier transport

pathways along the backbones. Thus, conjugated semiconduc-

tor macromolecules have been developed based on a guiding

principle of balancing the flexible chain conformation and the

secure effective pathways, which is in striking contrast to the

principle for small conjugatedmolecular materials or supramo-

lecular architecturesof providingperfectly ordered structures for

charge carrier transport. This implies that the conventional

approaches to charge carrier mobility have buried the intrinsic

nature of the conjugated backbones, and in this Account, we

focuson the recentprogressof novelmethodologies that reveal

the intrinsic charge carrier transport properties in organic

molecular/supramolecular/macromolecular materials.

2. Comprehensive Approach to Charge Car-
rier Mobility
In electrically conductive materials, the charge carrier mobi-

lity (μ) is directly related to the electrical conductivity (σ) as

follows:

σ ¼ enμ (1)

where e and n are the elementary charge and density of

the charge carriers. In thermal equilibrium, the mean

velocity of charge carriers (vt) is given as a function of

temperature (T) with the Boltzmann constant (k),
1
2
mvt2 ¼ 3

2
kT (2)

Thus, the mean free path of the charge carriers (l) in the

medium is defined as a function of vt:
l ¼ 2τvt (3)

where τ is the relaxation time reflecting the collision

interval in the translational motion of charge carriers in

the valence or conduction bands. Based on eqs 2 and 3,

l is related to τ as follows:

l ¼ 2τ
3kT
m

� �1=2

(4)

In the case of direct-current conduction of charge carriers

under an externally applied electric field (E), the current

density (J) is denoted by

J ¼ nevt (5)

based on the classical Ohm's law
J ¼ σE (6)

and thus combining eqs 1, 5, and 6 leads to the following

formulations of vτ and μ as

vt ¼ eτ
m

E (7)

μ ¼ eτ
m

(8)

Mobility is directly related to the mean free path as

μ � el

(2πmkT )1=2
(9)

Based on eq 9, the mobility of μ ≈ 1 cm2 V�1 s�1 is

estimated under the assumptions of T = 300 K and l = 1 nm,

which is the typical intersite (intermolecular) hopping dis-

tance in conjugated organic materials. This strongly sug-

gests that the conduction model for the electronic band

structure is applicable only for μ over 1 cm2 V�1 s�1 for the

translational motion of the charge carriers. Hall effect and

field effect transistor (FET) measurements are the appropri-

ate methodologies to estimate the charge carrier mobility in

this range.
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For the case of μ < 1 cm2 V�1 s�1, the following sophis-

ticated formof expression has been developed andprovides

a good interpretation of the hopping transport of charge

carriers in condensed organic matter:12

μ(T , E) ¼ μ0 exp � ε0 � β
ffiffiffi
E

p

kTeff

 !

1=Teff ¼ 1=T � 1=T0 (10)

where ε0, β, and T0 are the zero-field activation energy

for the hopping process, the Poole�Frenkel constant,

and the equivalent temperature where the Arrhenius

dependence is convergent for all electric field

strengths, respectively. Time-of-flight (TOF) measure-

ments for charge carrier transport in bulk organic

conjugated materials are among the most reliable

methods to estimate mobility based on the long-range

translational motion of carriers, and the formulation

given in eq 10 has often been the first choice to analyze

the transport mechanism. However, organic bulk ma-

terials contain considerable amounts of impurities,

disorders, or defects, which disturb the long-range

translational motion. This leads to serious deformation

of the transient photocurrent traces observed in

the media, and the mobility estimated based on the

eq 10 becomes misleading. Taking into account the

effects ascribed to disordered structures, a disorder

formalism has been developed and successfully ap-

plied to the analysis of photocurrent traces. The dis-

tribution of the energy levels of hopping sites were

parametrized into σt, and the spatial distribution of the

sites as Σt, and the overall dependence of μ on E and T

was given by13

μ(T , E) ¼ μ0 exp � 2σt

3kT

� �2
" #

� exp C
σt

kT

� �2

� Σt
2

( ) ffiffiffi
E

p" #
(11)

This formulation provides a powerful analysis for

charge carrier transport mechanisms with quantitative

estimates of disordered structures in the media. As

seen from eq 11, the actual values of mobility are

strongly dependent on E and T, which suggests that

the value of charge carrier mobility is not unique for

hopping transport in the media.

