
6.5   Towards a Unified View
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• Einstein-Smoluchowski rela9onship for a disorder-free, single crystalline semiconductor in the 
non-degenerate state (i.e., Boltzmann approxima9on) 

  

• for a disordered semiconductor in the degenerate state, the mobility becomes a func9on of the 
charge carrier concentra9on n 

  

• density of states (DOS) has a narrow Gaussian distribu9on:  

  

typical total DOS  = 1021 cm–1; variance of Gaussian distribu9on  ≤ 0.2 eV; center of the 
DOS 

μ = Dq
kT

μ = Dq
n(Ef, T)

∂n(EF, T)
∂EF

N(E) = Nt

2πΔE
e− (E − E0)2

2ΔE2

Nt ΔE = σ
E0



KEY CONCEPT: see Liu, Noh, Mater. Horizon 2017, 4, 608 and assoociaated reader

Generalized Einstein Rela9on
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• Fermi-Dirac distribu9on for overall charge carrier density n:  

  

• electronic states in band tails more localized than those closer to the center of the DOS; 
microscopic conduc9vity  and diffusivity  of states becomes energy-dependent: 

  

• Kubo-Greenwood integral for overall conduc9vity 

  

• Generalized Einstein Rela9on (GER) 

 

n = ∫
+∞

−∞
N(E)f(E)dE = ∫

+∞

−∞
N(E) 1

1 + e
E − Ef

kT

dE

σ′ (E) D(E)

σ′ (E) = q2N(E)D(E) = σ0

2π ΔD ΔE
e− (E − E0)2

2 ΔD ΔE

σ = − ∫
+∞

−∞
σ′ (E) ∂f(E)

∂E
dE

μ = σ
qn

=
−q ∫ +∞

−∞ σ′ (E) ∂f(E)
∂E dE

∫ +∞
−∞ N(E)f(E)dE
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Universal View of Temperature Dependence
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• for low energe9c disorder  and high degree of delocaliza9on , a nega9ve temperature 
dependence can be observed (band and band-like transport) 

• for high energe9c disorder  and/or low degree of delocaliza9on , a posi9ve 
temperature dependence can be observed (disorder control or polaron transport) 

• diagonal movement in the diagram if degree of delocaliza9on  changes with temperature 
gives cross-over between transport regimes

ΔE = σ ΔD

ΔE = σ ΔD

ΔD

• delocaliza+on degree  (= 0–1) and variance of Gaussian distribu+on  determine energy 
landscape and transport mechanism

ΔD ΔE = σ
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The above three features of OSCs in FETs, i.e. weak bonding,
degeneration, and defect-abundance, are quantified by eqn (2)–(5),
respectively, and we can use them to calculate the overall mobility
for general OSCs by:

m ¼ s
qn
¼

q
Ðþ1
#1NðEÞDðEÞ #

@f ðEÞ
@E

" #
dE

Ðþ1
#1NðEÞf ðEÞdE

(6)

Eqn (6) quantifies the relationship between mobility and diffusivity,
and thus provides a GER for disordered materials and especially
for OSCs.

The diffusivity for each energy D(E) in eqn (4) should be
defined considering the microscopic mechanisms of charge
transport in OSC solids. On one hand, in perfect crystals the
electronic orbits and the delocalization of charges within a
molecule or among any adjacent molecules are identical through-
out the solids, respectively, and together lead to the intrinsic
transport properties of the electronic states in the whole DOS
(Fig. 2a). In this case, the macroscopic charge transport properties
would ideally follow the first-principles evaluations.16a,20 On the
other hand, as microscopic voids, grain boundaries, polymeric
twisting, or chemical impurities are often the origin of a large
amount of tail states in the DOS, these states near the energy

Fig. 2 (a and b) Schematic representations of the delocalization of carriers in the states with high energies near the DOS center (a) or in the states with
low energies near the edge of the DOS (or near the energy gap) (b). The shades are illustrative of the delocalization area. (c) Normalized microscopic
conductivity s0(E) as a function of energy for different degrees of delocalization DD (DE is fixed at 0.11 eV). (d) and (e) The differential conductivities
ds
dE
¼ s0ðEÞ #@f ðEÞ

