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Abstract 
Computing the charge mobility of molecular semiconductors requires a balanced set of approximations 
covering both the electronic structure of the Hamiltonian parameters and the modelling of the charge 
dynamics. For problems of such complexity, it is hard to make progress without validating independently 
each layer of approximation. In this perspective paper, we survey how all terms of the model Hamiltonian 
can be computed and validated by independent experiments and discuss whether some common 
approximations made to build the model Hamiltonian are valid. We then consider the range of quantum 
dynamics approaches used to model the charge carrier dynamics stressing the strong and weak points of 
each method on the basis of the available computational results. Finally, we discuss non-trivial aspects 
and novel opportunities related to the comparison of theoretical predictions with recent experimental 
data. 

1. Introduction

Molecular semiconductors have been one of the most consistently investigated topics in chemistry and 

physics across the past few decades.1–6 The early fundamental studies on charge transport7,8 or excited 

states9 were only speculatively linked to potential applications in electronics. The situation changed 

rapidly in the early 2000s due to critical advances in the fabrication of organic electronic devices that 

enabled the reproducible measurements of intrinsic charge mobilities in single-crystal devices for a range 

of molecules in thin-film transistor configurations.10,11 These experiments had a major impact on the 

development of technology based organic thin-film transistors6 and became one of the pillars of modern 

organic electronics.12 The same experiments had a fairly unanticipated effect on the theory of molecular 

semiconductors that, by that time, seemed fairly established. It became immediately clear that the 

measured charge mobility of high purity crystals of the order of 1 cm2/Vs was too high to be fully 

consistent with a simple charge hopping mechanism and too low to be fully consistent with a band 

transport mechanism.13 While many early theories dealing with the transition regime between hopping 

and band transport existed,14 an additional complication soon became evident for molecular 

semiconductors. The thermal motion of molecules at room temperature is sufficient to cause a fluctuation 

of the transfer integrals between neighboring molecules of amplitude comparable to that of the average 

transfer integral.15 This dynamic disorder appeared to be one of the limiting factors to charge mobility,16 
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a specific feature of molecular semiconductors. It originates from the softness of the inter-molecular 

interactions and the sensitivity of the transfer integral to the small relative displacements of the 

molecules, a fact, the latter, that has been rediscovered many times in the chemical literature.17–19 

The problem of predicting the charge mobility in molecular semiconductors has since then remained in 

the spotlight of chemical physics because it combines all the desirable elements of benchmark theoretical 

problems: (i) continuous experimental interests fueled by potential applications, (ii) easy formulation of 

the problem, and (iii) failure of the traditional approaches. In essence, the problem consists in the 

prediction of the quantum dynamics in a system with strong coupling between electronic and nuclear 

degrees of freedom where it is not easy to introduce the standard approximations because all the relevant 

time/energy scales coincide. It is therefore not surprising that virtually all the tools of quantum dynamics 

simulations have been considered for this problem and a review of the proposed methodologies maps 

very well into the broad set of quantum simulation methods currently in use. 

With the proliferation of the theoretical approaches and experimental mobility data to compare with, a 

different problem soon became apparent. Most transport models, even when based on opposite 

assumptions, could reproduce the experimental data with a suitable choice of parameters. To avoid this 

situation, electronic structure calculations of the realistic parameters for the system under study are 

coupled with a theory of charge transport producing theoretical mobility to be compared with the 

experimental one without an adjustable parameter. All works that compare computed and experimental 

mobility are necessarily based on three separate sets of approximations: (i) those required by the 

electronic structure calculation, (ii) those needed to extract the parameters for the mobility calculations, 

and (iii) those included in the approximated quantum dynamics. Very frequently, each team of 

theoreticians makes different choices for all these approximations and the comparison of the final result 

against the experiment (itself subject to non-negligible uncertainly) does not help identifying the best 

choices and making rapid progress.  

The goal of this perspective is to unpick the many layers of approximation present (and sometimes hidden) 

in the computation of the mobility and evaluate such approximations independently rather than from the 

final computed mobility. More specifically, we first analyze how the specific terms of the Hamiltonian can 

be computed, how independent experiments can help validating them, and whether some common 

approximations made to build the model Hamiltonian are valid (Section 2). We then consider separately 

the range of quantum dynamics approximations used to model the charge carrier dynamics in high 

mobility materials stressing strong and weak points of each method, often on the basis of the available 

computational results (Section 3). In Section 4, before the concluding outlook, we highlight some non-
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tri vi al pr o bl e m s a n d n o v el o p p ort u niti es i n c o m p aris o n wit h e x p eri m e nt al d at a. W e tri e d t o k e e p t his w or k 

f o c us e d wit hi n t h e s c o p e j ust d es cri b e d a n d w e r ef er t h e r e a d ers m or e i nt er est e d  i n a c o m pr e h e nsi v e 

r e vi e w of t his t o pi c t o t h e e x c ell e nt arti cl es i n r efs .6, 2 0 – 2 3 . 

2. T h e m o d el H a milt o ni a n a n d t h e c o m p ut ati o n a n d v ali d ati o n of it s p ar a m et er s  

M o d el H a milt o ni a n . T h e st arti n g p oi nt f or all t h e m et h o ds d e v el o p e d f or e v al u ati n g c h ar g e tr a ns p ort i n 

t h e i nt er m e di at e r e gi m e is t h e f oll o wi n g H a milt o ni a n,  

              

( 1)

 

w h er e t h e first t w o t er m s d e n ot e t h e el e ctr o ni c p art of t h e H a milt o ni a n, t h e t hir d t er m st a n ds f or t h e 

l atti c e p h o n o ns, a n d t h e l ast t w o t er m s ar e ass o ci at e d wit h l o c al a n d n o nl o c al el e ctr o n-p h o n o n c o u pli n gs;  

e
i
 r e pr es e nts t h e o n-sit e el e ctr o ni c e n er g y of t h e h ol e;  J

ij

0  ar e t h e tr a nsf er i nt e gr al el e m e nts b et w e e n 

a dj a c e nt m ol e c ul es at t h e e q uili bri u m g e o m etr y;  ĉ
i

+ (ĉ
i
) ar e t h e cr e ati o n ( a n ni hil ati o n) o p er at or f or a h ol e 

at sit e i (t h er e is o n e st at e p er sit e); <ij> n e ar est -n ei g h b or p airs of o c c u pi e d sit e s;   is t h e r e d u c e d Pl a n c k 

c o nst a nt;  w
M
 is t h e p h o n o n fr e q u e n c y of m o d e M ; g

i,M
 a n d  g

ij,M
 ar e  t h e l o c al a n d n o nl o c al el e ctr o n-

p h o n o n c o u pli n gs m e as uri n g t h e str e n gt h of i nt er a cti o n b et w e e n c h ar g e c arri ers a n d i ntr a -m ol e c ul ar a n d 

i nt er-m ol e c ul ar vi br ati o ns; â
M

+ (â
M
) ar e  t h e p h o n o n cr e ati o n ( a n ni hil ati o n) o p er at ors. W h at m a k es t h e 

st u d y of hi g h -m o bilit y m ol e c ul ar s e mi c o n d u ct ors c h all e n gi n g is t h e f a ct t h at t h e H a milt o ni a n p ar a m et ers, 

i. e. el e ctr o ni c c o u pli n g b et w e e n t h e m ol e c ul es J oft e n i n t h e i nt er v al [ 1 0 - 2 0 0] m e V, vi br ati o n al e n er gi es 

i n t h e r a n ge of [ 5 - 2 0 0] m e V, l o c al el e ctr o n -p h o n o n c o u pli n g (r e or g a ni z ati o n e n er g y) i n t h e i nt er v al [ 2 0 - 

5 0 0] m e V, n o nl o c al el e ctr o n -p h o n o n c o u pli n g ( d y n a mi c dis or d er) i n t h e r a n g e of [ 1 0 - 1 0 0] m e V, a n d 

t h er m al e n er g y at r o o m t e m p er at ur e (k B T  ~  2 5 m e V ) g e n er all y diff er b y n ot m or e t h a n a n or d er of 

m a g nit u d e m e a ni n g t h at m ost a p pr o xi m ati o ns r el yi n g o n e n er g y s c al e s e p ar ati o n c a n n ot b e a p pli e d. I n 

t h e r e m ai n d er of t his s e cti o n , w e o utli n e t h e c o m p ut ati o n al m et h o ds us e d t o e v al u at e t h e H a milt o ni a n 

p ar a m et ers fr o m first pri n ci pl e a n d t h eir v ali d ati o n. E q u ati o n ( 1) als o i m pli es a li n e ar c o u pli n g b et w e e n 

f er mi o ns a n d p h o n o ns a n d t h e v ali dit y of t h e h ar m o ni c a p pr o xi m ati o n f or t h e p h o n o ns . B el o w w e als o 

dis c uss t h e v ali dit y of b ot h a p pr o xi m ati o ns al o n gsi d e m et h o ds t h at d o n ot r el y o n t h e m.   
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Transfer integrals. A variety of methods such as Kohn-Sham equation based approaches,24–27 density 

functional theory,18,28–32 pseudopotentials,33–35 and localized orbital methods36 are developed to compute 

the transfer integrals J. The difference between computed transfer integrals within different methods can 

be very small (e.g. less than 15%) as reported for rubrene,37,38 pentacene,39,40 for ~70% and ~80% of the 

samples studied respectively in Ref.41 and Ref.42, although there are counterexamples where the 

difference can be larger.41,43,44 It is also important to note that the band-structure calculations obtained 

from DFT-based methods are not very sensitive to the size of the basis set with small basis sets already 

providing quantitatively correct results.45 A summary of available methods for computing the transfer 

integrals can be found e.g. in Refs.5,46,47 with a critical investigation of the methods’ speed and accuracy 

provided in Ref.48. Computed band structures can be validated for example by angle-resolved 

photoemission experiments (ARPES) of crystalline organic semiconductors,49–51 and the level of agreement 

supports a very high degree of confidence in the evaluation of this component of the Hamiltonian. It is 

repeatedly mentioned that the eq. (1) is valid for narrow-band semiconductors. The validity of this 

assumption can be easily verified by considering the set of 40,000 molecular semiconductors extracted 

from the Cambridge Structural Database (CSD),52 as identified in a recent work from our group.53 The 

results indicate that the median energy separation between HOMO and HOMO-1 energy levels is 0.66 eV. 

We found that in this dataset the largest transfer integral is never greater than 0.4 eV (with the median 

being 0.14 eV).54 Therefore, one can conclude that the band energies do not overlap effectively and the 

approximation that the valence band originates from the HOMO orbital is broadly valid, with the obvious 

exception of molecules with degenerate HOMO and HOMO-1 (~0.08% of the sample considered).  

Phonon calculations. An accurate calculation of high-frequency vibrational modes of organic 

semiconductors is easily achievable based on routine DFT methods. Most of the theoretical studies 

compute the phonons of an isolated single molecule (rather than on a periodic crystal) and utilize it to 

interpret the crystal phonons.55,56 This approach is valid because, when the full phonon band is 

computed,57–59 the high-frequency modes are shown to be essentially dispersion-less, i.e. very localized. 