On the other hand, the complex dielectric constant of

media with low electrical conductivity σ is deduced from

Maxwell equation,

ε ¼ εm � i
σ

ω
(12)

This leads to a direct correlation with the complex dielectric

constant and the conductivityof thematerial, and the charge

carrier mobility can be estimated quantitatively without

using electrodes by a precise analysis of the differential

changes in the complex dielectric constant attributed to the

transient charge carriers injected into the material.

3. Noncontact Mode Conductivity
Measurement

3.1. General Introduction to Dielectric Loss Spectrosco-

py. Dielectric loss spectroscopy using a large library of

electromagnetic waves have been used for several decades

to investigate the interaction ofmatter.14,15 In particular, the

complex dielectric constant is one indicator of dielectric loss

and relaxation processes. Warman and colleagues at Delft

University of Technology have proposed an electrical con-

ductivity measurement technique based on the use of

microwaves and pulsed radiation,16,17 which is referred to

as pulse-radiolysis time-resolved microwave conductivity

(PR-TRMC), because it generates transient charge carriers in

thematerial uponexposure to apulsedhigh-energy electron

beam. The density of the generated charge carriers can be

determined without performing any other independent

measurements, due to the homogeneous ionization of the

primary component of the media, which allows direct evalua-

tion of the charge carrier mobility from accurate detection of

the dielectric loss. In contrast, the authors have focused on a

flash-photolysis TRMC (FP-TRMC) technique that utilizes exci-

ton dissociation into charges as a charge carrier injection

scheme.18,19 By combination with transient absorption spec-

troscopy (TAS), FP-TRMC provides a versatile route toward the

elucidation of intrinsic charge carrier mobility in a wide variety

of organic and inorganic electronic materials. Figure 1 shows a

schematic of the FP-TRMC system using 9 GHz microwaves.

The present FP-TRMC system adopts a resonant cavity as

an interaction site between the sample andmicrowave. In a

resonant cavity, the microwaves can be regarded as stand-

ing waves and not traveling waves, which leads to a simple

form of the electric field function that depends only on

spatial coordinates. A benefit of the resonant cavity is that

the degree ofmicrowave probe interactionswith the sample

is progressively increased. For instance, the number exceeds
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ca. 2500 in the present FP-TRMC system, which corresponds

to theQ value (= f0/Δf0, f0 is a resonant frequency, andΔf0 is

the full-width at half-maximum of a Q curve) of the cavity.

This represents a 3 orders of magnitude increase in sensi-

tivity in comparison with a typical dielectric loss measure-

ment as a trade-off for the loss of time resolution.

Hereafter, we introduce recent examples of FP-TRMC mea-

surements of conjugated materials. Many conjugated polymer

backboneshavebeenexploredwith theaimofproducingnovel

organic semiconductors. FP-TRMC probes vibrational charge

carrier motion in a conjugated polymer within a limited space.

The spatial deviation of charge carrier motion (dx) is given by

dx � 2πμE
ω

(13)

Ifwe suppose that μ=1 cm2V�1 s�1 and E=10V cm�1 (the

minimum strength of the electric field in TRMC), then eq 13

yields dx = 0.01 nm for one charge carrier motion. The

motion can be regarded as uniform in an isotropic medium,

because the photogenerated charge carrier density is as

small as the picomole level (based on assumptions that

the charge carrier generation efficiency φ is 10�5 and the

incident laser intensity I0 is 10
15 cm�2). The φ is defined as

the quantum yield of charge carrier generation per one

incident photon absorption at the pulse end of FP-TRMC

kinetics. In the next subsection, the transient photoconduc-

tivity,Δσ in S m�1 units, is converted to φΣμ in cm2 V�1 s�1

units, where Σμ represents the sum of hole and electron

mobilities (μh þ μe). Thus, independent estimation of φ is

necessary for the determination of Σμ.
By taking account of the above-mentioned Q value, the

local oscillational motion of charge carriers is estimated to

be ca. 1 nm by multiplying the number of dispersions

accompanied by interactions between the charge carriers

andmicrowaves. This value is equivalent to a length of a few

to tens ofmonomer units in a conjugated polymer and to the

persistent length, Lp, of a polymer backbone (e.g., persistent

length of θ condition of polystyrene in cychlohexane). The Lp is

responsible for the delocalization of π-orbital on the conju-

gated polymer chain, having a significant impact on the band

gap and charge migration. Consequently, FP-TRMC allows for

revealing the intrinsic nature of intramolecular charge carrier

transport, due to the probing spatial scale relevant to Lp.