@E

" #
for different temperatures with low or high delocalization degrees (DD = 0.5 or DD = 1). The temperatures are varied from T = 100 K

up to 370 K (DE = 0.1 eV, EF = #0.2 eV). (f) and (g) The effective mobility as a function of temperature for various DD (DE = 0.20 and 0.06 eV, respectively;
EF is fixed at #0.2 eV). The effective mobility decreases as the temperature increases at DD = 1, which is consistent with band-like transport.
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Fig. 3 Schematic representation of transport mechanisms for (a) band-like transport, (c) the multiple trap and release (MTR) model, (e) the variable range
hopping (VRH) model (sketched in ref. 22), (g) Bässler’s Gaussian disorder (BGD) model (sketched in ref. 11c), (i) the Marcus charge transfer (CT) model
(plotted in ref. 13d), and (k) the nuclear tunneling model (NT), sketched in ref. 14 and 15 and the percolation (PER) model is given in Fig. S3 (ESI†) (PER,
sketched in ref. 12). The temperature dependence of the mobility calculated by different transport models is plotted with symbols and the fitting by the
GER is plotted with lines: (b) band model with varying scattering factor a. (d) The MTR model with varying mean energy of the trap states ET. (f) The VRH
model with varying T1, proportional to the size of localized states. (h) The BGD model with varying width of the Gaussian function s. (j) The CT model with
varying reorganization energy l. (l) The NT model with varying the Kondo parameter aK. (m) The values of delocalization degree DD and DOS variance DE
parameters are plotted for all of the models with the corresponding key parameters.
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Fig. 3 Schematic representation of transport mechanisms for (a) band-like transport, (c) the multiple trap and release (MTR) model, (e) the variable range
hopping (VRH) model (sketched in ref. 22), (g) Bässler’s Gaussian disorder (BGD) model (sketched in ref. 11c), (i) the Marcus charge transfer (CT) model
(plotted in ref. 13d), and (k) the nuclear tunneling model (NT), sketched in ref. 14 and 15 and the percolation (PER) model is given in Fig. S3 (ESI†) (PER,
sketched in ref. 12). The temperature dependence of the mobility calculated by different transport models is plotted with symbols and the fitting by the
GER is plotted with lines: (b) band model with varying scattering factor a. (d) The MTR model with varying mean energy of the trap states ET. (f) The VRH
model with varying T1, proportional to the size of localized states. (h) The BGD model with varying width of the Gaussian function s. (j) The CT model with
varying reorganization energy l. (l) The NT model with varying the Kondo parameter aK. (m) The values of delocalization degree DD and DOS variance DE
parameters are plotted for all of the models with the corresponding key parameters.
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A unified understanding of charge transport
in organic semiconductors: the importance
of attenuated delocalization for the carriers†

Chuan Liu,*a Kairong Huang,a Won-Tae Park,b Minmin Li,a Tengzhou Yang,a

Xuying Liu,c Lijuan Liang,cd Takeo Minaric and Yong-Young Noh *b

The variety of charge transport theories for organic semiconductors

(OSCs) raises the question of which models should be selected for

each case, and there is a lack of generalized understanding regarding

various OSCs over the full range of crystallinity from single crystal to

amorphous. Here, we report that the generalized Einstein relation (GER)

can unify various theoretical models and predict charge transport in

OSCs with various crystallinities, by altering the variance of the density

of states and the delocalization degree in a Gaussian-distributed

density of states. The GER also provides a good fitting to much of

the experimental data of temperature- and gate-voltage-dependent

mobility for different OSCs in transistors. Consequently, disorders of

charge transport in various OSCs can be directly compared in the same

map, which reveals how energetic disorder and the delocalization

degree determine charge transport in organic devices.

