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Charge carrier mobility in organic semiconductors is not a constant value unambigously characterizing some 
particular material, but depends on the electric field, temperature and even on time after it was generated or injected. 
The time dependence is particularly important for the thin-film devices where charge carriers pass the organic layer 
before mobility reaching its stationary value. Here we give a review of experimental techniques with ultrafast time-
resolution enabling one to address the mobility kinetics and analyse properties of the time-dependent mobility in 
conjugated polymers and organic solar cells. We analyse kinetics during the charge carrier generation and extraction 
of free charge carriers. The mobility typically decreases by several orders of magnitude on a picosecond-nanosecond 
time scale; however, its kinetics also depends on the investigation technique. The mobility kinetics in blends for bulk 
heterojunction solar cells strongly depends on the stoichiometric ratio of donor and acceptor materials.
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1. Introduction

Organic electronics is currently developing in 
several major directions: organic light emitting 
diodes (OLED), solar cells, printed electronic 
devices based on organic thin-film transistors, 
organic sensors, organic spintronics, etc. [1]. Sev-
eral companies already use organic light emitting 
diodes (OLEDs) in display technology. Organic 
devices in several other areas are on a  threshold 
to mass production, but pilot products are usually 
still more expensive and less efficient than inor-
ganic ones. However, improvement in the  abil-
ity to control material parameters could rapidly 
change the situation. The major advantages of or-
ganic devices in comparison with the  inorganic 
analogues are expected to be cheapness and low 
energy consumption in production, flexibility and 
easy technology to produce large area devices. All 

these advantages are vitally important for solar 
cells, and this science and technology field is now 
particularly active.

The operation of the majority of electrical and 
optoelectrical devices is based on the charge car-
rier motion, which is determined by the  charge 
carrier mobility characterising the carrier drift in 
an electric field and the  related parameter diffu-
sivity characterising the  diffusion rate. Together 
with the carrier density they determine electrical 
current, which is among the main parameters of 
electronic materials. The  charge carrier motion 
mechanism in organic materials is significantly 
different from that in inorganic semiconductors. 
Charge carriers in inorganic semiconductors are 
delocalized, feature wave-like motion, and their 
mobility is mainly limited by wave scattering 
by defects, impurities and phonons. Therefore, 
the mobility typically decreases with temperature 



V. Gulbinas / Lith. J. Phys. 60, 1–25 (2020)2

but is independent of the electric field. In organic 
semiconductors, charge carriers are usually local-
ized on single molecules, on small molecular ag-
gregates or on relatively short polymer segments, 
and their motion has a stochastic rather than co-
herent wave-like character. Charge carriers in dis-
ordered amorphous materials have slightly differ-
ent energies when they are situated on different 
molecules, therefore they occupy low energy sites 
and carrier motion takes place by thermally- and 
electric field-activated jumps between those low 
energy sites. This motion character causes mobil-
ity dependence on the  electric field and inverse 
temperature dependence in comparison with clas-
sical semiconductors – the mobility increases with 
temperature.

Carrier mobility in organic semiconductors is 
typically several orders of magnitude lower than in 
inorganic ones and this is one of the major obsta-
cles for a wide application of organic semiconduc-
tors in electronic devices. Their low carrier mobil-
ity limits the current and operation rate of organic 
field-effect transistors  [2]. In the  case of organic 
light-emitting diodes, their high carrier mobility 
is not so crucially important, but it should be bal-
anced for electrons and holes. But the low carrier 
mobility is one of the major hindrances for the fab-
rication of electrically pumped organic lasers [3]; 
the density of low mobility charge carriers should 
be very high to ensure a  sufficient recombina-
tion rate, however, charge carriers then strongly 
absorb the generated light. In organic solar cells, 
photogenerated charge carriers should be rapidly 
extracted before their recombination. Although 
the  geminate and nongeminate recombination 
processes are still not completely understood (for 
example, a reduced Langevin recombination coef-
ficient was determined for many blends used as 
active materials in solar cells [4, 5]), it is clear that 
the carrier mobility is one of the major parameters 
governing these processes. Carrier mobility was 
also suggested to play an important role in carrier 
photogeneration; according to the Brown–Onsag-
er model, charge carriers should be able to over-
come a Coulomb attraction by diffusional motion, 
before they recombine geminately [6].

Charge carrier diffusivity is another impor-
tant parameter. It determines such processes as 
geminate and nongeminate carrier recombina-
tion, carrier trapping, carrier separation during 

dissociation of Coulomb bound charge pair states, 
formation of electric field screening and deple-
tion areas, etc. For example, we have demonstrat-
ed that the  carrier diffusion rather than carrier 
drift is mainly responsible for the dissociation of 
the interfacial charge-transfer states in blends for 
solar cells [7]. The common action of the carrier 
drift and diffusion determines electrical currents 
and spatial distributions of charges in operating 
devices. The  carrier mobility and diffusion coef-
ficient are interrelated and give a full characteriza-
tion of the carrier motion.

The charge carrier mobility and their diffu-
sion coefficient, in organic materials, are typi-
cally not constant values, but strongly vary during 
the initial time after their appearance in material. 
Photogenerated or injected charge carriers expe-
rience a sequence of relaxation processes: loss of 
the state coherence leading to localization, vibra-
tional cooling of ionized molecules, dissociation 
of charge pair states, relaxation within the  ener-
getically and spatially distributed density of states, 
trapping in energy and spatial traps. These pro-
cesses occur on femtosecond to microsecond time 
scales and cause dramatic changes in the  carrier 
mobility and diffusion rate. Therefore charge car-
riers may pass short distances with high effective 
mobilities [8, 9]; however, the mobility decreases 
during this time. Correspondingly, the  mobility 
decreases on a distance scale of several to tens of 
nanometres when carriers drift in electric fields 
typical of devices [8]. This makes the mobility dy-
namics very important for thin-film devices such 
as OLEDs, solar cells or vertical organic thin-film 
transistors  [10], where charge carriers cross thin 
organic layers before reaching stationary mobil-
ity values  [9]. Thus, stationary mobility is often 
an irrelevant or at least insufficient parameter for 
the  description and modelling the  operation of 
these devices. Effective mobility values may be 
orders of magnitude higher, but usually are un-
known. Namely, this situation may happen at some 
performance conditions in organic solar cells – 
charge carriers may be extracted faster than they 
reach stationary mobility values  [11, 12]. There-
fore modelling of the solar cell operation requires 
detailed knowledge of the mobility dynamics. We 
should also be able to characterize, predict and 
control the mobility dynamics by developing new 
better materials required for new better devices.



V. Gulbinas / Lith. J. Phys. 60, 1–25 (2020)3

2. Steady-state charge carrier motion in 
disordered molecular materials

As discussed, carrier motion may be described 
by two processes – carrier drift and diffusion. In 
the simplest case, the carrier mobility and diffusiv-
ity are interrelated by the  Einstein–Smoluchovski 
relation [13, 14]

μ/q = D/kBT,  (1)

where μ is the carrier mobility, q is the electronic 
charge, D is the diffusion coefficient, kB is the Boltz-
mann constant and T is temperature. The validity 
of the Einstein relation for organic disordered ma-
terials is not straightforward [15, 16], particularly 
in the case of materials with a complex nanostruc-
tured morphology, like bicomponential blends for 
solar cells.

The current density j may be simply described as

j = eμnF, (2)

where e is the electron charge, n is the carrier den-
sity and F is the electric field strength. This expres-
sion is typically well valid in the  case of classical 
semiconductors, where mobility is a ‘good’ param-
eter, constant in a wide range of electric fields. In 
the case of organic materials, the situation is more 
complex. The mobility is not only lower by several 
orders of magnitude than in classical semiconduc-
tors, but also strongly depends on the electric field, 
and even changes in time after the charge carrier has 
been inserted or generated. Thus, mobility is a ‘bad’ 
parameter, it may be considered as constant only 
at some conditions, therefore, generally, the carrier 
density cannot be described by Eq. 2. Nevertheless, 
mobility is still widely used to describe properties 
of organic semiconductors, just because we do not 
have any better parameter.

