
6.2   Band Transport and Transient Localiza9on



Bloch-Boltzmann Transport (Band Transport)
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• band transport occurs via propaga9ng Bloch waves, extended states in a periodic layce 

• scabering due to molecular rota+ons and vibra+ons, as well as lafce vibra+ons 

• accelera+on in electric field  versus decelera+on by scabering due to lafce vibra+ons 
• injected charge driSs at constant velocity  (with  materials property)

F
v = μ F μ

+n–n

material material



KEY CONCEPT: see A. Köhler and H. Bässler, Electronic Processes in Organic Semiconductors, p. 215-217

Criteria for Band Transport
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• band transport takes place if the interac9on energy between neighbouring sites is larger than 
any other energy present due to dynamic disorder or sta9c disorder 

 

 

• the probability to fulfill this requirement is high for  

• intramolecular transport through “lafce” of repeat units in polymers (large )  

• intermolecular transport in highly ordered single crystals (low sta+c disorder, small ) 

• at low temperatures (low dynamic disorder, small ) 

• for large π-systems (large H1) 

• band width, hence mobility must be large for carrier residence 9me to be sufficiently small 

• charge leaves any specific molecular site before geometric relaxa+on can occur (<10–13 s) 

• Bloch wave can “escape” a molecular site before it gets “self-localized” by vibra+ons

H1 ≫ H2, H3, H4, H5

Jnm ≫ gnλ, fnmλ, δϵn, δJnm

H1
H4, H5

H2, H3



Criterion for Band Transport
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• Einstein-Smoluchowski rela9onship for rela9on to (charge) diffusion constant  

 

• for band transport, the charge diffusion length  must be (much) larger than the layce constant  

 

• where the lower limit of the mean free 9me  between sca\ering events is given linked to the 
band width  by the uncertainty principle 

 

• lower limit for band transport (Le Blanc condi9on): 

 ≈ 5 cm2 V–1 s–1 

for  ≈ 25 meV at room temperature and  ≈ 5 Å
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KEY CONCEPT: see A. Köhler and H. Bässler, Electronic Processes in Organic Semiconductors, p. 215-217

Temperature Dependence for Band Transport
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• root mean square thermal charge velocity  follows Boltzmann sta9s9cs  

 

• mean free 9me  (with molecular number density  and sca\ering cross sec9on ) 

 

• since mobility is propor9onal to mean free 9me  : 

         ⇔             and       

• nega9ve temperature coefficient of mobility (decrease of mobility with temperature) following 
a power law with slope –3/2 (in double-logarithmic representa9on 

• these are commonly criteria required but not sufficient (!) to argue for band transport
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Karl, Varta, Mol. Cryst. Liq. Cryst. 1989, 171, 31; Charge-Carrier Mobility in Organic Crystals, Springer, Germany, 2001.

Example of Band Transport at Low Temperature
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• very few other examples because a crucial element was the extreme care of excluding impuri9es

• aroma+c molecules can exhibit band transport in single crystals at low temperatures

3.2 Well-Ordered Systems: Organic Single Crystals 71
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Figure 3.2 Three principal components of the mobility tensor in a naphthalene crys-
tal measured by ToF, and fitted to a Tb dependence. A clear T−3/2 dependence is ob-
served only below ∼100 K. (Reprinted with permission from Ref. [9]. Copyright (2001) by
Springer-Verlag.)

In ToF measurements, charge is generated by using radiation that is well
above the bandgap and as a consequence is in an excited state. This situation is not
necessarily representative of what happens in an electronic device in which electrons
(holes) are injected at the bottom (top) of the conduction (valence) band. Recent
experiments pioneered by Podzorov et al. using vacuum-gap field-effect transistor
(FET) structures fabricated with elastomers showed that a negative temperature
dependence of the mobility can be observed in single-crystal electronic devices
[15–18]. Rubrene FETs displayed an increasing mobility from room temperature
(∼10 cm2 V−1 s−1) down to 150 K (>20 cm2 V−1 s−1). The mobility was also found
to depend on the crystallographic direction [17–19]. At T < 150 K, the mobility
was thermally activated with an activation energy of ∼ 70 meV. A gated Hall-effect
measurement showed that the activated behavior was because of shallow traps near
the valence-band edge (the FETs were hole-only devices): the mobility of the free
carriers keeps increasing as the temperature is decreased, even at temperatures at
which the apparent mobility shows the opposite trend (Figure 3.3).