There are also other studies that consider a molecule embedded in the shell of neighboring rigid molecules 

within a nonperiodic Quantum Mechanics/Molecular Mechanics (QM/MM) method60,61 or with the entire 

cluster studied quantum mechanically (employing the DFTB method62) but keeping the embedding 

molecules rigid.63 In essence, the calculations of high-frequency modes are in excellent agreement with 

each other’s and with experimental data obtained from FTIR and Raman spectroscopy.58,64,65 

In contrast, computational methods for low-frequency vibrations have been developed and validated only 

more recently. Many researchers adopt empirical force fields which can be inaccurate because of not 
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b ei n g p ar a m et eri z e d t o r e pr o d u c e l o w-fr e q u e n c y p h o n o ns.6 6, 6 7  O n t h e ot h er h a n d, a c c ur at e d e nsit y 

f u n cti o n al c al c ul ati o ns of m ol e c ul ar cr yst als vi br ati o ns ar e v er y d e m a n di n g i n p arti c ul ar i n c as es d e ali n g 

wit h m at eri als c o nt ai ni n g h u n dr e ds of at o m s i n t h eir u nit c ell ( a c o m m o n c as e f or or g a ni c cr y st als) a n d 

ar e t y pi c all y r es er v e d o nl y f or b e n c h m ar k s y st e ms. 6 8, 6 9  I n a d diti o n, t h e y ar e v er y s e nsiti v e t o D F T l e v el 

a n d, s p e cifi c all y, t o t h e dis p ersi o n c orr e cti o n ,7 0  w hi c h is i ntr o d u c e d diff er e ntl y i n v ari o us m et h o ds. 5 8, 7 1   

S p e ci ali z e d R a m a n s p e ctr os c o p y s et u p 6 1, 6 4  or t er a h ertz( T H Z) ti m e -d o m ai n s p e ctr o s c o p y 7 2  ar e c o m m o nl y 

us e d f or e xtr a cti n g i nf or m ati o n o n l o w-e n er g y p h o n o ns.  T h es e m e as ur e m e nts pr o vi d e g a m m a p h o n o n 

e n er g y w hi c h c a n b e us e d t o p arti all y v ali d at e t h e c o m p ut e d p h o n o n s p e ctr a 6 1, 7 2  b ut d o n ot all o w t h e 

v ali d ati o n of t h e a c o usti c p h o n o ns dis p ersi o n, w hi c h is e x p e ct e d t o b e i m p ort a nt f or tr a ns p ort. 5 9, 7 3, 7 4  

I nf or m ati o n o n t h e l ar g e a m plit u d e ( m ostl y a c o usti c) m o d es is pr o vi d e d b y t h e diff us e el e ctr o n s c att eri n g 

m et h o ds, 7 5, 7 6  w hi c h ar e b as e d o n t h e a n al y sis of el e ctr o n diffr a cti o n p att er n: t h e y ar e us ef ul t o q u a ntif y 

t h e dis pl a c e m e nt fr o m t h e e q uili bri u m p ositi o n b ut d o n ot gi v e  t h e fr e q u e n c y d e p e n d e nt i nf or m ati o n 

r e q uir e d f or c h ar g e tr a ns p ort m o d els. 7 6  R e c e nt hi g h -r es ol uti o n i n el asti c n e utr o n s c att eri n g (I N S) 

m e as ur e m e nts o n m ol e c ul ar cr y st als , w hi c h gi v e a c c ess t o t h e l o w -e n er g y p h o n o ns  wit h o ut b ei n g  s u bj e ct 

t o t h e af or e-m e nti o n e d c o nstr ai nts , h a v e e n a bl e d t h e v ali d ati o n of l o w -fr e q u e n c y p h o n o n c al c ul ati o ns 

wit h gr e at a c c ur a c y .6 9, 7 2  F or e x a m pl e, c al c ul ati o ns usi n g pl a n e -w a v e d e nsit y f u n ct i o n al t h e or y e m pl o yi n g 

t h e Vi e n n a A b i niti o S oft w ar e P a c k a g e ( V A S P)7 7  wit h pr oj e ct or a u g m e nt e d -w a v e ps e u d o p ot e nti als 7 8  a n d 

t h e o pt P B E v a n d er W a als d e nsit y f u n cti o n al m et h o d, 7 9  pr o v e d a bl e t o r e pr o d u c e t h e I N S s p e ctr a a cr o ss 

all fr e q u e n c y r a n g e. 6 9  O v er all, st at e -of -t h e-art m et h o ds ar e c a p a bl e of e v al u ati n g p h o n o n m o d es of 

m ol e c ul ar cr y st al s  wit h t h e dr a w b a c k t h at t h e m o st r eli a bl e m et h o ds ar e e xtr e m el y e x p e nsi v e b e c a us e of 

t h e l ar g e u nit c ell of m ol e c ul ar cr y st als. T h es e m et h o ds ar e s uit a bl e f or v ali d ati n g t h e m or e a p pr o xi m at e d 

str at e gi es d es cri b e d  a b o v e.  

I n pri n ci pl e, t h e f ull p h o n o n dis p ersi o n c ur v e c o ul d b e o bt ai n e d fr o m i n el asti c n e utr o n s c att eri n g 

t e c h ni q u es b ut t h e m et h o d is e xtr e m el y c h all e n gi n g,  as it r e q uir es si n gl e cr yst als, w hi c h ar e h ar d t o gr o w. 

M or e o v er, it is i m p ort a nt t o h a v e cr y st al s c o m p o s e d of d e ut er at e d m ol e c ul es as t h e y l e a d t o hi g h er 

c o h er e nt a n d l o w er i n c o h er e nt s c att eri n g cr o ss -s e cti o ns f or n e utr o ns. 8 0, 8 1  T o t h e b est of o ur k n o wl e d g e, 

e x p eri m e nt al p h o n o n b a n d str u ct ur e d at a ar e a v ail a bl e o nl y f or v er y f e w or g a ni c cr y st als of s m al l 

m ol e c ul e s li k e n a p ht h al e n e or a nt hr a c e n e.8 2, 8 3   

L o c al el e ctr o n p h o n o n c o u pli n g s.  T h e r e or g a ni z ati o n e n er g y   is a gl o b al m e as ur e of t h e l o c al-el e ctr o n 

p h o n o n c o u pli n g t h at c a n b e d efi n e d as , 

l = E ( ¢Q )- E (Q )+ ¢E (Q )- ¢E ( ¢Q )                  ( 2) 
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w h er e E  a n d ¢E  r e pr es e nt t h e e n er g y of n e utr al a n d c h ar g e d m ol e c ul es. T h es e e n er gi es ar e c o m p ut e d at 

t w o diff er e nt g e o m etri es i n di c at e d b y Q  a n d ¢Q  r ef erri n g r e s p e cti v el y t o t h e o pti mi z e d g e o m etr y of t h e 

n e utr al a n d c h ar g e d st at e s. 8 4, 8 5  It is n or m all y c o m p ut e d f or is ol at e d m ol e c ul es i n v a c u u m as s e v er al st u di es 

h a v e f o u n d t h e eff e ct of t h e e n vir o n m e nt t o b e n e gli gi bl e. 8 6, 8 7  If t h e p ot e nti al e n er gi es of n e utr al a n d 

c h ar g e d st at e ar e h ar m o ni c a n d t h e c o u pli n g wit h t h e p h o n o ns is li n e a r ( as i m pli e d i n e q. 1), t h e 

r e or g a ni z ati o n e n er g y c a n b e d e c o m p o s e d as a s u m of c o ntri b uti o n s  o v er t h e n or m al m o d es a n d r el at e d 

t o t h e el e ctr o n-p h o n o n c o u pli n g t er m s as ,  

                   ( 3) 

I n t his li mit e a c h c o ntri b uti o n t o t h e r e or g a ni z ati o n e n er g y M  c a n b e c o m p ut e d as,  

                   ( 4) 

w h er e D Q
M

 r e pr es e nts t h e dis pl a c e m e nt al o n g t h e n or m al m o d e M  b et w e e n t h e e q uili bri u m g e o m etri es 

of t h e n e utr al a n d c h ar g e d m ol e c ul es. 8 8 – 9 0  C o m p ari n g t h e r e or g a ni z ati o n e n er g y c o m p ut e d fr o m t h e f o ur 

p oi nts f or m ul a (e q.  ( 2)) or fr o m t h e n or m al m o d es pr oj e cti o n m et h o d (e qs.  ( 3) a n d ( 4)) pr o vi d es a n 

i n di c ati o n of t h e v ali dit y of t h e h ar m o ni c a p pr o xi m ati o n a n d t h e li n e arit y of t h e l o c al el e ctr o n-p h o n o n 

c o u pli n g. T o i n v esti g at e t h e l e v el of c orr el at io n b et w e e n t h e r es ults of t h e t w o m et h o ds, w e h a v e 

c al c ul at e d t h e r e or g a ni z ati o n e n er gi es fr o m b ot h m et h o ds f or a s et of 5 0 0 m ol e c ul ar s e mi c o n d u ct ors 

e xtr a ct e d fr o m t h e C S D 5 3  ( all t h e c al c ul ati o ns ar e  p e rf or m e d at B 3 L Y P/ 3-2 1 G * l e v el of t h e t h e or y as 

i m pl e m e nt e d i n G a ussi a n 1 69 1 ). As s h o w n i n Fi g ur e ( 1), t h e si mil arit y b et w e e n t h e r es ults o bt ai n e d vi a t h e 

t w o m et h o ds i n di c at es t h at a li n e ar l o c al el e ctr o n -p h o n o n c o u pli n g a n d t h e h ar m o ni c a p pr o xi m ati o n ar e 

ess e nti all y v ali d a p pr o xi m ati o ns.   
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Fi g ur e 1. C o m p aris o n b et w e e n t h e v al u es of r e or g a ni z ati o n e n er g y o bt ai n e d b as e d o n t h e a di a b ati c p ot e nti al e n er g y 
s urf a c e s m et h o d  ( 4 p) a n d t h e n or m al m o d e ( N M) pr oj e cti o n at t h e B 3 L Y P/ 3 -2 1 G * l e v el of t h e t h e or y . 
 

I n lit er at ur e, it is oft e n str e ss e d t h at t h e l o c al el e ctr o n-p h o n o n c o u pli n gs ar e d o mi n at e d b y hi g h -fr e q u e n c y 

m o d es  i n t h e 9 0 0-1 6 0 0 c m -1  r a n g e.9 2  T o v ali d at e t his st at e m e nt m or e q u a ntit ati v el y w e a n al y z e d t h e l o c al 

el e ctr o n -p h o n o n c o u pli n g a n d fr e q u e n ci es of a s et of 5, 0 0 0 m ol e c ul ar s e mi c o n d u ct ors e xtr a ct e d fr o m t h e 

C S D .5 4  Fi g ur e 2 ill ustr at es t h e sp e ctr al d e nsit y –  d efi n e d as B (w ) = l
M

M

å d (w - w
M
) –  f or t his gl o b al s et. I n 

t h e n u m eri c al a n al ysis, t h e Dir a c d elt a f u n cti o n is r e pl a c e d b y a G a ussi a n distri b uti o n wit h st a n d ar d 

d e vi ati o n  of  5  c m − 1 . O n e c a n o bs er v e t h at t h er e is a n o n -n e gli gi bl e c o ntri b uti o n t o t h e r e or g a ni z ati o n 

e n er g y fr o m l o w -fr e q u e n c y m o d es. C o nsi d eri n g f or e a c h m ol e c ul e i n t h e d at as et t h e fr a cti o n of t h e 

r e or g a ni z ati o n e n er g y ori gi n ati n g fr o m hi g h-e n er g y m o d es ( d efi n e d as s u c h t h a t ), w e fi n d t h at 

t h e m e di a n of hi g h-e n er g y m o d es c o ntri b uti o n t o t h e r e or g a ni z ati o n e n er g y is 8 4 %. T his br o a d r a n g e of 

p h o n o n e n er gi es c o ntri b uti n g t o t h e l o c al el e ctr o n -p h o n o n c o u pli n g is us u all y n e gl e ct e d i n d e v el o pi n g 

t h e or eti c al m o d els f or c h ar g e tr a ns p ort. F or e x a m pl e, s e mi cl assi c al q u a nt u m d y n a mi cs m et h o ds ass u m e 

t h at all t h e n u cl e ar m o d es ar e cl assi c al 2 3  w h er e as  r e n or m aliz ati o n t h e ori es ar e  a c c ur at e o nl y i n t h e li mit 

of hi g h -fr e q u e n c y ( q u a nt u m) p h o n o ns.7, 9 3  

M o d eli n g c h ar g e tr a n s p ort i n hi g h- m o bilit y m ol e c ul ar s e mi c o n d u ct or s: b al a n ci n g el e ctr o ni c str u ct ur e a n d q u a nt u m d y n a mi c s m et h o d s wit h t h e h el p of e x p eri m e nt s
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Fi g ur e 2. T h e a v er a g e d s p e ctr al d e n sit y B  f or l o c al el e ctr o n-p h o n o n c o u pli n g  c o n si d eri n g a d at a b as e of 5 k m ol e c ul ar  
s e mi c o n d u ct ors e xtr a ct e d fr o m t h e C S D.  