1. Introduction
Recently, many new organic semiconductors (OSCs) have been
reported to exhibit high field-effect mobility (410 cm2 V!1 s!1),1

despite the morphology of some thin films not being highly
crystalline.2 For example, it is difficult to predict the charge
transport properties through checking the crystallinity of
state-of-the-art donor–acceptor (D–A) conjugated polymers by
X-ray-based structural analysis tools as many of them exhibit a
low crystallization degree or possess a non-crystalline nature.3

New types of methods need to be developed to further under-
stand the charge transport of these new OSCs, and a general

consensus is still far from being reached, especially for those
OSCs with high structural disorder but with superb mobility.4

Unlike single-crystals, the abundant structural defects and strong
lattice vibrations owing to the weak van der Waals interactions
are inherent in OSCs and result in complicated transport
mechanisms,5 which lead to the dependence of the mobility on
the temperature and/or the carrier concentration.6

Up to now, different theories concerning microscopic charge
transport mechanisms have been proposed and many of them
have been supported by evidence in different experiments on
the temperature dependence of carrier mobility with various
materials.4a, 5a, 6b A brief summary of charge transport theories
is given in Fig. 1, in which the theories are roughly classified
according to the crystallinity or the structural disorder of the
semiconductors: (1) classic band-like transport is expected for
disorder-free OSCs, which are mainly single crystalline
materials7 or some conjugated polymers with extremely low
torsions of chains.8 (2) For polycrystalline OSCs with a low
extent of structural disorder, the mobility edge model is applicable
and it is similar to the multiple trap and release (MTR) model.6b,9

(3) In amorphous or highly disordered semiconductors, charge
transport mainly occurs by hopping or tunneling among localized
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Conceptual insights
Different classes of organic semiconductors (OSCs) have been described by
various charge transport mechanisms from a model of band transport to
variable range hopping, according to the molecular structure and crystallization.
There is a lack of consensus in describing, predicting, and comparing transport
in OSCs. This work describes a new understanding in charge transport, the
generalized Einstein relation (GER), which unifies several classic theories for
transport dynamics. By defining the variance in the density of states and
delocalization degree, the GER predicts well the experimental data of a broad
range of OSCs with various crystallinities, including temperature- and
gate-voltage-dependent mobility data in transistors. The results are
sufficiently general to allow a direct comparison of disorder factors in charge
transport and provide guidelines to understand how energetic disorder and
localization determine the electric characteristics of organic devices.
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Charge Transport in Organic Semiconductors

Lucile Chassat - Jacob Terry Blaskovits

March 2022

1 Overview

In class, we have discussed the experimental observations regarding the temperature de-
pendence of charge mobility in molecular and polymeric organic semiconductors. Di↵erent
trends are observed for di↵erent classes of materials and in di↵erent temperature regimes.
A number of models have been derived to describe these trends, including the band and
band-like transport model, multiple trap and release (MTR), variable range hopping (VRH)
theories, Bässler’s Gaussian disorder model (BGD), percolation, mobility edge, Marcus-type
charge transfer, and nuclear tunneling.

The paper of Liu et al., upon which this reader is based, outlines existing models for
transport in single crystal, polycrystalline and amorphous materials.[1]. A generalized Ein-
stein relation for charge mobility in organic semiconductors is derived and shown to replicate
the results obtained with multiple pre-existing models. These models had been developed
to describe charge transport in materials with various degrees of disorder. By introducing a
delocalization parameter (�D) and variance (�E) to tune the shape of the density of states,
the authors demonstrate that it is also possible to replicate experimentally reported mobili-
ties, including trends regarding the temperature- and gate-voltage-dependence of mobilities
for a given material. In particular, for a given �E, it is shown that for most values of �D,
the mobility increases as temperature increases, while at very high degrees of delocalization
(�D �! 1), the carrier mobility increases with decreased temperature. This inverse temper-
ature dependence is an indication of ’band-like’ transport, as is the case for a small number
of organic materials, such as C8-BTBT, naphthalene, rubrene, TIPS-pentacene, and the
polymer IDTBT, while the direct temperature dependence is representative of a thermally-
activated charge transport mechanism. Altogether, this model provides a holistic view of
charge transport.

2 Einstein relations

To study the temperature dependence of the charge mobility, one must find an equation that
relates the mobility µ of a charge q to the temperature T . Einstein equations provide such a
relation. From the most general point of view, mobility in a semiconductor can be expressed
by the following generalized Einstein relation:

µ =
qD

n(E⇤
F , T )

@n(E⇤
F , T )

@E⇤
F

(1)

1
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