The difference between mobility in classical and 
organic materials is determined by a different char-
acter of carrier motion. A periodical potential cre-
ated by atoms of crystalline classical semiconduc-
tors causes the  formation of extended electronic 
states, and charge carrier may be considered as de-
localized, moving in a  wave-like manner. Defects 
in the crystalline structure or impurities may create 
trap states, which disturb the wave-like carrier mo-
tion (Fig. 1, top).

If the trap density is high, the carrier motion is 
trap-controlled. Carriers move with high mobility 
from one trap to another, and the motion veloc-
ity is determined by the  trap density and carrier 
lifetime in a trap. In the case of disordered mate-
rial, when the potential is not perfectly periodic, 
the disorder causes localization of wavefunctions 
(Fig.  1, bottom). Carrier delocalization is now 
determined by the coupling strength between in-
dividual states and by energy disorder. If the dis-
order is weak in comparison with the  coupling, 
the  wavefunctions remain delocalized in some 
limited space. However, if the disorder is stronger 
than the coupling, the wavefunctions tend to lo-
calize and in extreme cases localize in one site. 

Organic semiconductors have a  hierarchical 
structure: coupling between atoms inside an in-
dividual molecule is strong, but coupling between 
molecules is relatively weak, even in the  case of 
molecular solids where molecules are densely 
packed. In the  case of molecular crystals with 
a  highly ordered crystalline structure, the  ener-
getic disorder may also be weak therefore carrier 
delocalization is still possible. However, in amor-
phous molecular solids, the disorder usually caus-
es a strong carrier localization, usually on a single 
molecule. Anderson formulated the  localization 
condition stating that a  critical intermolecular 

Fig. 1. The  top picture demonstrates the  trap-con-
trolled carrier motion, and the bottom picture shows 
the  localization of the extended states in disordered 
materials. Green (online) curves represent the poten-
tial surface, the red (online) one shows wave function 
of the partly localized charge carrier.

Extended states

Localized states
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coupling Vjk exists when charge carriers are local-
ized, related to the width of the distribution of site 
energies W [17]:

〈Vjk〉 < α–1 W. (3)

Here α is the coefficient with a value between 6 and 
28. Condition (3) may be reformulated in terms of 
the density of states. The density of states (DOS) 
of the material describes density in a real space of 
available energetic states with some particular en-
ergy. In the most common case, the material dis-
order leads to the Gaussian distribution of DOS. It 
describes the probability to find a state with some 
particular energy described by the Gaussian func-
tion of the energy difference between the state en-
ergy and average value of all available states. There 
is a  critical Anderson density of states causing 
the  formation of extended states and thus lead-
ing to carrier delocalization. However, this critical 
DOS value is typically not reached in the case of 
disordered molecular semiconductors.

The first description of the  carrier motion in 
materials with a  high density of deep trap states 
was developed by Frenkel and Poole  [18, 19]. 
They considered that carrier motion takes place 
by thermally activated jumps between localized 
states over the barrier reduced by the applied elec-
tric field. The Poole–Frenkel model gives the car-
rier mobility as a  function of temperature and 
electric field described as
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where E is the  applied  electric field, q is the  el-
ementary charge, φB is the  voltage barrier, є is 
the permittivity, and T is the temperature. Bässler 
has made a  step forward to describe the  carrier 
mobility in materials with a  Gaussian distribu-
tion of DOS [20]. If the DOS distribution is wide, 
much wider than the thermal energy, charge car-
riers in equilibrium occupy only the  low energy 
part of the  DOS determined by the  distribution 
of DOS and probability of the  state occupa-
tion described by the  Boltzman distribution. 
Based on the  Monte Carlo simulation results, 
Bässler suggested that carrier mobility might be 
described as
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where σ is the  energetic width of the  Gaussian 
DOS, Σ is the spatial disorder, and C is the scaling 
factor. This model correctly describes the mobil-
ity dependences on the  electric field lnμ  ~  F1/2 

and the  temperature lnμ  ~  T2, which were con-
firmed experimentally [21, 22].

3. Time-resolved charge carrier mobility 
investigation techniques

Conventional electrical charge carrier mobility 
investigation techniques either measure station-
ary mobility values or have an insufficient time 
resolution to address mobility dynamics in or-
ganic materials. The  time resolution of the elec-
trical methods, when applied to thin molecular 
films, is typically limited to several nanoseconds. 
On the  other hand, conventional ultrafast spec-
troscopy techniques, like absorption pump-probe 
or transient fluorescence, have very limited possi-
bilities to track the carrier motion. Spectroscopic 
properties of charge carriers (ionized molecules 
in the  case of organic materials) are typically 
not sensitive to the  carrier separation distances 
once they exceed just the  nearest neighbour in-
termolecular separation. In the best case, one can 
distinguish between intermolecular charge trans-
fer states and free charge carriers. The  transient 
grating technique, used for the  time-resolved 
investigations of the  carrier diffusion rate in 
classical semiconductors, is also not applicable 
for organic materials because of too low carrier 
mobility [23].

Three major ultrafast time-resolved carrier 
mobility investigation methods have been devel-
oped during the  last decades: transient photo-
current investigations in the Auston switch con-
figuration [24], mobility probing with ultrashort 
THz pulses [25, 26] and ultrafast optical electric 
field probing (UOEFP) by means of the  Stark 
shift  [27, 28] or electric field-induced second 
harmonic (EFISH) generation [8].
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3.1. Auston microstrip transmission line technique

The Auston microstrip transmission line tech-
nique enabled first carrier motion investigations 
in organic semiconductors with a better than na-
nosecond time resolution. Moses et al.  [24] used 
transient photocurrent technique, however, in-
corporated their samples into the Auston switch. 
Gold microstrips were deposited directly on 
the polymer sample leaving a gap from several to 
tens of micrometres and the sample was fabricated 
to constitute an electrical transmission line with 
50 Ω impedance. Such careful electrical design in 
some cases enabled better than 100 ps time reso-
lution of photocurrent measurements  [29, 30], 
but demanded a  high precision sample prepara-
tion. The  evaluation of the  carrier density was 
problematic, therefore photocurrent as a product 
of carrier density and their mobility was typically 
considered.

3.2. Photoconductivity probing with THz pulses [31]

Photoconductivity probing with THz pulses ena-
bled electrode-free measurements of the  sample 
conductivity kinetics induced by ultrashort op-
tical excitation pulses. This pump-probe-type 
investigation technique was first introduced to 
probe carrier dynamics in inorganic semiconduc-
tors [32]. A short optical excitation pulse directed 
to the investigated sample creates bound electron 
and hole pairs  –  excitons, and free charge carri-
ers. The  induced photoconductivity is probed 
by the  THz radiation pulse propagating through 
the  sample after some variable delay. Intensity, 
phase shift as well as the  frequency of the  trans-
mitted THz radiation as a  function of the  delay 
time gives the kinetics of the real and imaginary 
photoconductivity parts. Analysis of both pho-
toconductivity parts enables the  separation of 
inputs of excitons and free charge carriers into 
the absorption of the THz radiation [33]. Optical 
excitation and THz probe pulses are usually ob-
tained by using high-power femtosecond lasers. 
THz radiation is usually generated through an op-
tical rectification process in ZnTe or other nonlin-
ear crystal. Another nonlinear crystal is used for 
the detection of THz radiation by means of direct 
electro-optical sampling of the electric field tem-
poral shape. Having additional information on 

the charge carrier density kinetics, one can evalu-
ate kinetics of the carrier mobility with femtosec-
ond time resolution.