 
Fr o m t h e e x p eri m e nt al p oi nt of vi e w, t h e el e ctr o n -p h o n o n c o u pli n g is dir e ctl y a c c es si bl e vi a hi g h 

r es ol uti o n ultr a vi ol et p h ot o el e ctr o n s p e ctr o s c o p y ( U P S) s p e ctr a of g as -p h as e m ol e c ul es. 9 4, 9 5  M al a g oli a n d 

c oll a b or at ors h a v e s h o w n t h at t h er e is a r e m ar k a bl e a gr e e m e nt b et w e e n t h e c o m p ut e d r e or g a ni z ati o n 

e n er gi es o n a s eri es of oli g o a c e n e m ol e c ul es a n d t h e r es ults of e x p eri m e nt al st u di es utili zi n g t h e U P S 

s p e ctr a. 8 9   

N o nl o c al el e ctr o n -p h o n o n c o u pli n g.  T h e n o nl o c al el e ctr o n -p h o n o n c o u pli n gs ( g
ij,M

) ar e g e n er all y l ess 

i n v esti g at e d t h a n t h eir l o c al c o u nt er p arts,9 6  as t h e y r el y o n t w o c o m p ut ati o n all y i nt e nsi v e t as k s r e q uiri n g 

t h e tr a nsf er i nt e gr als’ d eri v ati v e a n d t h e p h o n o ns c al c ul ati o ns. 5 7, 5 9, 6 3  I n t h e pr es e n c e of n o nl o c al el e ctr o n-

p h o n o n c o u pli n g, t h e tr a nsf e r i nt e gr al b et w e e n t w o el e ctr o ni c st at e s d e n ot e d b y i a n d j i n t h e li n e ar 

a p pr o xi m ati o n c a n b e writt e n as,  

J
ij

= J
ij

0 + g
ij,M

M

å Q
M

                                                                                                                                               ( 5) 

w h er e J
ij
 i n di c at es t h e m o d ul at e d tr a nsf er i nt e gr al. Q M  d e n ot es di m e nsi o nl ess c o or di n at e of t h e 

ass o ci at e d n or m al m o d e. 5 7  T h er ef or e, t h e n o nl o c al el e ctr o n -p h o n o n c o u pli n g  f or a gi v e n m ol e c ul ar p air ij 

d u e t o m o d e M  is, 

g
ij,M

=
¶ J

ij

¶ Q
M

                                                                                                                                                                  ( 6) 

M o d eli n g c h ar g e tr a n s p ort i n hi g h- m o bilit y m ol e c ul ar s e mi c o n d u ct or s: b al a n ci n g el e ctr o ni c str u ct ur e a n d q u a nt u m d y n a mi c s m et h o d s wit h t h e h el p of e x p eri m e nt s
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w h er e t h e C art e si a n gr a d i ent of t h e tr a nsf er i nt e gr als c a n b e c o m p ut e d as,

 

Ñ J
ij
= {

¶ J
ij

¶ x
k

}                                                                                                                                                                 ( 7) 

T h e m o d es c a n als o b e r e pr es e nt e d as a v e ct or of C art e si a n dis pl a c e m e nts  Q
M

C = {x
k

M }  
a n d c o ns e q u e ntl y 

th e n o nl o c al el e ctr o n -p h o n o n c o u pli n g c a n b e c o m p ut e d as,  

g
ij,M

= Ñ J
ij
.Q

M

C                                                                                                                                                               (8 ) 

T his c o u pli n g gi v es a c c e ss t o t h e n o nl o c al d y n a mi c dis or d er
 
s

ij
,
 
a gl o b al m e as ur e of t h e fl u ct u ati o ns of 

t h e tr a nsf er i nt e gr als J
ij
,5 7  

                                                                                                             (9 ) 

B e c a us e of t h eir c o m p ut ati o n al c o st, n o nl o c al el e ctr o n -p h o n o n c o u pli n gs a n d s
ij
 h a v e b e e n e v al u at e d 

o nl y f or a li mit e d n u m b er of m ol e c ul es 2 4, 5 9, 6 8, 9 7  a n d t h er e is n o dir e ct e x p eri m e nt al c o u nt er p art t o v ali d at e 

t h e t h e or eti c al r es ults. As o n e c a n s e e fr o m e q. 8 t h e ir a c c ur a c y d e p e n ds o n t h e a c c ur a c y of t h e tr a nsf er 

i nt e gr al a n d t h e n or m al m o d es f or w hi c h i n d e p e n d e nt e x p eri m e nt al v ali d ati o n is p o ssi bl e.  

W hil e it is d esir a bl e t o h a v e m at eri als wit h s m all d y n a mi c dis or d er s
ij
, t his q u a ntit y d e p e n ds o n t h e 

el e ctr o ni c a n d vi br ati o n al str u ct ur e of t h e m at eri als i n s u c h a c o m pl e x w a y t h at it m a y s e e m i m p o ssi bl e 

t o d e v el o p a n i nt uiti v e u n d erst a n di n g of w h y s o m e m at eri als h a v e s m all er o r l ar g er d y n a mi c dis or d er. A 

r e c e nt a n al y sis of 1 2 m at eri als h as s u g g est e d t h a t t h e m a g nit u d e of s
ij
 is l ar g el y d e p e n d e nt o n t h e 

m a g nit u d e of  | Ñ J| (s e e Fi g ur e 3).6 3  O n e pr a cti c al i m pli c ati o n of t his o bs er v ati o n is t h at o n e c a n att e m pt 

t h e d esi g n of m at eri als wit h s m all el e ctr o n p h o n o n c o u pli n g b y f o c usi n g o n t h e i d e ntifi c ati o n of m at eri als 

wit h s m al l | Ñ J|, n e gl e cti n g t h e p h o n o n c al c ul ati o ns i n t h e first i nst a n c e or e m pl o yi n g m or e a p pr o xi m at e d 

m et h o d s  f or t h e c al c ul ati o n of t h e p h o n o ns. 
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Fi g ur e 3.  T h e c orr el ati o n b et w e e n  d y n a mi c dis or d er s  a n d gr a di e nt of t h e tr a n sf er i nt e gr al | Ñ J| f or 1 2 m at eri als. 

Fi g ur e a d a pt e d fr o m R ef. 6 3 .  
 

I n e qs.  ( 1) a n d ( 5)  it is ass u m e d t h at t h e n o nl o c al el e ctr o n -p h o n o n c o u pli n g  is li n e ar, a n ass u m pti o n m or e 

li k el y t o f ail f or l o w-fr e q u e n c y m o d es (m or e a n -h ar m o ni c a n d c h ar a ct eri z e d b y l ar g e r a m plit u d es ). 

B e c a us e of t h es e c o n c er ns, t h e e arl y e v al u ati o ns of d y n a mi c dis or d er e m pl o y e d cl assi c al M ol e c ul ar 

D y n a mi cs t o st u d y t h e fl u ct u ati o n of t h e tr a nsf er i nt e gr al i n t h e ti m e d o m ai n, i g n ori n g t h e d e c o m p o siti o n 

i nt o n or m al m o d es a n d i m pli citl y a c c o u nti n g f or n o n-li n e arit y of el e ctr o n-p h o n o n c o u pli n g a n d 

a n h ar m o ni cit y .1 5, 9 8, 9 9  T h e a p pr o xi m ati o n i n e qs.  ( 1) a n d ( 5) is h o w e v er e xtr e m el y c o n v e ni e nt es p e ci all y 

b e c a us e p ar a m etri z ati o n of cl assi c al si m ul ati o ns c a n b e v er y t e di o us if o n e w a nts t o c o nsi d er a l ar g e s et 

of c h e mi c all y diff er e nt m ol e c ul e s . T o c h e c k t h e v ali dit y of t h e li n e ar a p pr o xi m ati o n, w e h a v e st u di e d t h e 

d e vi ati o n fr o m li n e arit y f or t h e l ar g est tr a nsf er i nt e gr al of r u br e n e a n d 3, 6 -bis( 3 -

C hl or o p h e n yl) p yrr ol o( 3, 4 -c) p yrr ol e -1, 4 -di o n e  (i d e ntifi e d as “ W E B K A P ” i n t h e C a m bri d g e Str u ct ur al 

D at a b as e ). T h e l ar g est tr a nsf er i nt e gr al of t h es e t w o cr yst als ar e of si mil ar m a g nit u d e w hil e t h e y pr es e nt 

a si g nifi c a ntl y diff er e nt d y n a mi c dis or d er , as s u c h, t h e tr a nsf er i nt e gr al J ( d y n a mi c dis or d er 𝜎 ) of  W E B K A P 

a n d r u br e n e ar e r es p e cti v el y 0. 1 4 6 ( 0. 0 8 1) a n d 0. 1 3 9  ( 0.0 4 3) e V. T h e tr a nsf er i nt e gr al s  ar e c o m p ut e d  

b as e d o n t h e m et h o d e x pl ai n e d i n r ef. 1 8  at t h e B 3 L Y P/ 3 -2 1 G * l e v el of t h e t h e or y a n d t h e d y n a mi c dis or d er s 

b as e d o n t h e  m et h o d d e v el o p e d i n r ef .5 4 . T h es e str u ct ur all y diff er e nt m at eri als pr o vi d e a r e as o n a bl e 

st arti n g p oi nt f or pr eli mi n ar y i n v esti g ati o n of li n e ar c o u pli n g ass u m pti o n.  I n t h e c o nsi d er e d str u ct ur es, for 

e a c h m o d e, t h e  d e vi ati o n fr o m li n e arit y c a n b e d efi n e d as 0| ( ( 1) ) |M  M  M MD g J Q J g     a n d e x pr ess e d as 

a p er c e nt a g e. T h e  m e di a n MD  f or r u br e n e a n d W E B K A P is j ust 3. 6 % a n d 2. 8 % , r es p e cti v el y; t h e 

M o d eli n g c h ar g e tr a n s p ort i n hi g h- m o bilit y m ol e c ul ar s e mi c o n d u ct or s: b al a n ci n g el e ctr o ni c str u ct ur e a n d q u a nt u m d y n a mi c s m et h o d s wit h t h e h el p of e x p eri m e nt s
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distribution of this quantity is shown in Figure 4(a and e) with an illustration of the type of non-linearity 

that one can expect to find in their right hand side panels (b-d) and (f-h) corresponding to MD = 0, 5 and 

14%. 

 

Figure 4. (a) Distribution of deviation from linear electron-phonon coupling approximation for the highest transfer 
integral of rubrene with the associated molecular pair. (b-d) Comparison between linear approximation and real 
electron-phonon couplings. The light grey line indicates the transfer integral at equilibrium geometry (in the absence 
of nonlocal electron-phonon coupling). The corresponding values of deviation from top to bottom are 0, 5 and 14%. 
The same set of analysis is reported in panels (e-h) for WEBKAP. The small nonlocal electron-phonon couplings 
(|gM|<10-5 eV) are neglected in our analysis.  
 

These results suggest that considering only a liner nonlocal electron-phonon coupling should be 

sufficiently accurate at least for the considered structures but more importantly, this analysis 

Modeling charge transport in high-mobility molecular semiconductors: balancing electronic structure and quantum dynamics methods with the help of experiments
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demonstrates that the linearity of the nonlocal electron-phonon coupling can be easily verified. The 

advantages of the linear approximation are so significant that it is worth resorting to them with additional 

checks if deemed necessary. 

Another common approximation is that all the phonons contributing to nonlocal electron-phonon 

couplings are classical (i.e. ) and explicit calculations allow a direct validation of this assumption. 

Indeed, the contribution of high frequency modes to the nonlocal electron-phonon coupling is not 

completely negligible.16,59,69 An example of such calculation is shown in Figure (5) for the highest transfer 

integral of rubrene,59 where the contribution of high-frequency modes to the fluctuation of the transfer 

integral at room temperature is 9%. The percentage appears to be small despite strong coupling with high-

frequency modes because these modes are not populated at room temperature. The presence of high-

frequency modes contributing to the nonlocal electron-phonon coupling is usually neglected in all 

semiclassical simulation methods.16,100–102  

 

Figure 5. The spectral density  for the largest transfer integral of rubrene crystal. Figure 

adapted from Ref.59. 
 