Table 1 lists the charge carrier mobilities and anisotropic

mobilities of categorized organic semiconductors measured

using PR-TRMC or FP-TRMC, in addition to reported DC

charge carrier mobilities determined by techniques such as

FET, TOF, and space-charge-limited current (SCLC). In the

next subsection, we introduce three example materials:

polymer, crystal, and supramolecular architecture.

3.2. Poly(phenylene-co-ethynylene) Included in Per-

methylated Cyclodextrin. Simultaneous estimation of the

charge carrier density (n in eq 1) is necessary with FP-TRMC

measurements for assessment of the charge carrier mobility.

Here we used TAS for this purpose, which is also an electrode-

lessmeasurementmethod thatprovides information regarding

the time evolution of the charge carrier density. Figure 2 shows

FP-TRMC and TAS transients for a rigid poly(phenylene-

co-ethynylene) (PE).28 Generally, PEwithout flexible substituents

is not suitable for film preparation and TAS, due to its low

solubility; however, inclusion in permethylated cyclodextrin

affords high solubility and transparency, as well as retainability

of long persistent length and elimination of intermolecular

interactions. It is noteworthy that TRMC and TAS transients

are identical as shown in Figure 2a. The intensity of TAS

spectrum centered at 600 nm (Figure 2b) was enhanced by

mixing an electron acceptor, perylenedicarboximide (PDI) deri-

vative, into thePE filmaccompaniedwith theappearanceof PDI

radical anion at ca. 720 nm. These results corroborate that both

TRMC and TAS transients are attributed to holes (radical cation)

in PE, in accordance with the perfect consistency of the decays.

Accordingly, the φ can be experimentally estimated from the

TAS analysis on the basis of charge carrier equilibrium in the

system. The resultant hole mobility was μh = 0.5 cm2 V�1 s�1,

whichyields chargecarrier displacement lengthof5�10 repeat-

ing cyclodextrin units using eq 13 and following discussion.28

3.3. Single-Crystal Rubrene.Organic single crystals com-

posed of π-conjugated molecules exhibit excellent optical

and electrical properties, due to their uniform and periodic

configuration. Figure 3a,b shows good coincidence between

the FP-TRMC and TAS transients for a rubrene single crystal,

which suggests that both of the signals originate from the

charge carriers.42 It is noteworthy that the decay rates of both

transients were accelerated with an increase of the excitation

laser power. This is a signature of bulk charge recombination.

Another advantage of not using electrodes is the speed of the

FIGURE 1. Block diagram of the FP-TRMC system using 9 GHz (X-band)
microwaves.
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anisotropy measurement with high angle-resolution, because

the direction of the electric field of microwaves is fixed along

one direction in a resonant cavity. Figure 3c presents the 360�
anisotropic conductivity measurement of a rubrene single

crystal with an anisotropic ratio of 2.3.

However, the charge carrier mobility estimated from

TRMC (φ Σμ), TAS (φ), and pulse radiolysis (assignment of

absorption spectra of radical cation/anion and their extinc-

tion coefficients) was as small as 0.052 cm2 V�1 s�1, while the

highest FETmobility was reported to be 43 cm2V�1 s�1.43 This

contradiction is discussed with respect to the difference in

charge carrier density64 and frequency-dependent charge car-

rier motion.36 Regarding the former, a high density of carriers

injected from theelectrodesof a FETdevice can fill the trap sites

and lead to trap-free charge carrier motion, while the carrier

density in FP-TRMC generated by pulsed laser is more than 3

orders ofmagnitude smaller than that for a FET. The latter point

corresponds to the situation where charge carrier motion with

extremely highmobility cannot induce dielectric loss as under-

stood by the combination of real and imaginary parts of

conductivity65 or mobility.66 Detailed investigation of the fre-

quency-dependentmobility is required toaddress thisproblem.