3.3. Ultrafast optical electric field probing (UOEFP)

Ultrafast optical electric field probing (UOEFP) 
is a  modification of the  integral-mode transient 
photocurrent technique, where electric field dy-
namics in the investigated materials is probed op-
tically instead of photocurrent measurement by 
a  fast oscilloscope. Figure  2 shows the  measure-
ment scheme. The investigated material is situated 
between two electrodes, forming a plate capacitor, 
which is charged prior to excitation. The created 
electric field causes the Stark shift of the absorp-
tion bands and also breaks the  centrosymmetry 
of the  investigated isotropic material enabling 
electric field-induced second harmonic (EFISH) 
generation. In the simplest case, both these values 
show the second power dependence on the elec-
tric field strength. Thus, the Stark shift of the ab-
sorption bands or EFISH intensity may be used 
to recalculate the  electric field strength. Optical 

Fig. 2. The UOEFP measurement scheme. The sam-
ple film is situated between ITO and metal electrodes. 
The applied external voltage and different work func-
tions of the  electrodes create internal electric field. 
The  excitation pulse photogenerates charge carriers, 
which by drifting partly discharge the capacitor-like 
sample. The  probe pulse, applied after variable de-
lay, is used to monitor the electric field by measuring 
the  second harmonic generation efficiency or Stark 
shift of the sample absorption bands.

Field-induced
changes of

probe beam:
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excitation of the investigated material by an ultra-
short laser pulse creates excitons and charge car-
riers. Both the motion of created charge carriers 
and the polarization of excitons cause a reduction 
of the electric field, which may be monitored by 
the Stark shift [27] or EFISH [29] of the delayed 
probe pulse. When using femtosecond light pulses 
for the sample excitation and probing, this tech-
nique enables subpicosecond time resolution lim-
ited by the duration of excitation and probe puls-
es. Photocurrent causing the discharge of the plate 
capacitor-like sample may be calculated as a  de-
rivative of the electric field kinetics.

A similar ultrafast time-resolved EFISH prob-
ing technique, only without the  external electric 
field, has been also applied by Zhu and co-work-
ers to probe electron transfer at the interface be-
tween two molecular layers  [34, 35]. An EFISH 
as a probe was also used to monitor slow electric 
field dynamics in organic solar cells [36].

The described experimental techniques, al-
though all measure the  time dependence of 
the carrier mobility, give nonequivalent informa-
tion. In comparison with the  Auston microstrip 
technique, the  THz and UOEFP techniques en-
sure much better time resolution and easier car-
rier density evaluation. On the other hand, there 
is a  fundamental difference between the  UOEFP 
and THz probing techniques. UOEFP techniques 
measure carrier motion in the typical device con-
figuration perpendicularly to the  thin film, how-
ever, they require relatively strong electric fields 
that may change the  real mobility values. THz 
investigations are performed for electrode-less 
samples but probe the carrier motion in parallel to 
the film surface. Both probing methods are expect-
ed to give identical results only in the case when 
charge carriers lose mobility only because of their 
localization in low energy sites. Thus, in the case 
of the presence of barriers for the carrier motion, 
the  two methods may give significantly different 
mobility values and dynamics. This is because THz 
radiation probes charge carrier motion within 
short distances of only several nanometres, there-
fore their motion is insensitive to the  barriers if 
the barrier-free domains are larger. UOEFP probes 
one-directional carrier motion within distances of 
tens and hundreds of nanometres and obstacles 
met in their way rapidly reduce their mobility. This 
difference is expected to be particularly important 

in the case of polymer blends for solar cells, where 
THz radiation probes carrier mobilities inside sin-
gle domains, while UOEPF probes carrier motion 
through the  entire blend film, where jumps be-
tween domains creating barriers are unavoidable. 
These differences illustrate that a  comprehensive 
characterization of the  carrier motion requires 
several probing techniques. The  time depend-
ence of the mobility obtained by UOEPF is more 
closely related to the extraction kinetics, at least on 
a  longer time scale. THz photoconductivity mea-
surements mainly reflect the ability of charges to 
move, whereas UOEPF reflects the  transport of 
charge carriers. The  difference between the  two 
measurement techniques reflects the morphology 
of the  blends. The  THz technique probes carrier 
motion inside a single fullerene domain or within 
a  single polymer chain and may remain high if 
these domains do not contain deep energy traps. 
In contrast, the mobility revealed by UOEPF de-
creases with time when carriers performing one-
directional motion meet chain ends or domain 
boundaries, creating obstacles for their motion.

Electric field probing techniques by the EFISH 
and Stark shift are also not equivalent. The EFISH 
signal originates from the  one-directional mac-
roscopic electric field. On the one hand, it is not 
sensitive to the  electric field variations created 
by a single charge carrier in its close vicinity. On 
the  other hand, the  Stark effect is not sensitive 
to the  electric field direction therefore contribu-
tions to the Stark shift give both macroscopic elec-
tric field and local fields around charge carriers. 
Therefore the  Stark shift may be observed even 
in the  absence of the  macroscopic electric field, 
as was nicely demonstrated in Ref.  [37], where 
the  absolute carrier separation distance during 
free carrier generation was estimated. It is worth 
noting that EFISH probing revealing only one-di-
rectional carrier motion better characterizes car-
rier drift dynamics in thin-film devices.

4. Charge carrier photogeneration in organic 
materials

The charge carrier mobility dynamics is closely 
related to another important process – charge car-
rier photogeneration. In the  majority of experi-
ments, carrier photogeneration precedes carrier 
motion, and also the  majority of experimental 
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mobility investigation techniques directly measure 
the  sample photoconductivity, i.e. a  product of 
the  carrier mobility and their density, which in-
creases in the  course of carrier photogeneration 
and decreases due to their recombination and ex-
traction. Therefore, prior to discussing the mobil-
ity dynamics, a short overview of the carrier gen-
eration mechanism in organic materials shall be 
presented.

Charge carrier photogeneration in organic ma-
terials typically does not take place by direct band-
to-band transitions like in classical semiconductors, 
but occurs via an intermediate exciton state. An 
electron and a hole in the exciton state are bound 
by the Coulomb attraction force, and the binding 
energy reaches several hundreds of meV. Therefore, 
it is not obvious how charge carriers move against 
mutual electric field attraction overcoming this en-
ergy barrier. This issue has been heavily discussed 
for several decades. A number of carrier generation 
mechanisms have been suggested. They may be 
separated into three main groups: a) direct carrier 
generation by band-to-band transitions, b) charge 
carrier generation from the  nonrelaxed excited 
state utilizing excess excitation energy for carrier 
separation, c)  charge carrier separation during 
the entire excited state lifetime driven by thermal 
energy and external electric field.

4.1. Early models

Charge carrier generation models suggested dur-
ing the last decades of the 20th century on the base 
of investigation of photoconductivity of crystal-
line materials were based on the  autoionization 
mechanism [38] first proposed by Geacintov and 
Pope  [39]. It was assumed that hot charge carri-
ers move away each from other by a  significant 
autoionization distance immediately after gen-
eration of a high energy exciton state. This initial 
separation subsequently allows complete carrier 
separation according to the Onsager theory [40]. 
The  initial separation was assumed to be mainly 
driven by the  excess vibrational energy, predict-
ing a strong dependence of the dissociation yield 
on the excitation wavelength. Since such depend-
ence in many materials was not observed, Noo-
landi and Hong  [41] proposed that only a  short 
distance charge transfer (CT) state is created dur-
ing the electron thermalization, while separation 

of the CT state takes place by the Poole–Frenkel 
process during the long lifetime of the CT state. It 
was also assumed that the CT state may deactivate 
only by separating into free charge carriers or by 
recreating the S1 state. Popovic suggested an im-
portant modification of the model suggesting that 
the CT state may also decay directly to the ground 
state [42].