3. Models for charge transport 

In this section, we give an overview of the various theoretical approaches developed for evaluating charge 

transport in molecular semiconductors, their theoretical principles, the physical insight provided by each 

one of them and an estimation of their validity range. The focus of this work is on high-mobility materials 

Modeling charge transport in high-mobility molecular semiconductors: balancing electronic structure and quantum dynamics methods with the help of experiments
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( e. g.  > 0. 5 c m 2 / Vs) a n d t h er ef or e m e c h a nis ms of tr a ns p ort t h at r et ai n s o m e d e gr e e of q u a nt u m 

c o h er e n c e of t h e c arri er . A t ot all y i n c o h er e nt m e c h a nis m, w h er e t h e c arri er h o ps fr o m m ol e c ul e t o 

m ol e c ul e wit h a  c h ar a ct eristi c r at e c o nst a nt , c a n b e r ul e d o ut f or hi g h-m o bilit y m at eri als o n t h e b asis of 

el e m e nt ar y ar g u m e nts. Si m pl y o bs er vi n g t h at i n c o h er e nt h o p pi n g c a n n ot b e f ast er t h a n vi br ati o n al 

r el a x ati o n, t h e m a xi m u m m o bilit y t h at c o ul d b e d es cri b e d b y h o p pi n g w as esti m at e d i n r ef.1 0 3  as 

, w h er e c  is t h e s p e e d of li g ht, L t h e s h ort e st dist a n c e b et w e e n t h e m ol e c ul es, a n d   t h e 

l o w t e m p er at ur e wi dt h i n w a v e n u m b ers of R a m a n vi br ati o n al p e a ks i n t h e s oli d st at e. S u c h r el ati o n, w hi c h 

o nl y c o nt ai ns e x p eri m e nt al p ar a m et ers, s u g g ests t h at r o o m t e m p er at ur e m o bilit y e x c e e di n g ~ 0. 1 c m 2 / Vs 

c a n n ot b e d u e t o a c o m pl et el y i n c o h er e nt tr a ns p ort m e c h a nis m. I n c o h er e nt tr a ns p ort m o d els ar e still 

i m p ort a nt i n m a n y i nt er esti n g c as es ( v er y n arr o w b a n ds, tr a p-li mit e d tr a ns p ort) a n d ar e e xtr e m el y us ef ul 

as li miti n g t h e ori es als o f or hi g h -m o bilit y tr a ns p ort. F or t his r e as o n, t h e y will b e bri efl y o utli n e d h er e wit h 

m or e e xt e nsi v e dis c ussi o n a v ail a bl e fr o m ot h er r e c e nt r e vi e w s .2 0, 2 3, 3 8, 1 0 4  

I n c o h er e nt h o p pi n g m e c h a ni s ms. O n e of t h e si m pl est a n d still wi d el y  us e d a p pr o a c h es f or t h e e v al u ati o n 

of t h e m o bilit y is b as e d o n t h e c al c ul ati o n of t h e h o p pi n g r at e of a c h ar g e b et w e e n n ei g h b ori n g m ol e c ul es 

k H O P . F or m ol e c ul es i n a p erf e ct cr y st al, o n e c a n us e t h e n et w or k of r at e c o nst a nts t o e v al u at e t h e c h ar g e 

diff usi o n c o effi ci e nts a n al yti c all y 1 0 5  or usi n g a Ki n eti c M o nt e C arl o s c h e m e 5 6  ( m or e us ef ul if o n e wis h es t o 

i n cl u d e a d diti o n al eff e cts of dis or d er1 0 6, 1 0 7 ). O n e s h o ul d i nst e a d b e w ar y of e x pr essi o ns of t h e m o bilit y 

w hi c h a p p e ar t o b e w ei g ht e d a v er a g es of t h e h o p pi n g r at e s a s ,3 7, 1 0 8   

m =
e

k
B
T

1

2 d
r
n

2

n = 1

N

å k
n

H O P P
n
                                                                                                                                              (1 0 ) 

w h er e t h e s u m is o v er all n ei g h b ori n g m ol e c ul es N , wit h d  b ei n g t h e s p ati al di m e nsi o n alit y,  n a s p e cifi c 

h o p pi n g p at h w a y wit h t h e i nt er m ol e c ul ar c e nt er -t o-c e nt er dist a n c es r
n
, a n d P

n
 t h e h o p pi n g pr o b a bilit y 

d et er mi n e d as  P
n
= k

n

H O P k
m

H O P

m = 1

N

å . T h es e c o ntr a di ct t h e pri n ci pl e t h at t h e o v er all r at e of a pr o c ess is 

d et er mi n e d b y t h e sl o w er r at e s ( n ot a n a v er a g e of all r at es) a n d f ail w h e n s o m e r at e c o nst a nt s  ar e s et t o 

z er o gi vi n g a fi nit e m o bilit y w h er e as t h e c orr e ct m o bilit y w o ul d b e z er o.  

O n e of t h e m ost us e d e x pr essi o ns of t h e h o p pi n g r at e is t h at pr o p o s e d b y M ar c us 1 0 9  ( or i n a sli g htl y 

diff er e nt f or m b y H olst ei n 1 1 0 ):  
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                                                                                                                        ( 1 1) 

T h e c o n diti o ns f or t h e v ali dit y of e q. ( 1 1) ar e t h at: (i) | J|< < l , (ii) all n u cl e ar m o d es c o u pl e d wit h t h e 

c h ar g e tr a nsf er c a n b e tr e at e d cl assi c all y, a n d (iii) t h e vi br ati o n al r el a x ati o n is f ast er t h a n t h e h o p pi n g 

r at e. T h e vi ol ati o n of t h e l ast c o n diti o n m a k e s t h e c o n c e pt of r at e c o nst a nt u n d e fi n e d a n d m a k e s t h e 

tr a ns p ort c o h er e nt t o s o m e e xt e nt, as dis c uss e d a b o v e. A h o p pi n g r at e c a n b e still d efi n e d f or J as l ar g e 

as ~ l / 2 ( b e y o n d t his v al u e t h er e is n o st a bl e st at e wit h a c h ar g e l o c ali z e d o n a m ol e c ul e) a n d hi g h -

fr e q u e n c y m o d es. I n t h e si m pl est c as e of h ar m o ni c o n e-di m e nsi o n al p ot e nti al e n er g y s urf a c es wit h 

fr e q u e n c y ω  t h e r at e c a n b e e x pr ess e d as,1 1 1  

 k H O P  =  
ω

2 π
k L Z  Γ e x p ( −

( ∆G + λ) 2

4 λ k B T
)                                                                                                                                                    ( 1 2) 

wit h  ∆ G  b ei n g  t h e e x ot h er mi cit y of t h e r e a cti o n, Γ  t h e n u cl e ar t u n n eli n g f a ct or oft e n t a k e n e q u al t o  o n e 

as it is e x p e ct e d t o b e i m p ort a nt o nl y i n l o w t e m p er at ur es  a n d  k L Z  t h e t h er m all y a v er a g e d L a n d a u-Z e n er 

c o effi ci e nt c orr es p o n di n g t o t h e “ el e ctr o ni c t u n n eli n g ”. 1 1 2 – 1 1 4  T h e  a di a b ati c a n d n o n a di a b ati c (i. e. t h e 

M ar c us f or m ul a) li mits ar e t h e n r e c o v er e d b y k L Z  = 1  a n d k L Z  =  
2 | J| 2

ℏ ω
√

π 3

λ k B T
 , r es p e cti v el y. 1 1 5, 1 1 6  T h e i d e a of 

i ntr o d u ci n g a si n gl e eff e cti v e hi g h-fr e q u e n c y m o d e1 1 7  w as a d o pt e d b y s e v er al a ut h ors, f or e x a m pl e , t o tr y 

t o r e pr o d u c e is ot o pi c eff e cts. 1 1 8  T o i n cl u d e t h e eff e ct of m ulti pl e m o d es , L a n di et al. h a v e utili z e d s e c o n d -

o r d er c u m ul a nt ( S O C) e x p a nsi o n of t h e ti m e -d e p e n d e nt r e d u c e d d e nsit y m atri x hi g hli g hti n g  t h e 

i m p ort a n c e of m ulti pl e m o d es t o d es cri b e t h e t e m p er at ur e d e p e n d e n c e of t h e r at e.1 1 9  Y a n et al. h a v e 

c al c ul at e d t h e e x a ct m e m or y k er n els of t h e N a k aji m a -Z w a n zi g -M ori G M E f or a o n e di m e nsi o n al H olst ei n 

t y p e m o d el b y e m pl o yi n g t h e D y s o n r el ati o n f or t h e e x a ct m e m or y k er n el, c o m bi n e d wit h t h e hi er ar c hi c al 

e q u ati o ns of m oti o n m et h o d. 1 2 0   

B a n d tr a n s p ort . B a n d tr a ns p ort t h e or y r eli es o n t h e s ol uti o n of t h e el e ctr o ni c pr o bl e m i n a p erf e ct 

u n p ert ur b e d l atti c e. A c c or di n g t o  t his t h e or y, t h e el e ctr o ns f or m Bl o c h w a v es w hi c h c a n b e i d e ntifi e d b y 

a w ell -d efi n e d m o m e nt u m k  a n d t h e e n er g y b a n d dis p ersi o n E (k ). I n a p erf e ct l atti c e, a c h ar g e c arri er wit h 

a n eff e cti v e m ass   pr o p a g at es at t h e gr o u p v el o cit y   wit h o ut a n y 

s c att eri n g. 1 2 1 – 1 2 3  M ol e c ul es ar e h el d t o g et h er i n a s oli d b y w e a k V a n d er W a als f or c es c a usi n g l ar g e t h er m al 

m ol e c ul ar m oti o ns at t h e r o o m t e m p er at ur e a n d i n cr e as e d el e ctr o n s c att e ri n g.1 6  C o ns e q u e ntl y, b a n d 

tr a ns p ort t h e or y br e a ks d o w n i n t h e pr es e n c e of cr y st al’s i n h er e nt l ar g e s c att eri n gs l e a di n g t o m e a n -fr e e-

p at h s m all er t h a n  i nt er m ol e c ul ar s p a ci n g, i. e. b el o w t h e M ott -I off e-R e g el ( MI R) li mit.1 2 4, 1 2 5   

M o d eli n g c h ar g e tr a n s p ort i n hi g h- m o bilit y m ol e c ul ar s e mi c o n d u ct or s: b al a n ci n g el e ctr o ni c str u ct ur e a n d q u a nt u m d y n a mi c s m et h o d s wit h t h e h el p of e x p eri m e nt s



 1 5  

It is e x p e ct e d t h at at hi g h er t e m p er at ur es t h e fl u ct u ati o ns a n d t h er ef or e s c att eri n gs  b e c o m e m or e 

pr of o u n d. T o esti m at e w h at is t h e m a xi m u m t e m p er at ur e f or w hi c h t h e b a n d t h e or y c a n b e a p pli e d, 

Br e d as a n d c o -w or k ers c o m p ar e d  t h e t h er m al-a v er a g e d v el o cit y -v el o cit y t e ns ors a n d  t h e e x p eri m e nt al 

m o bilit y d at a a n d r e a c h e d t h e c o n cl usi o n t h at t h e b a n d m o d el c a n b e a p pli e d f or t e m p er at ur es o nl y u p 

t o a b o ut 1 5 0 K, i. e. t h e b a n d tr a ns p ort  t h e or y is i na d e q u at e f or r o o m t e m p er at ur e.1 2 6  T o d et er mi n e t h e 

v al u e of t h e m o bilit y c orr es p o n di n g t o t h e MI R c o n diti o n (i. e. t h e l o w er li mit of b a n d t h e or y), i n R ef. 2 1 , 

st arti n g fr o m t h e s e mi cl assi c al Dr u d e e x pr essi o n m =
e t

m *
 ( wit h t  b ei n g t h e ti m e i nt er v al b et w e e n t w o 

s u c c essi v e s c att eri n g e v e nts) , t h e a ut h ors e v al u at e d t h e m o bilit y f or a o n e-di m e nsi o n al m o d el  of  r u br e n e 

b y t a ki n g J = 1 4 3 m e V a n d T  = 3 0 0 K . T h e y att ai n e d MI R c orr es p o n di n g m o bilit y of  2 3 c m 2 / Vs a n d a  si mil ar 

esti m ati o n w as  als o m a d e i n r ef.1 2 6 . T h er ef or e, o n e c a n c o n cl u d e t h at hi g h -m o bilit y m ol e c ul ar 

s e mi c o n d u ct ors  at r o o m t e m p er at ur e h a v e m o biliti es a b o v e t h e ( m a xi m u m) h o p pi n g li mit a n d b el o w t h e 

( mi ni m u m) MI R li mit  r e q uiri n g n e w m et h o ds t o d e al wit h t h eir c h ar g e tr a ns p ort pr o p erti e s  (at l o w 

t e m p er at ur es t h e y m a y h a v e hi g h er m o bilit y c o nsist e nt wit h b a n d tr a ns p ort ). 