Owing to constraints in the experimental set-up, the measurements could not
be carried out at temperatures low enough to observe the T−3/2 dependence of
µ, and therefore, a weaker temperature dependence was observed. The use of
FET structures also somewhat relaxes the purity and quality requirements of the
crystal. Indeed, in FETs, the areal charge density is much higher than in ToF
measurements and the gate voltage can be used to populate traps and push the
Fermi level close to the valence-band edge. It should be noted, however, that

• band transport occurs at T < 100 K, in all layce direc9ons, 
indicated by a temperature dependence  

• different mobili9es in different layce direc9ons reflect the 
anisotropy of the interac9on energy  inferred by DFT 
calcula9ons 

• the smaller the mobility, the earlier  deviates from the 
band-like temperature dependence 

• this is a signature of the breakdown of the band concept 

• at room temperature, incoherent transport in two layce 
direc9ons becomes equal

μ(T) ∝ T−n

Jnm

μ(T)



Appl. Phys. LeI. 2015, 106, 193303. 

Example of Band Transport in Organic Field-Effect Transistors
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• mobility increases from 16 to 52 cm2/(Vs) with decreasing temperature, with a power law (n = –1.6)   

• mobility and temperature dependence indicate band transport 

• the abrupt mobility drop observed at around 80 K is a\ributed to a “discrete trap state”

• band transport observed in solu+on-processed single-crystal transistors from C8-BTBT

10

C8-BTBT µ(T ) T�n1



Phys. Rev. Leb. 1988, 60, 1418.

Charge Transfer Salt of TTF and TCNQ
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Tetrathiafulvalene (TTF) Tetracyanoquinodimethane (TCNQ)
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σ ≈ 10–5 S cm–1  

µ = 2 cm2/V⋅s

σ ≈ 10–5 S cm–1

TTF ⋅TCNQ Single Crystal

σ = 500  S cm–1, metallic at T < 54 K



Charge Transfer Complexes between Electron Donor and Acceptor Materials
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• if electron donors / acceptors crystallized in pairs, electron transfer would yield localized charges 

• ‘charge transfer complex’ with poor conduc9vity
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Charge Transfer Salts between Electron Donor and Acceptor Materials
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• electron donors and acceptors crystallize in segregated stacks, charge transfer between stacks 

• electron transfer yields strongly delocalized charge carriers 

• ‘charge transfer complex’ with high (even metallic) conduc9vity
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Troisi, Chem. Soc. Rev. 2011, 40, 2347–2358

Transient Localiza9on Regime (“Band-Like” Transport)
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• transient localiza9on regime if the interac9on energy between neighboring sites is comparable to 
the off-diagonal disorder and both are on the order of the thermal energy 

 

• fluctua9on amplitude of the interac9on energy similar to its average value; large intermolecular 
vibra9ons result in transient localiza9on of the electronic wavefunc9ons at short 9mes ≲1 ps, and 
a sizeable suppression of charge diffusivity 

  

• with localiza9on length  and 9mescale of a certain layce vibra9on  (different parameters 
than those relevant in conven9onal semiconductors, layce parameter  and free mean 9me ).  

• nega9ve temperature coefficient for mobility following a power law (e.g., n = –2.1 for rubrene) 
because dynamic disorder is reduced, which, in turn, increases delocaliza9on and mobility 

• mobility  < 5 cm2 V–1 s–1 and mean free path  (intermolecular distance), so charge carrier 
relaxes on each molecular site aêer transfer, hence no9on of “band transport” makes no sense

H1(Jnm) ≈ H3( fnmλ) ≈ kBT

μ = e
kBT

L2

2τvib

L τvib
a τ

μ λ ≤ a



Tranient Localiza9on Regime in Highly Ordered Crystalline Solids
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• transport in the transient localiza9on regime “looks like” coherent transport, but is mediated by 
localized charge carriers, transla9on coupled with layce vibra9ons
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