To explain the  efficient carrier separation ob-
served in some materials under excitation to 
the  lowest energy absorption band, low energy 
CT states were suggested as being precursors of 
charge carriers  [43]. Metal phthalocyanines are 
highly photoconducting materials possessing 
such low energy CT states. Time-resolved elec-
tric-field-induced fluorescence quenching in ti-
tanyl phthalocyanine was interpreted as revealing 
charge carrier photogeneration both from a non-
relaxed CT state and during the  entire CT state 
lifetime  [44]. However, investigations of photo-
conductivity created by two time-correlated short 
excitation pulses favoured carrier generation only 
from the nonrelaxed CT state [45].

4.2. Charge carrier generation in conjugated 
polymers

Charge carrier generation mechanism was particu-
larly intensively investigated in conjugated poly-
mers. A significant carrier delocalization in these 
materials, extending over several repeat polymer 
units [46], suggested that the exciton binding en-
ergy should be much lower than in other organic 
materials [47]. Based on a one-dimensional semi-
conductor model, the  direct carrier generation 
scenario has been suggested, mainly on the basis 
of the experimental results obtained for polydiati-
cetylene and poly(paraphenylene vinylene) (PPV) 
class materials  [24, 47, 9]. According to this sce-
nario, charge carrier generation takes place by di-
rect band-to-band transitions instantaneously after 
photon absorption. On the other hand, a number 
of more recent investigations supported a molecu-
lar picture assuming that charge carrier generation 
takes place from the exciton state [48]. Two differ-
ent scenarios of this model were considered. Ac-
cording to one scenario, only hot exciton dissocia-
tion is possible, leading to branching into tightly 
bound luminescent excitons and charge pairs be-
fore excitons loose excess vibrational energy [49]. 
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According to another scenario, temperature-as-
sisted dissociation of relaxed singlet excitons may 
also take place at strong electric field [50, 51]. Di-
rect investigations of the charge carrier generation 
dynamics by monitoring the appearance and de-
cay of exciton and charge carrier spectral features 
by means of ultrafast spectroscopy confirmed that 
the charge carrier generation is more efficient dur-
ing initial several ps, but the electric field-assisted 
dissociation of singlet excitons continues during 
their entire lifetime  [52–55]. Moreover, the  fast 
initial dissociation observed under polymer exci-
tation to the lowest excited state was attributed to 
the system inhomogeneity, rather than to the hot 
vibrational states [54].

The initial charge carrier separation distance 
was obtained being only slightly larger than 
the distance between adjustment polymer chains 
suggesting that carrier separation takes place by 
interchain electron transfer  [56]. Dissociation of 
singlet excitons into geminately bounded elec-
tron–hole pairs rather than escape of the  charge 
carrier from a  columbic well was concluded 
to be the  rate-limiting step of the  charge car-
rier photogeneration  [57]. On the  other hand, 
a  very fast carrier generation was observed in 
the m-LPPP polymer under its excitation by UV 
light to the  higher electronic state  [58] indicat-
ing that branching to the charge pair state and to 
the lowest exciton state takes place during the high 
energy exciton relaxation. Figure 3 shows three 
charge carrier generation routes [58]. Charge car-
rier generation by the field-assisted barrier cross-
ing takes place under the  polymer excitation to 
the lowest electronic state without significant ex-
cess energy. While under excitation to the  high 
energy state, fast and more efficient carrier gen-
eration takes place by direct high energy exciton 
dissociation and by dissociation of the vibration-
ally hot lowest exciton state.

The  above-described investigations addressed 
intrinsic carrier photogeneration in pure poly-
mers. However, impurities also play a significant 
role as carrier photogeneration centres. Graup-
ner  et  al. noticed that oxidation of the  m-LPPP 
polymer, which takes place upon irradiation with 
visible light in the presence of oxygen, enhances 
the  film photoconductivity by an order of mag-
nitude  [50, 60]. However, intrinsic carrier pho-
togeneration and photogeneration by impurities 

have significantly different properties: generation 
of charged states at impurities requires no applied 
electric field or excess energy, and charged species 
in the m-LPPP were found to appear very rapidly, 
within 100 fs after photoexcitation [61].

Analysis of the  available experimental infor-
mation allows making a conclusion that the car-
rier generation in organic semiconductors, in-
cluding conjugated polymers, shall be considered 
from a point of view of the molecular approach, 
considering exciton as a primary photogenerated 
state involved in the  generation of charge carri-
ers. Electric field or temperature assistance are 
necessary for the exciton dissociation. Therefore, 
the Onsager model is not directly applicable, since 
it assumes a  field-independent yield of primary 
photoionization and neglects the  field depend-
ence of the  initial carrier separation in geminate 
charge pairs [62, 57].

4.3. Carrier photogeneration in organic solar cells

Carrier photogeneration, as well as their motion 
processes, are vitally important for organic solar 
cells (OSC). For efficient OSC the carrier genera-
tion efficiency shall be as close to 100% as possible. 

Charge separation
En

er
gy

Sn

S1

4.66 eV

3.1 eV

CP

CPF

Fig. 3. Charge pair generation model. S1 and Sn are 
electronic states localized within a single conjugated 
polymer segment. CP is a charge pair state and CPF 
is that modified by the applied electric field [58].
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In order to increase the  generation efficiency, 
the active layers of OSC are composed of electron-
donating and accepting materials, and photoin-
duced charge separation occurs at their interface. 
A number of conjugated polymers and glasses of 
small molecules were used as electron donors, 
while fullerene derivative PCBM was for a  long 
time strongly dominating as an electron acceptor 
giving the best cell efficiencies. The first successful 
attempts to replace fullerene with small organic 
molecules were reported only in about 2015, and 
recently all-organic solar cells show record effi-
ciency values reaching 14% [63].

There are two basic architectures of organic 
solar cells: planar architecture and bulk hetero-
junction architecture. In planar devices, donor 
and acceptor layers are deposited on top of each 
other. Excitons generated in either layer diffuse 
to the  interface where they are separated into an 
electron and a  hole, which drifting in the  corre-
sponding layer reach electrodes. This conceptu-
ally ‘correct’ architecture, however, suffers from 
a small exciton diffusion distance, which is only of 
about 10–20 nm in disordered organic materials. 
Therefore, only excitons created close to the inter-
face reach it and contribute to the photocurrent.

In the bulk heterojunction (BHJ) architecture 
both donor and acceptor materials are mixed to-
gether; however, they do not mix to a molecular 
level but typically form tens of nanometresized in-
terconnected domains. Because of small domain 
sizes, excitons effectively reach interfaces and split 
into charge carriers. Electrons and holes drift-
ing via the corresponding material in the electric 
field created by different electrode work functions 
reach electrodes creating photocurrent. However, 
electrons and holes may meet each other by drift-
ing and may recombine. Nevertheless, better ef-
ficiencies have been obtained for the BHJ devices, 
therefore the majority of publications are devoted, 
to the  BHJ devices. A  detailed description of all 
complex processes in organic solar cells is given in 
numeral reviews [64–66].