T h e s c att eri n g of t h e Bl o c h st at es b y t h e m ol e c ul ar vi br ati o ns c a n b e i n cl u d e d as a p ert ur b ati o n i n t h e 

b a n d tr a ns p ort m o d el 1 2 7  a n d m et h o ds c o m bi ni n g b a n d t h e or y a n d m a n y -b o d y p ert ur b ati o n t h e or y ar e 

e x p e ct e d t o a c c ur at el y c a pt ur e el e ctr o n -p h o n o n s c att eri n g. H o w e v er, d u e t o hi g h c o m p ut ati o n al c o st, 

t h es e c al c ul ati o ns h a v e b e e n o nl y a p pli e d t o i n or g a ni c m at eri als 1 2 8, 1 2 9  wit h s m all u nit c ells  b ut n ot t o 

or g a ni c s e mi c o n d u ct ors w it h r el ati v el y l ar g e u nit c ells. T h er e h a v e b e e n als o ot h er att e m pts t o t h e 

g e n er aliz ati o n of t h e b a n d tr a ns p ort t h e or y e. g. b y c o nsi d eri n g a c o usti c d ef or m ati o n p ot e nti al m o d el i n 

t h e c al c ul ati o n of r el a x ati o n ti m es of c h ar g e c arri ers 1 3 0 – 1 3 2  w h er e t h e b asi c ass u m pti o n is t h at t h e 

s c att eri n g ori gi n at e s fr o m t h e a c o usti c p h o n o ns a n d t h eir i m p a ct c a n b e c o nsi d er e d b y a u nif or m l atti c e 

dil ati o n or d ef or m ati o n. 1 3 3  I n r ef.6 8 , N. -E. L e e a n d c o -w or k ers , i n t h e fr a m e w or k of a b i niti o b a n d t h e or y, 

h a v e c arri e d o ut D F T c al c ul ati o ns e m pl o yi n g a pl a n e -w a v e b asis s et b y c o nsi d eri n g t h e  Gri m m e v a n d er 

W a als ( v d W) c orr e cti o n 1 3 4  i n str u ct ur al r el a x ati o n. P h o n o n dis p ersi o ns ar e c o m p ut e d wit h d e nsit y 

f u n cti o n al p ert ur b ati o n t h e or y ( D F P T)1 3 5  a n d t h e el e ctr o n -p h o n o n c o u pli n g m atri x el e m e nts usi n g t h e 

E P W c o d e .1 3 6  It s h o ul d b e r e m e m b er e d t h at all th es e m et h o ds ar e e x p e ct e d t o pr o vi d e r eli a bl e r es ults 

o nl y i n t h e li mit of a r el ati v el y w e a k d y n a mi c dis or d er, e. g. at l o w t e m p er at ur e. M or e o v er, t h e a b -i niti o 

b as e d b a n d m o d els s u c h as r ef.6 8  ar e q uit e c o m p ut ati o n all y d e m a n di n g (t h e w or k w as c arri e d o ut f or 

n a p ht h al e n e), w ell s uit e d f or b e n c h m ar k st u di es  r at h er t h a n m at eri als dis c o v er y w or k.  

S m all p ol ar o n t h e or y . S m all p ol ar o n t h e or y d es cri b es t h e c h ar g e c arri ers al o n gsi d e a dr essi n g cl o u d of 

p h o n o ns a n d w as i ntr o d u c e d b y H olst ei n t o d es cri b e t h e i m p a ct of l o c al el e ctr o n-p h o n o n c o u pli n g o n t h e 

M o d eli n g c h ar g e tr a n s p ort i n hi g h- m o bilit y m ol e c ul ar s e mi c o n d u ct or s: b al a n ci n g el e ctr o ni c str u ct ur e a n d q u a nt u m d y n a mi c s m et h o d s wit h t h e h el p of e x p eri m e nt s
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charge dynamics.78 The theory predicts that, in response to electron-phonon couplings, the charge carrier 

becomes increasingly more localized leading to narrower bands at increasing temperature,93 and 

experiments such as ARPES which have demonstrated this effect.137,138 The band narrowing factor can be 

obtained by Lang-Firsov canonical transformation of the Hamiltonian followed by thermal averaging over 

the phonon modes as,139  

                                                                                                                        (13) 

with  being the occupation number. In principle, band narrowing is equivalent 

to assuming that the transfer integrals can be replaced by “thermally averaged” transfer integrals. As the 

band narrowing is larger at high temperatures, the consequence of this theory is that the transport is 

band-like at low temperatures with the charge-carrier mobility decreasing with temperature in a power-

law form140 and a hopping like behavior at high temperatures when the bandwidth became too small to 

sustain delocalized states.7,141,142  

An attempt to extend the transport theory to incorporate the impact of both local and nonlocal electron-

phonon couplings was initiated by Munn and Silbey considering a Holstein-Peierls type Hamiltonian.143,144 

Unlike in the original Holstein model, which always yields a narrower band, it was found that the presence 

of nonlocal coupling changes the shape of the band and depending on the system’s parameters may lead 

to band broadening. In another study, Bobbert and co-workers93,145 fitted microscopic parameters 

extracted from ab initio calculations into the same type of Hamiltonian and were able to reproduce the 

experimental data of naphthalene crystal, even when neglecting the coupling with acoustic modes.145 

Polaron theory has the same shortcomings of the band theory, i.e. short mean free path and mobility 

falling below the MIR limit.  

Polaronic theories still play an important role in treating the coupling between the carrier and high-

frequency modes. The thermal averaging required to derive equations like (13) is justified for vibrational 

modes, which are faster than the carriers (larger than ). However, as shown in Figure (2), the 

vibrational frequencies coupled with the carrier are spread out over a large window meaning that the 

band-narrowing picture can only be “partially” justified. Moreover, the fluctuations of the transfer 

integrals take place at the same timescale as the carrier and are extremely large in amplitude. This 

suggests that an ideal feature of any theory is the ability to describe the coupling of the electron with 

phonons of a broad range of energies.  

Modeling charge transport in high-mobility molecular semiconductors: balancing electronic structure and quantum dynamics methods with the help of experiments
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Mixed quantum-classical approaches. The main motivation in developing mixed quantum-classical 

approaches is to provide an optimal combination of satisfactory accuracy and reasonable computational 

cost for the study of electron-phonon interactions.23,146–148 These approaches assume that due to the 

different nature of electrons and nuclei involved in charge transport, only the former should be evaluated 

quantum mechanically, while the latter can be treated classically. These semi-classical approaches are 

usually classified into two main categories: the Mean-Field Ehrenfest (MFE) and trajectory surface hopping 

(TSH) which are both non-perturbative methods differing in the way they describe the classical equations 

of motion for the nuclei.  

Mean-Field Ehrenfest model. In the MFE method, the system propagates on a potential energy surface 

obtained based on weighted averaging over all adiabatic states.149,150 The implementation of the MFE in 

the field of charge transport was initiated by introducing the context of polaron and soliton in conductive 

polymers utilizing Su-Schrieffer-Heeger (SSH) model Hamiltonian.151,152 The method was applied to 

molecular crystals to propose for the first time that the transport is limited by dynamic disorder and to 

explain the coexistence of localized states and coherent transport with band-like dependence of the 

mobility from the temperature.16,153 It has sufficiently efficient scaling that could be extended to two-

dimensions.154–156 A recent work proposes an even more approximated MFE, where the charge evolves 

under the field of classical oscillations of the lattice unperturbed by the carrier.157 

Due to its simplicity and straightforward implementation, MFE is widely used in different contexts,16,102,158 

but a number of weaknesses are also well documented. In particular, (i) the mean-field approximation of 

the back-reaction of electrons on nuclear motion can lead to the overheating of the electronic system and 

consequently breaks balance condition,159 (ii) the net adiabatic character of the wavefunction cannot be 

recovered even in the asymptotic regions of configuration space.160 Many of the weaknesses of MFE are 

particularly evident and broadly discussed in the context of chemical dynamics, with problems involving 

very few adiabatic states and with well-defined bonding character.161,162 However, in solid-state problems 

with a continuum of electronic delocalized states it is perfectly acceptable for the wavefunction to be a 

superposition of electronic eigenstates (e.g. it is implicitly accepted in band transport).  

Despite the great advantages of the MFE, its validity for charge transport simulations is debated. In the 

year 2013, Wang and Beljonne suggested that the Ehrenfest theory leads to correct diffusion tensor 

elements but an inaccurate temperature dependence of the carrier mobility.146 The authors determined 

that the problem occurs because the theory relies on only a single potential energy surface. This 

assumption leads to an infinite decoherence time of the charge carrier state which does not seem to be 

reasonable in the localized limit of the transport mechanism. In spite of the important shortcomings of 

Modeling charge transport in high-mobility molecular semiconductors: balancing electronic structure and quantum dynamics methods with the help of experiments



 1 8  

t h e M F E ,1 6 3  it is still b ei n g utili z e d b y diff er e nt gr o u ps a n d diff er e nt m et h o ds b ei n g pro p os e d i n r e c e nt 

y e ars t o a d dr ess t h e pr o bl e m of o v er -c o h er e n c e. F or i nst a n c e, b y i ntr o d u ci n g a c o h er e n c e p e n alt y 

f u n cti o n al t h at a c c o u nts f or d e c o h er e n c e eff e cts,1 6 4, 1 6 5  or b y utili zi n g a n i nst a nt a n e o us d e c o h er e n c e 

c orr e cti o n a p pr o a c h wit h e n er g y -d e p e n d e nt r e w ei g hi n g f a ct ors t o a c c o u nt f or t h e d e c o h er e n c e a n d 

e n er g y r el a x ati o n pr o c ess es .1 6 6, 1 6 7   

Tr aj e ct or y S urf a c e H o p pi n g  m et h o d.  A c c or di n g t o t h e T S H m et h o d , t h e n u cl e ar d y n a mi cs of t h e s y st e m 

c a n b e d es cri b e d b y a n e ns e m bl e of n o n -i nt er a cti n g tr aj e ct ori es.2 3, 1 6 8, 1 6 9  As s u c h, e a c h i n di vi d u al tr aj e ct or y 

e v ol v es b as e d o n t h e N e wt o ni a n d y n a mi cs u n d er t h e i nfl u e n c e of a si n gl e el e ctr o ni c st at e’s p ot e nti al 

e n er g y s urf a c e. El e ctr o ni c tr a nsiti o ns ar e all o w e d a n d ar e i n c or p or at e d i nt o t h e n u cl e ar d y n a mi cs b y a 

s eri es of h o p pi n g e v e nts. T h e m o st p o p ul ar f or m of t h e T S H is t h e f e w e st s wit c h es s urf a c e h o p pi n g ( F S S H) 

m et h o d, 1 7 0  w hi c h mi ni mi z es t h e n u m b er of tr a nsiti o ns b et w e e n diff er e nt  p ot e nti al e n er g y s urf a c es  ( P E Ss). 

A c c or di n g t o t h e F S S H, o nl y i n c as e of n o n -n e gli gi bl e c o u pli n g b et w e e n t h e el e ctr o ni c st at e s , a  tr a nsiti o n 

t a k e s pl a c e. C o nsi d eri n g t h e s y st e m’s w a v e f u n cti o n y = c
n

n

å j
n

 ( j
n

 ar e b asis s et s), o n e c a n d eri v e 

t h e n o n-a di a b ati c c o u pli n g m atri x wit h el e m e nts as V
ij

a d = y
i

d y
j

dt
. T h e pr o b a bilit y of tr a nsiti o n 

b et w e e n a n y t w o a di a b ati c P E Ss ( i a n d j) c a n b e esti m at e d as ,1 7 0  

g
ij
= - D t

2 R e( d
ij

*V
ij

a d )

d
ii

                                                                                                                                                ( 14 ) 

w h er e d
ij

* = c
i

* c
j
 d e n ot e s t h e c h ar g e c arri er’s d e nsit y m atri x a n d D t  t h e m ol e c ul ar d y n a mi cs ti m e st e p. 