3.4. Photoconductivity of Self-Organized D/A Nano-

tubes. π-Conjugated dyads of electron donors (D) and ac-

ceptors (A) have been the focus of significant attention to

provide the ideal structure for an organic photovoltaic cell

(OPV). The simple mixing of a D polymer and A molecule,

commonly referred to as a bulk heterojunction (BHJ), forms an

interpenetrating network with a large interfacial cross section

of D/A and efficient charge carrier transport pathways.67 The

bottom-up approach including a self-assembled nanostructure

and columnar liquid crystal may open up opportunities to

create a discrete p/n junction, thereby widening the scope for

potential applications of OPV.

Gemini-shaped hexa-peri-hexabenzocoronene (HBC) am-

phiphiles appended with trinitrofluorenone (TNF) have de-

monstrated self-assembly to form a coaxial nanotubular

structure consisting of π-stacks of a HBC core laminated by

TNF outer/inner layers (Figure 4a).68 Co-assembled engineer-

ing of HBC�TNF and HBC led to excellent optoelect-

ronic performance depending on the HBC�TNF content

(Figure 4b).69 Simultaneous measurements of FP-TRMC and

TAS revealed that the one-dimensional charge carrier mo-

bility along the long axis of the nanotubeswas 3 cm2V�1 s�1.53

FIGURE 2. (a) FP-TRMC (blue) and TAS (purple, at 600 nm) transients of PE insulated by permethylated cyclodextrin. (b) TAS spectrumof PE film at 2 μs
delay after the pulse. (c) TAS kinetic traces of PE film in the presence of 2.5mol% PDI. The orange, light-blue, blue, purple, and red lines represent the
decays at 600, 700, 430, 420, and 410 nm, respectively. Reproduced with permission from ref 28. Copyright 2009 American Chemical Society.

FIGURE 3. Charge carrier dynamics in a rubrene single crystal. (a) TAS profile at 835 nm. I0 represents the excitation laser power. (b) FP-TRMC
transient. (c) Anisotropic photoconductivity. Reproduced with permission from ref 42. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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However, the mobility was considerably dependent on

the HBC�TNF content and the size of the acceptor. Co-

assembled nanotubes of HBC�C60 = 10% had amobility of

2 cm2 V�1 s�1,55 while the mobility for HBC�TNF = 100%

was much smaller (0.7 cm2 V�1 s�1). This is rationalized by

scanning electron microscopy (SEM) and transmission elec-

tron microscopy (TEM) observations, where nanotubes with

a high content ofHBC�TNFor thepresenceofHBC�C60 exhibit

poor structural integrity of the π-stacked HBC arrays. Instead, a

high content ofHBC�C60 can facilitate electron transport on the

nanotube surface, as is evident from FET studies. These results

clearly suggest that FP-TRMC probes the intratubular charge

carrier transport, which reflects the electronic quality of the π-

stacks. Furthermore, the FP-TRMC decays of the coassembled

nanotubes canbe analyzedusing amodified analytical solution

of first- and second-order differential equations (Figure 4c). The

charge carrier mobility derived from the second-order rate

constant of the bulk charge recombination was 1.5 � 10�4

cm2 V�1 s�1, which is consistent with the FET mobility and

suggests a large intertubular hopping barrier.54 It is of interest

that the FET mobility decreases with increasing length of the

hydrophobic alkyl chains at the HBC core. In sharp contrast, the

TRMC mobility increases with chain length. This is a case of

molecular design where maximization of the intra- and inter-

molecular charge transport is in a trade-off relationship. Insight

into the charge carrier motion on local and long-range scales

could provide information that would allow the mitigation of

barriers for the construction of ideal photoresponsivematerials.

4. Concluding Remarks
The importance of providing a flat band for charge carriers

can be understood from one of the definitions of charge

carrier mobility expressed by

μ ¼ eτ
meff

(14)

where meff is the effective mass of the charge carrier.

The flat band structure reducesmeff and thus increases μ.

In this Account, we showed that TRMC is very useful for

direct estimation of the “weight” of charge carriers in an

organic conjugated polymer. The next imperative chal-

lenge is to identify polymeric backbone structures that

can realize efficient charge carrier transport. A compre-

hensive approach toward charge carrier mobility would

open up opportunities to unveil the intrinsic nature of the

charge transport properties in organic electronics, there-

by widening the scope for their potential applications.
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