Charge carrier generation in OSC is a  three-
step process: i) a singlet exciton is generated in one 
of the materials as a result of photon absorption, 
ii) a singlet exciton, after reaching the donor–ac-
ceptor interface, converts into the interfacial CT 
exciton with an electron in the acceptor material 
and a hole in the donor material, iii) a CT exci-

ton splits into a pair of a free electron and a hole. 
The first two steps are very fast and efficient; CT 
excitons are created dominantly on a  femtosec-
ond time scale with close to 100% efficiency in ef-
ficient OSC [67, 68]. Taking into account domain 
sizes being of tens of nm, so fast exciton diffu-
sion is surprising. It suggests that some kind of 
hybrid states between delocalized Frenkel exci-
tons and CT states may be formed and, thus, co-
herent exciton transfer may take place. The third 
step has caused particularly intense debates. This 
is because the point charge approximation gives 
the  binding energy of several hundreds of meV. 
It is not easy to understand how charge carriers 
may overcome tens of times higher than kBT bar-
rier and split into an independent free electron 
and a hole. One of the ideas was that charge car-
rier separation takes place from some intermedi-
ate state [69] prior or in parallel to the formation 
of the  relaxed CT state. To support this mecha-
nism, a  fast and efficient charge separation was 
reported under the excitation of a blend with high 
photon energy  [37, 70–73]. However, the mech-
anism of the  hot state separation has not been 
clearly explained leaving the  subsequent fate of 
the  generated charge pairs unaddressed. Gen-
erally, if the  separation distance is shorter than 
the  Coulomb attraction radius, charge carriers, 
upon losing their excess energy, tend to localize 
back to the countercharge. Monte Carlo simula-
tions have shown that the  initial charge carrier 
separation of the  order of several nanometres 
helps a  little for the  final electron–hole separa-
tion to free charge carriers, unless this distance 
is comparable with the Coulomb attraction radi-
us [74]. In contrary, other investigations reported 
charge carrier generation efficiency basically in-
dependent of the  excess energy suggesting that 
the relaxed CT excitons are the major precursors 
of free charge carriers  [75–77]. Several factors 
have been discussed that may reduce the CT state 
binding energy enabling dissociation of the  re-
laxed CT state: a)  a  high dielectric permittivity 
of PCBM  [78], b)  the  delocalization of charge 
carriers forming CT states [79, 80], c) the forma-
tion of interfacial dipoles creating repulsive forces 
repelling carriers away from the  interface  [81], 
d)  the  increase in entropy during the  charge 
separation, reducing the free energy of separated 
charges [82, 83].
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5. Charge carrier mobility dynamics

5.1. Carrier mobility dynamics in conjugated 
polymers

The Gaussian disorder model suggested by Bässler 
predicts that initially photogenerated charge car-
riers have a  higher mobility until they relax to 
the low energy DOS part. Such relaxation has been 
demonstrated by Monte Carlo simulations  [20]. 
Moses  et  al. were the  first who experimentally 
demonstrated the  fast photocurrent decay in 
conjugated polymers excited by ultrashort laser 
pulses  [24]. For explanation, they used the  one-
dimensional semiconductor model and attributed 
the  strong initial photocurrent to the  hot charge 
carriers in extended band states. Later they dem-
onstrated that charge carriers may drift more than 
100  nm with a  high mobility before being deep-
trapped [9]. A strong, rapidly decaying photocur-
rent peak initially after photoexcitation was also 
often observed in conventional time-of-flight mea-
surements  [84, 85]. However, usually, not much 
attention was paid to it since investigations were 
focused on stationary mobility. Juska  et  al. have 
carefully analysed the initial peak, which was ob-
served for two π-conjugated polymers  [86] and 
demonstrated that the initial integrated photocur-
rent rise observed in the  integral mode measure-
ments gives information on the  drift distance of 
nonthermalized carriers. Assuming carrier ther-
malization time of 100 ps, they evaluated the initial 
carrier mobility being of about 0.1–0.2 cm2/(Vs).

Although these investigations predicted the car-
rier mobility decay and gave some estimations of 
the  initial mobility, the  mobility dynamics still re-
mained unknown until direct measurements by THz 
time-domain spectroscopy (THz-TDS) and opti-
cal time-resolved electric field probing techniques 
were applied. The first application of THz-TDS for 
the  investigation of the  semiconducting polymer 
was reported by Hendry  et  al.  [87]. They investi-
gated photoconductivity dynamics in the prototypic 
photoconducting polymer MEH-PPV film. Analys-
ing real and imaginary photoconductivity dynamics 
they separated exciton and charge carrier contribu-
tions and concluded that charge carriers were gen-
erated spontaneously by hot exciton dissociation 
with the  yield of about 1%, but recombined very 
rapidly on a  subpicosecond time scale. The carrier 

generation efficiency in an MEH-PPV solution was 
found being even 3 orders of magnitude lower [88]. 
The  photoinduced conductivity was found being 
larger and the carrier lifetime much longer, reach-
ing several nanoseconds, in another prototypical 
polymer RR-P3HT [89]. The larger initial photocon-
ductivity was attributed to the higher initial carrier 
mobility. These early works, however, were mainly 
focused on carrier generation rather than on their 
mobility. A product of the carrier mobility and their 
density was obtained directly from the experimental 
data, and the  authors used the  mobility data from 
the  microwave conductivity investigations at GHz 
frequencies equal to 0.0025  cm2/(Vs) for MEH-
PPV [90] and 0.014 cm2/(Vs) for RR-P3HT [91]. At-
tempts to evaluate the mobility from the THz-TDS 
data by application of the Drude–Smith model gave 
very high values of about 20 cm2/(Vs) for a series of 
metallated polymers  [92] and 30–40  cm2/(Vs) for 
P3HT [93]. The authors attributed the high mobil-
ity to a short-range carrier motion inside highly or-
dered polymer domains.

The first attempt to address the  carrier motion 
with the  ultrafast time resolution by optical prob-
ing of the electric field dynamics has been reported 
in Ref.  [27]. The  authors have analysed the  Stark 
shift dynamics in the optically excited 100 nm thick 
m-LPPP polymer sandwiched between ITO and Al 
electrodes. The stark shift of the polymer absorption 
band has been observed when samples were charged 
by 20 V voltage. The Stark shift gradually decreased 
when charge carriers were photogenerated and by 
drifting in the  electric field discharged the  sample 
capacitance and thus reduced the  effective electric 
field. The quadratic Stark shift was expressed as

∆G = 1/2ε0(α1–α0)E2, (6)

where α0 and α1 are the polarizabilities of the con-
jugated segment in the ground and excited states. 
The electric field dynamics was recalculated from 
the  experimentally measured Stark shift. On 
the other hand, the electric field inside the excited 
polymer film may be expressed as [27]
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, (7)

where Uapp is the applied voltage, d is the film thick-
ness, ne and np are the densities of excitons and e-h 
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pairs, respectively, and r is the charge carrier sepa-
ration distance along the  electric field direction. 
The term ne(α1–α0) here appears because of the ex-
citon contribution, which was evaluated on the ba-
sis of the evaluated exciton density and available in-
formation on the exciton polarizability [94]. Based 
on these relations, the time-evolution of the charge 
separation distance was evaluated, which is pre-
sented in Fig. 4.

The exciton and polaron contributions may be 
also evaluated by accounting for their different 

Fig. 4. Dynamics of the  average charge separation 
distance in the  m-LPPP film at 25  V of the  applied 
voltage. The inset shows the calculated densities of ex-
citons (triangles) and charge pairs (circles) [27].
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temporal and voltage dependences [95]. Figure 5 
demonstrates how this procedure was applied to 
separate the  exciton and carrier contribution to 
the  electric field dynamics in the  poly-spiro-bi-
fluorene-co-benzothiadiazol (PSF-BT) polymer 
film, where electric field probing by time-resolved 
EFISH (TREFISH) was combined with conven-
tional transient photocurrent measurements to 
evaluate the  carrier mobility  [13]. Combining 
the  TREFISH and conventional transient photo-
current measurements, carrier mobility dynamics 
starting from their generation until extraction to 
electrodes on a microsecond time scale has been 
evaluated. Figure 6(a) shows that the carrier mo-
bility decreases by about 5 orders of magnitude 
from 0.1 cm2/(Vs) at 1 ps to 10–6 cm2/(Vs) at 1 μs.