As a r es ult of  its si m pl e f or m alis m a n d r el ati v el y a c c e pt a bl e b al a n c e b et w e e n r eli a bilit y a n d effi ci e n c y , t h e 

F S S H m et h o d  h as  b e e n wi d el y  us e d  i n n o n -a di a b ati c c h e mi c al d y n a mi cs .1 7 1 – 1 7 4  H o w e v er, in t h e ori gi n al 

f or m ul ati o n, s o m e s h ort c o mi n gs hi n d er p arti c ul arl y t h e si m ul ati o n of c h ar g e tr a ns p ort: (i) t h e d e c a y of 

t h e el e ctr o ni c c o h er e n c es b et w e e n a di a b ati c st at e s is n ot c orr e ctl y d es cri b e d,1 7 0  (ii) “ u n a v oi d e d ” cr o ssi n gs 

b et w e e n p ot e nti al e n er g y s urf a c es  ar e n ot tr e at e d pr o p erl y w hi c h m a y l e a d t o u n p h y si c al l o n g -r a n g e 

c h ar g e tr a nsf ers, 1 7 5  (iii) t h e d e c o h er e n c e c orr e cti o n m et h o ds ar e s p e c ul at e d t o  l e a d t o u n-p h y si c al l o n g -

r a n g e c h ar g e tr a nsf ers, 1 7 6, 1 7 7  (i v) s o m e n u cl e ar q u a nt u m eff e ct s s u c h as z er o -p oi nt e n er g y a n d t u n n eli n g 

t h at pl a y a n i m p ort a nt r ol e p arti c ul arl y at l o w t e m p er at ur es  ar e n ot c o nsi d er e d .1 7 8  I n t h e l ast f e w y e ars 

eff e cti v e a n d s u c c essf ul s ol uti o ns t o pr o bl e m s (i) -(iii) h a v e b e e n d e v el o p e d a n d a p pli e d i n t h e c o nt e xt of 

c h ar g e tr a ns p ort i n or g a ni c  s e mi c o n d u ct ors. F or i nst a n c e, i n R ef. 1 7 9 , Bl u m b er g er a n d c o-w or k ers h a v e 

i n v esti g at e d t h e i m p a cts of t h e first t hr e e af or e m e nti o n e d iss u es  o n t h e F S S H si m ul ati o n of c h ar g e 

M o d eli n g c h ar g e tr a n s p ort i n hi g h- m o bilit y m ol e c ul ar s e mi c o n d u ct or s: b al a n ci n g el e ctr o ni c str u ct ur e a n d q u a nt u m d y n a mi c s m et h o d s wit h t h e h el p of e x p eri m e nt s
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transport in organic materials. To this aim, they utilized a fragment-orbital based surface hopping (FOB-

SH),180,181 a semi-empirical approach that is developed to quantify the electronic Hamiltonian and nuclear 

derivatives in organic crystals. In this method, the charge carrier wavefunction is expanded on the basis 

of singly occupied molecular orbitals of the constituting molecules, which are computed using DFT. The 

on-site energies of the electronic Hamiltonian are approximated with a classical force field182 and the 

electronic couplings are calculated using analytic overlap method.33 This method is similar to 

semiempirical approaches such as self-consistent charge density-functional tight-binding method 

developed by Kubar and Elstner,183,184 with slight differences in computation of the Hamiltonian matrix 

elements and nuclear forces. Beljonne and co-workers, in an attempt to address the unavoided crossing 

problem in the FSSH method, suggested eliminating the interaction between the states which represent 

weak coupling in an approach named flexible surface hopping.101 Consequently, all adiabatic states are 

physically close which significantly diminish the possibility of unphysical long-range charge transfer. This 

method can potentially resolve this issue, but the fact that critical parameters are required to ensure 

stability and accuracy of the simulations makes its usage challenging and implies that parameter-free 

techniques would be desirable. Wang et al. classified surface crossings into four general types and 

presented a parameter-free crossing corrected FSSH (CC-FSSH) algorithm, which is expected to deal 

properly with multiple surface crossings in a given time interval. They were able to investigate electron 

dynamics in a series of one-dimensional Holstein models.185–187 To investigate point (iv), ref.178 by 

considering a dimer of ethylene-like molecules embedded in a bath of neon atoms and through combining 

the surface hopping with a path-integral simulation of nuclear dynamics, suggests that the impacts of 

tunneling and zero-point motion are not significant for organic materials in particular at room 

temperature. Moreover, it has to be noted that the tunneling is not expected to be crucial for high-

mobility organic semiconductors as in this case, there are no barriers to tunnel through between 

equilibrium geometries of neutral and charged states. On the contrary, obviously, in the low-mobility 

organic materials tunneling becomes important in particular at low temperature.  

Other approaches have been also developed to address one or more of the original FSSH shortcomings, 

although they have yet to be applied in the context of charge transport. For instance, a global flux surface 

hopping, which is used to compute the hopping probabilities using quantum populations instead of 

nonadiabatic couplings.188,189 The local diabatization approach of FSSH (LD-FSSH) proposed by Granucci 

and co-workers190,191 is developed to deal with trivial crossings. In a recent review, Wang et al. have 

provided a comprehensive overview of the trivial crossing problem in extended systems (e.g. many-
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 2 0  

di m e nsi o n al a n d m a n y -st at e s y st e m s) .1 9 2  T h e r e a d er is als o r ef err e d t o r efs. 2 3, 1 9 3  f or a s u m m ar y of t h e 

r e c e nt pr o gr ess es i n t h e fi el d.  

S urf a c e h o p pi n g a n d m e a n -fi el d m et h o ds s h ar e t h e pr o bl e m t h at o n e of t h eir m ai n ass u m pti o ns, n a m el y 

t h at t h e p h o n o n c a n b e tr e at e d cl assi c all y, is n ot stri ctl y v ali d b e c a us e of t h e n o n -n e gli gi bl e r ol e of hi g h -

fr e q u e nc y m o d es f or b ot h l o c al a n d n o n -l o c al c o u pli n g as d et ail e d i n s e cti o n 2. I n t h e c as e of s urf a c e 

h o p pi n g a n a d diti o n al c o m m o n criti cis m is t h at t h e m et h o d c a n n ot b e d eri v e d t hr o u g h a ri g or o us s et of 

a p pr o xi m ati o ns 1 9 4  a n d t h er ef or e it is n ot e as y t o est a blis h w h e n it br e a ks d o w n. T h e t w o a p pr o a c h es 

b e h a v e v er y diff er e ntl y i n t h e li mits of p ur e h o p pi n g or p ur e b a n d tr a ns p ort. S urf a c e h o p pi n g m et h o ds 

c a n d e al m or e e asil y wit h t h e li mit of p ur e h o p pi n g tr a ns p ort ( alt h o u g h c orr e cti o ns ar e r e q uir e d 1 9 5 ) a n d 

b e c o m es i n cr e asi n gl y pr o bl e m ati c i n t h e c as e of p ur e b a n d tr a ns p ort ( b e c a us e of t h e hi g h -d e g e n er a c y of 

t h e el e ctr o ni c st at es). M e a n-fi el d a p pr o a c h es, o n t h e c o ntr ar y, c a n i nt er p ol at e b et w e e n t h e i nt er m e di at e 

r e gi m e a n d b a n d tr a ns p ort b ut ar e u n a bl e t o d es cri b e h o p pi n g tr a ns p ort as ass u m e a n i nfi nit e 

d e c o h er e n c e ti m e. F or r e as o ns r el at e d t o t h e hist ori c al d e v el o p m e nt of F S S H f or t h e st u d y of 

p h ot o c h e mi c al r e a cti o ns, t h es e m et h o ds ar e c o m m o nl y i m pl e m e nt e d wit h m ol e c ul ar H a milt o ni a n 

i n cl u di n g all n u cl e ar d e gr e es of fr e e d o m a n d p ot e nti all y a bl e t o d e al wit h n o n-li n e arit y of t h e c o u pli n g 

a n d t h e a n h ar m o ni cit y .1 9 6, 1 9 7  M e a n -fi el d m et h o ds ar e m or e c o m m o nl y us e d o n m o d el H a milt o ni a n wit h a 

r e d u c e d n u m b er of n u cl e ar d e gr e es of fr e e d o m ( h ar m o ni c a n d li n e arl y c o u pl e d wit h t h e el e ctr o ns). T h es e 

r e d u c e d m o d els, t h a n ks t o t h e v ali d ati o n of t h e li n e ar c o u pli n g a n d h ar m o ni c a p pr o xi m ati o ns pr es e nt e d 

i n t h e pr e vi o us s e cti o n, ar e m or e a c c ur at e t h a n ori gi n all y t h o u g ht a n d f or m  t h e b asis f or alt er n ati v e 

a p pr o a c h e s  t o t h e st u d y of q u a nt u m d y n a mi cs i n m ol e c ul ar cr y st als.   

O p e n q u a nt u m s y st e m s. O p e n q u a nt u m s yst e m a p pr o a c h es p artiti o n t h e el e ctr o ni c -vi br o ni c d y n a mi cs 

i nt o a gi v e n s et of d e gr e e s of fr e e d o m n a m el y t h e “ s y st e m ” (i n t his c as e t h e el e ctr o ni c d e gr e es of fre e d o m 

t h at ar e of i nt er est) a n d a “ b at h ” (i n t his c as e t h e vi br ati o n al d e gr e e s of fr e e d o m t h at o n e d o es n ot wis h 

t o c o nsi d er i n d et ail).1 9 8, 1 9 9  T h e st at e of t h e s yst e m is d es cri b e d b y its r e d u c e d d e nsit y m atri x t h at all o w s 

t h e e v al u ati o n of all t h e o bs er v a bl e wit hi n t h e s y st e m, 

r
r e d

(t) = Tr
b at h

[y (t) y (t) ]                                                                                                                                      ( 15 ) 

T h e ti m e e v ol uti o n of ( )r e d t  c a n b e writt e n  as a g e n er aliz e d m ast er e q u ati o n as ,1 9 8, 2 0 0  

0

ˆ( ) [ ( ), ( )] ( , ) ( )
t

r e d r e d r e d

i
t  H t t t j j dj                                                                                                                                               ( 16 ) 
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wit h ( , )t j
 
b ei n g t h e s u p er -o p er at or of “ m e m or y ti m e’’ d es cri bi n g t h e i m p a ct of t h e b at h o n t h e s yst e m. 