Figure  6(b) demonstrates how the  carrier mo-
bility decreases as a function of their drift distance. 
Charge carriers pass 10–20  nm distances with 
a  significantly larger mobility than its stationary 

Fig. 5. (a) Kinetics of the second harmonic intensity 
normalized to that before sample excitation at dif-
ferent applied voltages. (b)  Electric field kinetics at 
early times obtained from the  ISHG kinetics. Sym-
bols show the charge-carrier contribution, lines show 
the exciton contribution [8].
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value. This result qualitatively agrees with the fast 
charge carrier extraction from thin polymer films 
observed by Moses  et  al.  [9]; however, it demon-
strates that the high initial carrier mobility and its 
dramatic decrease are in agreement with the Gauss-
ian disorder model demonstrating the relaxation of 
charge carriers within the Gaussian distribution of 
the  density of states. The  obtained initial carrier 
mobility values of about 0.1  cm2/(Vs) are much 
lower than 600  cm2/(Vs) mobility obtained for 
the m-LPPP polymer by means of microwave con-
ductivity technique [96], or 5 cm2/(Vs) obtained for 
single crystals of polydiacetylene(bis p-toluene sul-
fonate, by means of Auston switch technique [24]. 
However, they are quite similar as evaluated for 
MEH-PPV from time-resolved photoconductivity 
data [9]. Thus, the mobility dynamics obtained for 
PSF-BT [8] may be considered as representative of 
disordered conjugated polymers.

Further investigations of the carrier drift dynam-
ics in structurally modified conjugated polymers 
provided important information about the carrier 
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motion along conjugated polymer chains and 
between them. PSF-BT polymer chains were dis-
persed in electrically isolating polystyrene, and 
the  carrier motion dynamics in such films was 
compared with the  carrier motion dynamics in 
a pure PSF-BT film [97]. Figure 7 shows the volt-
age decay kinetics of the electrically charged sam-
ple obtained by TREFISH measurements.

The voltage decay kinetics in both samples was 
surprisingly identical up to several hundreds of 
picoseconds, indicating that the  carriers drifted 
identically in the isolated photoconducting poly-
mer chains and in the bulk photoconducting poly-
mer. The difference appears only on a timescale of 
several ns suggesting that interchain carrier jumps 
become important only in this time domain. To 
confirm this hypothesis, the F8BT polymer chains 
were oriented parallel to the  substrate plane so 
that carrier drift in the  perpendicularly applied 
electric field was possible only by the  interchain 
jumps. No fast initial photocurrent component 
was observed, the  substantial carrier drift took 
place only on a  nanosecond time scale. These 

findings allowed one to draw the hierarchical car-
rier motion sketch of the  transport processes in 
the conjugated polymers presented in Fig.  8.

Additional details of the carrier motion mech-
anism were clarified by investigating tempera-
ture dependence of the  time-resolved mobility 
in the  same PSF-BT polymer. Previous transient 
photocurrent investigations of polydiacetylene 
and PPV polymers have revealed that the  initial 
photocurrent on a  ps timescale was independ-
ent of temperature  [24, 98]. It was attributed to 
the  motion of free charge carriers, before their 
trapping. Investigations of the PSF-BT polymer by 
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Fig. 6. (a) Carrier mobility kinetics in PSF-BT. Hori-
zontal lines represent the electron and hole mobility 
as obtained from TOF measurements. (b)  Depend-
ence of the mobility on the drift distance. The  inset 
depicts the chemical structure of PSF-BT [8].

Fig. 8. A sketch of the carrier transport properties in 
the conjugated polymers [97].
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Fig. 7. Voltage attenuation kinetics evaluated from 
TREFISH measurements in a neat PSF-BT film (solid 
red (online) lines) and in a non-conducting polysty-
rene film containing 10% PSF-BT (dot lines) at differ-
ent applied voltages [97].
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means of TREFISH technique revealed more de-
tails of the  temperature-independent initial car-
rier motion [99]. The average carrier drift distance 
during initial 100–200 ps was found being com-
pletely identical within the  10–296  K range (see 
Fig. 9). The charge carriers drifted approximately 
3 nm during this time. Since electrons and holes 
drift to different directions, the  average separa-
tion distance along the electric field direction was 
estimated being of about 6  nm. At longer times, 
the  carrier drift rate was found to increase with 
temperature in agreement with the Gaussian dis-
order model.

an analytical and computational description of 
the carrier dynamics in conjugated polymers and 
were able to reproduce the experimentally report-
ed carrier mobility dynamics on a wide timescale 
and its temperature dependence [100]. Their cal-
culations confirmed the  above-described hierar-
chal carrier motion model.

5.2. Carrier mobility dynamics in PCBM

Carrier drift dynamics was also investigated in 
fullerene derivative 6, 6-phenyl C61-butyric acid 
methyl ester by probing the electric field dynam-
ics by means of the  Stark effect (PCBM). This 
material for a  long time was the  main electron 
acceptor used in organic solar cells. Cabanillas-
Gonzalez et al. demonstrated that carrier mobility 
was constant during initial 5–10  ps, and attrib-
uted it to the short-lived high mobility state [28], 
while mobility decay at longer times was attrib-
uted to the carrier trapping. Devizis  et  al. found 
that a  high and time-independent electron mo-
bility remained until they were extracted from 
the 40 nm thick PC61BM film during several ps, 
while a lower mobility at long times was attributed 
to the motion of holes [101].

5.3. Carrier mobility dynamics in organic solar cells

Although it is clear that carrier mobility plays 
a very important role in the operation of organic 
solar cells, this parameter in the  case of OSC is 
even more ambiguous than in the case of neat con-
jugated polymers. First, it is more ambiguous be-
cause of the presence of the intermediate CT state. 
An electron and a hole are bound together in this 
state therefore they do not participate in current; 
however, they may contribute to displacement 
current because they may have some displace-
ment freedom. Moreover, the experimental sepa-
ration between free charge carriers and CT states 
is a difficult task. First, because spectral features of 
both are very similar. Second, it remains unclear 
how CT states split into free charge carriers: by 
long-distance jumps over the barrier or by gradual 
motion away. It is also not clear how the electric 
field changes this process if the concept of carrier 
drift governed by mobility and electric field is ap-
plicable in this case. Third, blends are composed 
of interrelated domains and it remains unclear how 

Fig. 9. The average charge carrier drift distance versus 
time delay after photoexcitation at different tempera-
tures [99].
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Since the  carrier drift during initial 100  ps 
was attributed to the intrachain motion, one can 
conclude that the intrachain carrier motion is in-
dependent of temperature, while temperature de-
pendence at longer times originates from the in-
terchain jumps suggesting that barriers for such 
jumps are equal to about 22  meV. On the  other 
hand, the Gaussian disorder model also predicts 
the  initial carrier mobility being temperature-
independent when carriers relax within DOS and 
dominantly perform down-energy jumps. Never-
theless, the relaxation within DOS is a gradual pro-
cess lasting until mobility reaches the  stationary 
value, therefore it alone can hardly cause so clear 
turnover from the  temperature-independent to 
the activated carrier drift. Noriega et al. performed 
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this morphology influences carrier drift on short 
and long distances. The  blend morphology was 
suggested to cause some unusual mobility prop-
erties, for example, the  theoretical investigation 
of Koster predicted that mobility decreases with 
increasing bias voltage  [102]. Forth, solar cells 
use thin, about 100 nm blend layers, therefore it 
is difficult to separate electron and hole motions 
by exciting one side of the  layer, as used in TOF 
investigations of much thicker layers. For these 
reasons carrier mobility in solar cells is usually in-
vestigated by averaging it for all charge carriers, 
without discriminating between free carriers and 
those still bound to CT states, as well as between 
electrons and holes.

The first investigation of the  ultrafast time-
resolved carrier mobility dynamics in a  blend for 
solar cells has been reported by Ai et al. [103]. They 
investigated time-resolved THz (TR-THz) photo-
conductivity dynamics in poly(3-hexylthiophene) 
(P3HT) blended with PCBM and observed an 
instantaneous photoconductivity rise and a  sub-
sequent decay by 80% during 5 ps. A  similar fast 
photoconductivity decay was reported for some 
other blends [104, 105]. The fast photoconductivity 
decay was attributed to the binding of free charge 
carriers into excitons [106] or to the cooling of ini-
tially hot and highly mobile charge carriers [107]. 
However, careful investigations performed by 
changing excitation intensity clarified that the fast 
photoconductivity decay in these measurements 
was mainly caused by the high excitation intensity 
required for TR-THz investigations, which caused 
a  nongeminate charge pair recombination taking 
place on a ps timescale [105]. These investigations 
performed at low excitation intensity revealed that 
charge carriers maintained a high mobility of about 
0.1  cm2/(Vs) up to several nanoseconds. This re-
sult also suggested that carrier mobility decayed 
due to cooling and trapping on a  subnanosecond 
timescale much slower than reported in previous 
publications [104, 107]. It should be noted that all 
the abovementioned investigations were performed 
in blend films without electrodes and consequently 
without the electric field. Another important pecu-
liarity of the THz investigations is that they probed 
carrier motion on a  short distance scale of sever-
al nanometres. This is particularly important for 
blend materials where this distance is shorter than 
electron donor or electron acceptor domain sizes.

More direct information on the  carrier mo-
tion in operating solar cells was obtained by 
Amarasinghe Vithanage  et  al. using the  ultra-
fast time-resolved optical electric field probing 
TREFISH technique  [7]. The  charge carrier drift 
dynamics was investigated in a complete operating 
P3HT:PCBM solar cell. The carrier drift distance 
averaged over electrons and holes was directly ob-
tained by optically probing the electric field decay. 
Figure 10 shows the drift distance dynamics under 
various strength of the applied electric field.

Fig. 10. Time-dependent average charge pair separa-
tion distances along the direction of different strength 
internal electric field (symbols); lines show the  de-
pendences obtained by Monte Carlo simulations. 
A  solid blue (online) line shows the  simulated ab-
solute carrier separation by diffusion at zero electric 
field, and blue (online) circles show that calculated 
from the  experimental data by using the  Einstein 
relation. The  inset shows the  temporal evolution of 
the distribution of the absolute carrier separation dis-
tances at zero electric field [7].
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The drift distance increases gradually, without 
a strong initial jump, which could be expected in 
the case of ultrafast long-distance carrier separa-
tion. At the strong electric field of 8.7 × 105 V/cm, 
the  drift distance reaches about 10  nm during 
50 ps; however, at three times weaker field, which 
is still several times stronger than in operating 
solar cells, the average drift distance reaches only 
about 3 nm during 50 ps. It should be noted that 
the  drift distance was averaged over free charge 
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carriers and charges still remaining bound in CT 
states, thus the actual drift distance of free charge 
carriers was larger, especially at initial times. 
From the drift distance dynamics, the carrier mo-
bility dynamics was evaluated, which is presented 
in Fig. 11.

by means of modified time-delayed collection 
field technique [108].

Applying Einstein’s relation between the  car-
rier mobility and diffusion coefficient (assuming 
it is valid for organic materials  [109]), the  time-
dependent diffusion coefficient and the  average 
diffusion distance were calculated. The  diffusion 
distance dynamics for the  P3HT:PCBM blend is 
presented in Fig.  10. At the  low electric field of 
1  ×  105  V/cm, typical of operating solar cells, 
the diffusion strongly dominates over drift during 
initial hundreds of ps. Thus, diffusion rather than 
drift dominates during the  splitting time of CT 
states into free charge carriers.

A different approach to probe charge carrier 
photogeneration dynamics by means of the opti-
cal electric field probing has been suggested by 
Jailaubekov et al.  [34] and by Gélinas et al.  [37]. 
They have investigated ultrafast electric field dy-
namics at the  donor–acceptor interface build-in 
by separated charge carriers. Jailaubekov  et  al. 
used EFISH generation for  [34] the  investiga-
tion of the  built-in local electric field at the  Cu 
phthalocyanine/fullerene interface. They dem-
onstrated that hot CT state formation takes place 
within 100 fs, creating a charge pair with an elec-
tron and a  hole situated at more distant from 
the interface molecules; however, during 1 ps this 
state relaxes to the lowest CT state with the near-
est distance electron–hole separation. A  simi-
lar technique has been also applied by Gélinas 
et al. [37] to visualize charge separation in a real 
p-DTS(FBTTh2)2:PC71BM solar cell blend. 
A  careful analysis of the  Stark shift contribution 
into the  transient absorption dynamics enabled 
the  estimation of the  distance between counter 
charges during the  formation of the  interfacial 
CT state. They estimated that the  electron and 
the  hole separate to the  distance of about 4  nm 
during 40  fs and attributed the  ultrafast carrier 
separation to the coherent electron delocalization 
within PCBM aggregates. A similar ultrafast carri-
er separation dynamics has been also evaluated by 
modelling carrier drift in the  (P3TI)/(PC71BM) 
blend measured by the  TREFISH technique. 
The  modelling performed by means of the  sto-
chastic Schrödinger equation approach confirmed 
the  importance of the  coherent carrier propaga-
tion leading to the subpicosecond effective charge 
carrier separation by several nanometres [110].

Fig. 11. Time-dependent carrier mobility averaged 
over electrons and holes determined from the  ex-
perimental data presented in Fig. 10. Different sym-
bol colours (online) correspond to different field 
strength [7].
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The carrier mobility decreases about 10 times 
during 100  ps. This is in a  stark difference with 
the  investigations by the  TR-THz technique, 
where photoconductivity decay on a  picosecond 
timescale was observed at low excitation inten-
sity [105]. Here it should be noted that TREFISH 
measurements require much lower excitation in-
tensity than THz measurements, thus the  faster 
mobility decay cannot be an artifact related to 
recombination. This disagreement clearly shows 
the  difference between the  investigation tech-
niques. TR-THz probes carrier mobility inside 
a single donor or acceptor domain, which decays 
slowly indicating that carrier trapping is relatively 
slow. While TREFISH measurements probe one-
directional carrier drift, which slows down when 
carriers reach domain edges, and in order to con-
tinue their drift they need to jump to another do-
main. Combining the information obtained from 
both techniques, we conclude that the major fac-
tor reducing the  carrier mobility is barriers be-
tween domains rather than carrier trapping and 
relaxation within DOS. The  presence of barriers 
hampering the carrier motion at longer, microsec-
ond times was recently unambiguously confirmed 
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So far, we have considered the  motion of 
charge carriers without differentiating them into 
holes and electrons. However, electron and hole 
mobilities and their time dependences may be 
significantly different. A separate characterization 
of the ultrafast electron and hole mobilites in or-
ganic solar cells is a complicated task. A separate 
measurement of the stationary electron and hole 
mobilities is relatively simple, it can be done by 
means of the  time-of-flight technique creating 
charge carriers in a thin layer near one of the elec-
trodes. This approach does not work for thin solar 
cell layers because of their relatively low absorb-
ance, which makes impossible to create carriers 
only next to one of the electrodes. Other separa-
tion approaches should be used.

One such approach was suggested by Prancu-
lis  et  al.  [111]. It was based on the  sensitivity of 
the electron and hole mobilities to the stoichiomet-
ric ratio of donor and acceptor materials. A larger 
content of the electron acceptor material ensuring 
a  good percolation of acceptor domains shall in-
crease the electron mobility, and vice versa, it shall 
reduce the hole mobility by reducing percolation 
of donor domains. This approach has been used 
to separate electron and hole drift kinetics in one 
of the  effective blends for solar cells made from 
the conjugated polymer APFO3 and PCBM [111]. 
Figure  12 shows the  electric field dynamics in 
blends with different stoichiometric ratios.