T h e m ai n o bst a cl e i n usi n g t his e q u ati o n is t h e f a ct t h at t h er e is n o e x pli cit m et h o d t o e v al u at e ( , )t j  a n d 

s e v er al a p pr o xi m ati o ns h a v e b e e n i ntr o d u c e d t o r e s ol v e t his pr o bl e m. 2 0 1 – 2 0 4   

I n t h e c o nt e xt of c h ar g e tr a ns p ort, d u e t o a  l ar g e n u m b er of vi br ati o n al m o d es i n m ol e c ul ar 

s e mi c o n d u ct ors ( oft e n i n t h e or d er of a f e w h u n dr e d), t h e c o m p ut ati o n al c o st of ti m e -e v ol uti o ns is a n 

i m p ort a nt o bst a cl e t o w ar d a p pli c ati o ns of t h es e m et h o ds. As s u c h, t h e y ar e oft e n li mit e d t o 1 D m o d els 

as d e nsit y m atri x s p a c es gr o w q u a dr ati c all y wit h t h e Hil b ert s p a c e di m e nsi o n. I n a d diti o n, t h es e m et h o ds 

ar e o ft e n a p pli e d t o m o d el r e d u c e d H a milt o ni a n, 2 0 5, 2 0 6  alt h o u g h n ot e x cl usi v el y .2 0 3, 2 0 7  Oft e n t h e s p e ctr al 

d e nsiti es utili z e d i n t h es e st u di es, w hi c h m a nif est t h e el e ctr o n -p h o n o n i nt er a cti o n, d o n ot r el y o n pr e cis e 

c al c ul ati o ns of t h e p h o n o ns b ut r at h er o n t h e p ar a m etri z e d b at hs, e. g.  s u b-o h mi c, o h mi c or s u p er -o h mi c 

s p e ctr al d e nsit y f u n cti o n s. 2 0 2, 2 0 8, 2 0 9  F or i nst a n c e, Y a o st u di e d t h e q u a nt u m d y n a mi cs utili zi n g t h e ti m e -

d e p e n d e nt d e nsit y m atri x r e n or m aliz ati o n gr o u p al g orit h m c o nsi d eri n g a s u b -O h mi c p h o n o n b at h w hi c h 

gi v e s ris e t o a str o n g n o n -M ar k o vi a n eff e ct. 2 0 9  Z h a o a n d c o -w or k ers d e v el o p e d a n o n -M ar k o vi a n 

st o c h asti c S c hr o di n g er e q u ati o n 2 1 0  a n d e xt e n d e d it t o t h e r e ci pr o c al ( k -) s p a c e t o c al c ul at e t h e c arri er 

d y n a mi cs i n or g a ni c s e mi c o n d u ct ors c o nsi d eri n g a n O h mi c s p e ctr al d e nsit y f u n cti o n t o a c c o u nt f or b ot h 

l o c al a n d n o nl o c al c arri er-p h o n o n i nt er a cti o ns. 2 0 8  T h e m o biliti es c o m p ut e d wit hi n t h e fr a m e w or k of o p e n 

q u a nt u m s yst e m m et h o ds oft e n pr es e nt p o w er -l a w b e h a vi or wit h t e m p er at ur e m µ T - a . T h e v al u es of 

a  p ar a m et er ar e m o d ul at e d b y t h e str e n gt h of n o nl o c al el e ctr o n -p h o n o n c o u pli n gs : i n t h e a bs e n c e of 

n o nl o c al i nt er a cti o ns, t h e b e h a vi or is b a n dli k e p o w er -l a w wit h a = 2. 4  w hi c h dr o ps d o w n t o v al u es 

r o u g hl y ar o u n d 1 u p o n i n cr e asi n g t h e i nt er a cti o ns. 2 0 8  

Q u a nt u m M o nt e C arl o ( Q M C).  Q u a nt u m M o nt e C arl o t e c h ni q u es h a v e b e e n r e c e ntl y a p pli e d t o t h e 

c h ar g e tr a ns p ort pr o bl e m i n or g a ni c m at eri als. 2 1 1 – 2 1 3  I n t his m et h o d, e x pli cit q u a nt u m d y n a mics of b ot h 

c arri er a n d p h o n o n ar e  e v al u at e d;  t h er ef or e, t h e y ar e i n pri n ci pl e at pr es e nt t h e m ost e x a ct m et h o ds t o 

tr e at t h e c h ar g e tr a ns p ort. I n R ef. 2 1 2 , D e Fili p pis  a n d c o -w or k ers  h a v e c o nsi d er e d a o n e -di m e nsi o n al ti g ht -

bi n di n g m o d el wit h n o nl o c al el e ctr o n -p h o n o n c o u pli n g wit h a si n gl e o pti c al p h o n o n m o d e  (t h e s o-c all e d 

S u -S c hri eff er -H e e g er ( S S H) m et h o d  2 1 4 ) t o st u d y t h e c h ar g e tr a ns p ort pr o p erti es. T h e i d e a w as t o pr o vi d e 

a d es cri pti o n of w - d e p e n d e nt o pti c al c o n d u cti vit y  s (w ,T ) a n d m o bilit y of a n or g a ni c cr yst al . T o t his e n d, 

t h e y c o m p ut ed  t h e c urr e nt-c urr e nt c orr el ati o n f u n cti o n as,  

P (z ) = - i dt
0

¥

ò e izt [ j(t ), j( 0)]
                                                                                                                            ( 17 ) 

w h er e  j(t ) d e n ot e s  t h e r e al-ti m e H eis e n b er g r e pr es e nt ati o n of t h e c urr e nt o p er at or a n d z = w + ie  wit h 
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e > 0 . T h e  r e al p art of t h e o pti c al c o n d u cti vit y ( a n d t h er ef or e t h e m o bilit y a s m = R e s (w ® 0 + ) / e ) is 

r el at e d t o t h e i m a gi n ar y-ti m e c urr e nt-c urr e nt c orr el ati o n f u n cti o n , w hi c h c a n b e r e c ast as,  

P (w ) = d t
- ¥

¥

ò
1

p

w e - w s

1 - e w T
R e s (w )

                                                                                                                            ( 18 ) 

a n d is s ol v e d b y e m pl o yi n g di a gr a m m ati c 2 1 5  a n d  w orl dli n e 2 1 1  M o nt e C arl o m et h o ds, b ot h yi el d i n g t h e 

s a m e r es ults . T h e o pti c al c o n d u cti vit y is o bt ai n e d usi n g a s m all l atti c e of 2 0 sit es wit h p eri o di c b o u n d ar y 

c o n diti o ns . I n c o nf or mit y wit h e x p eri m e nt al st u di es, t his m et h o d w as a bl e t o m o nit or a cr o ss o v er fr o m 

s u p er - t o s u b- diff usi v e m oti o n f or t h e r u br e n e cr y st al, w hi c h t a k es pl a c e i n t h e t e m p er at ur e i nt er v al 1 5 0 -

2 0 0 K. It h as t o b e n ot e d t h at, i n t his w or k, t h e r es ults a r e fitt e d t o a Dr u d e-L or e nt z m o d el d e pi cti n g t h e 

pr es e n c e of a n el e ctr o ni c b o u n d st at e wit h a s m all r a di us. T his h as b e e n p o ssi bl e b e c a us e t h e a ut h ors 

ass u m e t h at t h er e is a l o c al d ef or m ati o n of t h e cr y st al l atti c e ar o u n d t h e c h ar g e. A c c or di n gl y, t h e fi nit e 

fr e q u e n c y a bs or pti o n c a n b e r el at e d t o i nt er n al d e gr e es of fr e e d o m of s u c h p ol ar o n r at h er t h a n t o t h er m al 

m ol e c ul ar fl u ct u ati o ns. M or e o v er, t h e  Q u a nt u m M o nt e C arl o t e c h ni q u es f or t his pr o bl e m ar e 

c o m p ut ati o n all y d e m a n di n g a n d t h e y h a v e b e e n r estri ct e d t o  o n e -di m e nsi o n al m o d els wit h o n e p h o n o n 

m o d e p er sit e s o f ar . T h er ef or e, t h e y m a y n ot b e pr a cti c al t o b e e xt e n d e d t o hi g h er -di m e nsi o ns or t o b e 

us e d f or hi g h t hr o u g h p ut s cr e e ni n gs. Ot h er si mil ar m et h o ds, e. g. t h o s e b as e d o n t h e s c att eri n g t h e or y 2 1 6  

or d y n a mi c al m e a n -fi el d t h e or y2 1 7  ar e e x p e ct e d t o pr o d u c e si mil ar r es ults b ut , at pr es e nt , t h e y ar e als o 

d e v el o p e d o nl y f or o n e -di m e nsi o n al s y st e m s .  

Tr a n si e nt L o c aliz ati o n T h e or y ( T L T). T h e T L T is b as e d o n t h e o bs er v ati o n t h at t h e d y n a mi c dis or d er l e a ds 

t o a “tr a nsi e nt l o c ali z ati o n ” of t h e w a v ef u n cti o ns o v er a c h ar a ct eristi c ti m es c al e of t h e fl u ct u ati o n t .2 1 8  

O n e c a n d eri v e a q u a ntit ati v e m o d el b as e d o n t his o bs er v ati o n a n d t h e K u b o f or m ul a r el ati n g t h e 

p arti cl e’s m e a n -s q u ar e d dis pl a c e m e nts ( D X 2 , D Y 2 ) a n d t h e r et ar d e d c urr e nt -c urr e nt a nti c o m m ut at or 

c orr el ati o n f u n cti o n  C
+ x (y )

(t)  of t h e c urr e nt o p er at or  ĵ
x (y )

:2 1 8, 2 1 9  

C
+ x (y )

(t) = Q (t) { ĵ
x (y )

(t), ĵ
x (y )

( 0)}
                                                                                                                    ( 19 )

 

w h er e  Q (t) is t h e H e a visi d e st e p f u n cti o n a n d t h e e q u ati o n is writt e n  f or a t w o-di m e nsi o n al ( 2 D) s y st e m . 

T his f u n cti o n is dir e ctl y r el at e d t o t h e m e a n-s q u ar e dis pl a c e m e nt of t h e t ot al p ositi o n o p er at or al o n g t h e 

c h o s e n dir e cti o n,  

d D X 2 (D Y 2 )(t )

dt
=

1

e 2
C

+ x (y )
0

t

ò ( ¢t )d ¢t
                                                                                                                            (2 0 )
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wit h e  b ei n g t h e el e m e nt ar y c h ar g e . T h e f u n cti o n  C + (t) c a n b e  e v al u at e d i ntr o d u ci n g t h e R el a x ati o n Ti m e 

A p pr o xi m ati o n ( R T A), i. e. t h e ass u m pti o n t h at t h e f u n cti o n c a n b e e x pr ess e d i n t er m s of a r ef er e n c e 

s y st e m ( C
+

r ef (t )) fr o m w hi c h it d e c a y s o v er ti m e. T h e si m pl est p o ssi bl e f or m of R T A is C
+
(t) = C

+

r ef (t)e - t t , 

w h er e t h e r el a x ati o n is d et er mi n e d b y a si n gl e c h ar a ct eristi c ti m e c a pt uri n g t h e ti m es c al e of t h e 

fl u ct u ati o n of t h e el e ctr o ni c H a milt o ni an. T h e r ef er e n c e s y st e m us u all y is d efi n e d as a n i d e ali z e d v ersi o n 

of t h e or g a ni c s e mi c o n d u ct or wit h o nl y st ati c dis or d er, i. e. w h er e all t h e m ol e c ul ar dis pl a c e m e nts ar e 

fr o z e n. T his r ef er e n c e e ns ur es t h at, i n t h e li mit of l ar g e t , t h e s y st e m r e c o v ers t h e d y n a mi cs of a st ati c all y 

dis or d er e d s y st e m s u bj e ct t o A n d ers o n l o c ali z ati o n. 2 2 0  It h as t o b e n ot e d t h at t h e c orr el at or C + (t) is n ot 

li mit e d t o t h e m e nti o n e d si m pl e e x pr essi o n a n d a g e n er ali z e d e x pr essi o n li k e C + (t)=  C +
r ef(t) f(t) w o ul d still 

b e f ull y ri g or o us. All q u a nt u m d y n a mi c al m et h o ds d es cri b e d u p t o t h at p oi nt c a n b e us e d t o d et er mi n e a 

m or e a c c ur at e C + (t), s o  t h at T L T c a n b e s e e n as t h e first or d er a p pr o xi m ati o n f or a n y q u a nt u m d y n a mi cs 

wit h a si n gl e p ar a m et er c oll e cti v el y r e pr es e nti n g n u cl e ar d y n a mi cs.  Als o o n e s h o ul d n ot e t h at t h e 

p ar a m et er t , d es pit e b ei n g n ot v er y criti c al f or t h e r es ult s,2 2 1  is n ot n e c e ss aril y i d e nti c al f or all m ol e c ul es 

a n d i n t h e ori gi n al t h e or y is ass o ci at e d wit h t h e ti m es c al e of t h e tr a nsf er i nt e gr al fl u ct u ati o ns .  

A pr a cti c al i m pl e m e nt ati o n of t his m o d el, d es cri b e d i n R ef. 2 2 2 , e nt ails t h e r e p e at e d di a g o n aliz ati o n of 

el e ctr o ni c H a milt o ni a n wit h st ati c dis or d er gi vi n g t h e s q u ar e d tr a nsi e nt l o c ali z ati o n L 2  a n d t h e m o bilit y 

( pr o p orti o n al t o it). W h e n t h e m et h o d is f e d wit h r e alisti c H a milt o ni a n p ar a m et ers it pr o d u c es c o m p ut e d 

m o bilit y i n e x c ell e nt a gr e e m e nt wit h t h e e x p eri m e nts 6 9, 2 2 1  a n d, b e c a us e o f its r a pi dit y, it c a n b e us e d t o 

st u d y a l ar g er s et of h y p ot h eti c al m at eri als.  

I n r ef.2 2 1 , a g e n eri c 2 D m ateri al w as d efi n e d s u c h t h at e a c h m ol e c ul e is s urr o u n d e d b y 6 n ei g h b ors wit h 

t hr e e disti n ct tr a nsf er i nt e gr als J
a
, J

b
, J

c
 as ill ustr at e d i n Fi g ur e 6( a). T h e m o bilit y w as c o m p ut e d f or all 

p o ssi bl e c o m bi n ati o ns of tr a nsf er i nt e gr als wit h  J = J
a

2 + J
b

2 + J
c

2  a n d c o nst a nt n o nl o c al d y n a mi c dis or d er. 

T h e r es ulti n g m a p of m o bilit y ( a cr oss -s e cti o n i s s h o w n i n Fi g ur e 6( b) ; wit h L 2  b ei n g t h e a v er a g e of t h e 

s q u ar e d tr a nsi e nt l o c ali z ati o n l e n gt h o v er x a n d y dir e cti o ns) s h o w e d s o m e e x p e ct e d f e at ur es ( e. g. o n e -

di m e nsi o n al m at eri als h a v e c o nsi d er a bl y l o w er c h ar g e m o bilit y wit h a si mil ar l e v el of dis or d er) b ut als o 

m or e u n e x p e ct e d c h ar a ct eristi cs. T h e r el ati v e si g n of t h e tr a nsf er i nt e gr als is i m p ort a nt s u c h t h at a s yst e m 

wit h  J
a
= J

b
= J

c
 h as m u c h l ar g er h ol e m o bilit y t h a n a s y st e m wit h tr a nsf er i nt e gr als  - J

a
= J

b
= J

c
. T his is a 

m a nif est ati o n of a hi g h d e gr e e of c o h er e n c e i n t h e tr a ns p ort a n d i nt erf er e n c e eff e ct s i n t h e c h ar g e 

d y n a mi cs t h at ar e n ot s e e n i n p ur e h o p pi n g m o d els. A n ot h er i nt er esti n g f e at ur e is t h at t h e t e m p er at ur e 

d e p e n d e n c e of t h e m o bilit y, w hi c h is n or m a ll y c o nsi d er e d a g o o d g ui d e f or t h e i d e ntifi c ati o n of t h e 
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tr a ns p ort m e c h a nis m, d e p e n ds o n t h e el e ctr o ni c str u ct ur e, i. e. it c a n n ot b e us e d t o dis cri mi n at e b et w e e n 

m o d els or r e gi m es of tr a ns p ort.  

B e c a us e of t h e m u c h ri c h er a n d c o m pl e x p h e n o m e n ol o g y i n 2 D, it is i nt er esti n g t o c o nsi d er w h at fr a cti o n 

of m ol e c ul ar s e mi c o n d u ct ors ar e e x p e ct e d t o h a v e b a n ds d el o c ali z e d i n 1, 2, or 3 di m e nsi o ns. C o nsi d er i n g 

t h e s a m e s et of m ol e c ul ar s e mi c o n d u ct ors of r ef.5 4  a n d e v al u at i n g o nl y m at eri als wit h at l e ast o n e tr a nsf er 

i nt e gral l ar g er t h a n 0. 1 e V, o n e fi n ds t h at a b o ut 1 2 % of t h e str u ct ur es ar e 2 D, t h at is dis pl a yi n g a  r ati o 

b et w e e n s e c o n d a n d first hi g h est ( n o n p ar all el) tr a nsf er i nt e gr als l ar g er t h a n 0. 0 5. T h e s et is e v e n m or e 

li mit e d f or 3 D m at eri als w hi c h ar e o nl y 0. 0 1 5 % of t h e c o nsi d er e d d at a b as e. T h er ef or e, o n e c a n c o n cl u d e 

t h at d e v el o pi n g c h ar g e tr a ns p ort m o d els w or ki n g i n t w o di m e nsi o ns is b ot h n e c ess ar y a n d s uffi ci e nt f or 

t h e f a mil y of m ol e c ul ar s e mi c o n d u ct ors. 

Fi g ur e 6. ( a) S c h e m e of a n i d e ali z e d m ol e c ul ar s e mi c o n d u ct or wit h el e ctr o ni c str u ct ur e i n 2 D d et er mi n e d b y t h e 
c o u pli n g wit h 3 n ei g h b ors (ill u str at e d f or R u br e n e ). ( b) T h e s q u ar e d tr a n si e nt l o c ali z ati o n l e n g t h ( pr o p orti o n al t o t h e 

m o bilit y) c al c ul at e d at r o o m t e m p er at ur e f or  J
a
= J c os(q ) a n d  J

b
= J

c
= Jsi n(q ) 2  wit h J = 0. 1  e V , 𝜎 = 0. 1 3  p s  a n d  

d y n a mi c dis or d er  
s

a

J
a

=
s

b

J
b

=
s

c

J
c

= 0. 5  ( bl u e c ur v e). q = 0, p  c orr es p o n d s t o a o n e -di m e n si o n al s y st e m wit h n o n -z er o 

c o u pli n g o nl y i n o n e dir e cti o n. T h e ot h er c ur v es ar e o bt ai n e d  b y  i ntr o d u ci n g a b a n d r e n or m ali z ati o n f a ct or f.  
 
 
M or e r e c e ntl y Fr ati ni a n d Ci u c hi  h a v e n oti c e d t h at T L T m a y f ail f or m at eri als wit h r e d u c e d dis or d er ( or at 

l o w t e m p er at ur e) gi vi n g w a y t o a m or e str ai g htf or w ar d b a n d-tr a ns p ort m e c h a nis m wit h gr e at er 

d el o c ali z ati o n a n d r ar er s c att eri n g e v e nts. 2 2 3  I n t h e s a m e w or k t h e y h a v e d e v el o p e d a u nifi e d t h e or eti c al 

fr a m e w or k w hi c h e m pl o y s  a c orr el at or of t h e f or m C ( t) = C S C ( t) + [ C +
r ef(t) − C S C ( t)] e

-t τ⁄  w h er e C S C ( t)  

d e n ot es t h e c orr el ati o n f u n cti o n i n t h e s e mi cl assi c al B olt z m a n n li mit a n d t h e r el a x ati o n is a p pli e d o nl y t o 

M o d eli n g c h ar g e tr a n s p ort i n hi g h- m o bilit y m ol e c ul ar s e mi c o n d u ct or s: b al a n ci n g el e ctr o ni c str u ct ur e a n d q u a nt u m d y n a mi c s m et h o d s wit h t h e h el p of e x p eri m e nt s
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the correction term. The new formalism incorporates transient localization theory as a limiting case which 

delicately connects with the standard band transport theory.223 The same TLT theory can also be pushed 

in the direction of more localized transport introducing the effect of an increasingly stronger local 

electron-phonon coupling. Such polaronic effects can be introduced easily in TLT if one assumes they are 

solely due to high-frequency modes independent from those influencing the transfer integral. In such 

case, their role is to scale both the transfer integral and their fluctuation by a common renormalization 

factor f (defined in eq. (13)). Figure 6(b), shows that, in the presence of polaronic effects, the mobility 

decreases (as expected) and the interference effects that made the relative sign of the coupling relevant 

gradually becomes less significant as one expects for pure hopping transport. It is important to note that 

in the case of very large reorganization energy/small band renormalization factor, the carrier becomes 

localized on a single molecule. In this case, the squared transient localization length L2 is equal to the 

lattice spacing constant d and therefore, the theory would predict a constant (temperature and f 

independent) mobility of μ=(e/kBT)d2/2τ. It has to be noted that the theory is not strictly speaking 

breaking down, only the additional assumption that the characteristic time τ is a temperature 

independent constant would be now incorrect (the RTA would still be able to reproduce a correct mobility 

if fed with the correct temperature and f dependent τ); however, the advantages of the method would be 

completely lost. 

4. Comparison with thin-film transistor measurements  

As discussed in the introduction, reliable measurements of charge mobility reproducible across research 

groups and applicable to a broad range of materials have started appearing fairly recently.6 An important 

milestone is the realization that measuring thin-film transistor mobility comparable with Hall effect 

mobility provides a critical proof that the observed mobility is intrinsic of the materials and not dominated 

by traps.224–226 More indirect evidence of intrinsic transport is the measurement of band-like temperature 

dependence, i.e. mobility decreasing with increasing temperature, a phenomenology that is completely 

hidden if there is a considerable number of trapped charges.227 Reference experimental data are typically 

obtained in single-crystals since the effect of polycrystallinity on the results is harder to quantify.228 As a 

consequence of these complications, there are probably less than 20 “reference” measurements of 

demonstrably intrinsic mobilities in thin-film transistors that still constitute a very robust sample for the 

validation of the theory.6 

Comparison of any theoretical result with a single material is useful to validate the plausibility of the 

theory and virtually all the theories presented in this section are able to provide mobility of the correct 
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order of magnitude when fed with appropriate parameters for a specific material. The comparison of the 

absolute value of mobility can be misleading not only because of many possible cancellations of errors in 

the theory but also because the experimental mobility is subject to some inaccuracy229 and the effect of 

residual defects. The comparison with the temperature dependence of the mobility is less stringent than 

previously thought because crystal structure deformation with temperature is large enough to change the 

parameters of the Hamiltonian,230 and such temperature dependence is not universal of the material 

class.208,221  

Probably the best strategy to refine the current theoretical models is to compare their results for a range 

of materials whose mobility has been determined accurately and between different theoretical methods. 

This is something that several authors have started doing using surface hopping methods,179,181 transient 

localization theory69,221 and Ehrenfest propagation231 with comparison normally extended to 5-12 

materials. All these works have considered transport in two dimensions, which is essential as discussed 

above. Very reassuringly, these methods produce results in good agreement with each other and with the 

experiments41,221 despite following different paths from the setting up of the system Hamiltonian to the 

computation of the mobility. A possible reason for the agreement is that the mobility is determined in all 

cases by the ratio between the transfer integrals and the dynamic fluctuations, which are computed with 

similar high accuracy in all cases.  

A consequence for materials discovery is that, if one is interested in finding the “best” materials or 

rationalize why some materials are better, this can be done “simply” by computing the Hamiltonian 

parameters and a broadly similar ranking of computed mobilities can be obtained from different methods. 

On the other hand, if one is interested in improved transport theories, possibly covering different 

transport regimes, it is essential to consider more complicated experiments where the materials are 

perturbed in very controlled ways. Important challenges for the theory are given by the study of transport 

in isotopically substituted semiconductors229,232 or materials under mechanical strain.233–235 A recent 

“benchmark” experiment was proposed by the Podzorov group where Hall (intrinsic) mobility was 

measured while the sample was mechanically deformed.236 Even the simple study of the temperature 

dependence of the mobility can be instructive, but the model should include the effect of lattice expansion 

which has been shown to change all parameters of the Hamiltonian in non-trivial ways.237 
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5. Conclusion  

Our understanding of the theory of charge transport in molecular semiconductors underwent a very rapid 

acceleration in the past few years because of the contemporary improvement of the experiments (more 

reliable measurements on a larger set of materials), electronic structure calculations (more accessible and 

accurate calculations of large systems) and transport theory (a broader range of methods available). Up 

to very recently, it was not possible to derive any meaningful structure-property relation because the 

degree of confidence of the measurement, computation and theory was not sufficiently high to improve 

each of them independently and systematically. We showed in this perspective that each term of the 

Hamiltonian contributing to the mobility can be computed from first principles with a great level of 

confidence given by comparison with a range of more direct experimental evaluations of such terms. For 

the first time, it has become possible to use the comparison between computed and experimental 

mobility to discuss the relative merit of different theories. We have now a range of approximated theories 

that predict correctly the relative mobility of a set of materials and there are many opportunities to 

overcome the limitations of such theories by combining different aspects of each of them. For example, 

band renormalization can be used to account for the quantum nature of the high-frequency vibrations in 

all models where vibrations are treated classically and interpolation schemes can be devised to cover the 

parameter range between different regimes. Ideas from open quantum systems physics can be used to 

include the effect of low-frequency modes without explicitly describing them. Quasi exact methods on 

model systems provide a natural way to test more approximated theories suitable for realistic systems. 

The consolidation of electronic structure method and experimental measurements have created new 

opportunities to test novel theoretical approaches in solid-state and chemical physics. 
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