The initial carrier extraction was found be-
ing much faster in blends with a  higher PCBM 
content indicating that one type of charge carri-
ers was extracted much faster. The  initial mobil-
ity increased in blends with a  higher content of 
the  electron accepting material, which suggests 
that the  fast carriers were electrons moving via 
the acceptor material. Their motion becomes fast 
when a high acceptor material content ensures an 
almost nonperturbed path, almost like in the pure 
PCBM, where electron mobility is high [101]. On 
the  other hand, the  high content of the  electron 
donor APFO3 does not ensure a  fast motion of 
holes, indicating that hole mobility via the poly-
mer is significantly slower. To better characterize 
the  electron and hole motions, the  field dynam-
ics has been modelled approximating electron 
and hole mobilities by power-law functions 
μ(t) = μ0t

–α, which are typical of carrier mobilities 
in disordered materials  [112]. The modelling re-

sults presented in Fig. 13 show that electron mo-
bility is very sensitive to the stoichiometric ratio 
of the  blend increasing by more than 10 times 
when the PCBM content changes from 33 to 80%. 
The hole mobility is, however, less sensitive. This 
difference was attributed to long polymer chains 
ensuring a better percolation even at a  low poly-
mer concentration.

A very similar mobility dependence on the sto-
ichiometric ratio of donor and acceptor materials 
has been also observed for another polymer PTB7 
blend with PC71BM [114] and also for the blends 
of small molecules merocyanines with fuller-
enes  [115]. These investigations clearly revealed 
that a high electron mobility of fullerene deriva-
tives being of about 0.1 cm2/(Vs) at the initial ps 
time ensures a  fast and efficient electron extrac-
tion from solar cells. However, the  fast electron 
extraction takes place only in blends with a high 
concentration (more than 50%) of fullerene or its 
derivatives. At a low fullerene concentration, both 
electron mobility and carrier generation drasti-
cally decrease, most likely because the  CT states 
formed on a  single fullerene molecule recombine 
rather than split into mobile charge carriers [116].

Fig. 12. Normalized electric field kinetics of different 
blending ratio APFO3:PC61BM cells and of the neat 
APFO3 film (curves are vertically shifted). The cells 
were reverse biased at 4  V. Thin black lines show 
modelled kinetics. The  inset shows the  initial part 
of the kinetics, revealing the exciton contribution in 
the neat polymer film [111].
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and in fullerene layers separately. A clear electric 
field decay was observed only in the fullerene lay-
er, and this decay was very fast confirming the fast 
carrier motion in fullerene. In contrast, the carri-
er motion on a ps timescale in the cyanine dye was 
negligible. Moreover, a careful analysis of the car-
rier extraction kinetics from the  fullerene layers 
of different thickness revealed that the extraction 
rate was limited by the dissociation of the interfa-
cial CT states rather than by electron motion via 
the fullerene layer. At the low electric field, the CT 
state dissociation was found to take place during 
tens and hundreds of picoseconds. This evaluation 
well agrees with the CT state dissociation time es-
timated for the bulk heterojunction organic solar 
cells [7, 118] and confirms that the CT state dis-
sociation is a relatively slow process taking place 
from the vibrationally relaxed CT state.

6. Summary

The time-resolved mobility investigations re-
vealed that the  stationary mobility is not a  rel-
evant parameter to describe the  charge carrier 
motion in thin organic films and blends for or-
ganic solar cells. The mobility is highly dispersive. 
The initial mobility of photogenerated charge car-
riers is initially orders of magnitude higher than 
expected from the stationary mobility values ob-
tained by steady-state techniques. Charge carriers 
may pass thin molecular layers before the mobil-
ity equilibration. Nevertheless, the role of the fast 
initial mobility depends on a particular device and 
its operation conditions. High carrier mobility is 
not necessary for organic light-emitting diodes, 
more important is the  balance between electron 
and hole mobilities. However, a  low mobility is 
one of the major obstacles in creation of electri-
cally pumped organic lasers  [119]. A  fast carrier 
extraction is very important for the efficient per-
formance of organic solar cells where gradually 
decreasing carrier mobility causes their dispersive 
extraction and affects their recombination  [120, 
121]. On the other hand, Koster et al. [122, 123] 
argue that nonequilibrium carrier mobility plays 
a minor role in carrier extraction from operating 
solar cells, because carrier thermalization is much 
faster than their extraction. Indeed, the thermali-
zation rate may increase in operating solar cells 
because solar light constantly generates charge 

Fig. 13. Experimentally measured average car-
rier mobility kinetics at 4  V applied voltage 
(E  ≈  4.8  ×  105  V/cm) in the  neat APFO3 and in 
blends with a  different blending ratio (solid blue 
curves). Red (online) stars show the  average car-
rier mobility of 1:4 device obtained from terahertz 
spectroscopy measurements [113]. Dashed lines 
show modelling results. Thin dashed black and red 
(online) lines are electron and hole mobilities, re-
spectively, while the corresponding thick lines show 
electron and hole photocurrents [111].
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Another approach to separate between electron 
and hole motion dynamics was applied for a bilay-
er solar cell in Ref. [117]. Electric field probing by 
the Stark shift technique was applied to investigate 
the electric field dynamics in a bilayer organic so-
lar cell composed of a trimethine cyanine dye Cy3 
donor layer and a  fullerene C60 acceptor layer. 
Different Stark shift spectra of the trimethine cya-
nine dye and of fullerene enabled measurements 
of the  electric field dynamics in the  cyanine dye 



V. Gulbinas / Lith. J. Phys. 60, 1–25 (2020)18

carriers, which occupy low energy sites in DOS 
making the  carrier equilibration much faster. 
Thus, the  role of the  nonequilibrium mobility 
may depend on the  solar cell operation condi-
tions; it may increase at the  reduced solar cell 
illumination.

Currently, it becomes more and more clear that 
separation of interfacial CT states in organic solar 
cells takes place from the vibrationally relaxed CT 
state  [124]. But it happens during the  carrier re-
laxation within DOS. Unambiguously, the  carrier 
equilibration plays an important role in their sepa-
ration, yet we still lack clear understanding of this 
process.
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Apžvalga

KRŪVININKŲ JUDRIS ORGANINIUOSE PUSLAIDININKIUOSE IR SAULĖS 
ELEMENTUOSE

V. Gulbinas

Fizinių ir technologijos mokslų centras, Vilnius, Lietuva

Santrauka
Krūvininkų judrio vertė organiniuose puslaidi-

ninkiuose nėra pastovi, vienareikšmiškai apibūdinan-
ti medžiagos savybes, tačiau priklauso nuo elektrinio 
lauko, temperatūros ir netgi po generacijos ar injekta-
vimo bėgant laikui kinta. Judrio laikinė priklausomy-
bė ypač svarbi plonasluoksniams prietaisams, kuriuo-
se krūvininkai pereina organinį sluoksnį greičiau nei 
nusistovi pusiausviro judrio vertė. Šioje publikacijoje 
apžvelgiami eksperimentiniai aukštos laikinės skyros 

krūvininkų judrio tyrimo metodai ir analizuojama 
judrio kinetika konjuguotuosiuose polimeruose ar or-
ganiniuose saulės elementuose krūvininkų generacijos 
ir ištraukimo metu. Krūvininkų judris kinta keliomis 
eilėmis pikosekundinėje-nanosekundinėje laiko skalė-
je, tačiau jo dinamika taip pat priklauso ir nuo tyrimo 
metodo. Krūvininkų judrio kinetika organiniuose tūri-
nės heterosandūros saulės elementuose priklauso nuo 
donorinės ir akceptorinės medžiagų santykio.
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