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In this brief review the methods for investigation of charge carrier transport and recombination in thin layers of disordered 
materials and the obtained results are discussed. The method of charge carrier extraction by linearly increasing voltage (CELIV) is 
useful for the determination of mobility, bulk conductivity and density of equilibrium charge carriers. The extraction of photogen-
erated charge carriers (photo-CELIV) allows one to independently investigate relaxation of both the mobility and density of pho-
togenerated charge carriers. The extraction of injected charge carriers (i-CELIV) is effective for the independent investigation of 
transport peculiarities of both injected holes and electrons in bulk heterojunctions. For the investigation of charge carrier recom-
bination we proposed integral time-of-flight (TOF) and double-injection (DI) current transient methods. The methods allowed 
us to obtain the following significant results: to determine the reason of the conductivity dependence on electric field strength 
and temperature in the amorphous and microcrystalline hydrogenated silicon and π-conjugated polymers, the time dependent 
Langevin recombination, the impact of morphology on charge carrier mobility, the reason of reduced Langevin recombination 
in RR-PHT (regioregular poly(3-hexylthiophene))/PCBM (1-(3-methoxycarbonyl)propyl-1phenyl-[6,6]-methanofullerene) bulk 
heterojunction structures – 2D Langevin recombination; and to evaluate that the mobility of holes is predetermined by off-diag-
onal dispersion in poly-PbO.
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1. Introduction

The random distribution of atoms of disordered ma-
terials causes specific energy distribution of the den-
sity of electronic states, and, as a consequence, the de-
scription of charge carrier transport is different and 
more complicated than that in the crystalline materi-
als. In 1977, P.W.  Anderson and N.F.  Mott received 
the Nobel Prize for the description of electronic pro-
cesses in disordered structures. Besides a huge impact 
of their scientific work on understanding of charge 
carrier transport in disordered systems, their ideas 
stimulated the development of electronic devices on 
the  basis of amorphous and microcrystalline mate-
rials: xerography, chalcogenide and amorphous hy-
drogenated silicon solar cells, amorphous field effect 
transistors, etc. In 2000, A. Heeger, A. MacDiarmid, 
and H. Shirakava were awarded the Nobel Prize for 
the synthesis and application of conductive polymers. 
This stimulated the development of organic thin-film 
electronics: OLED, OFET, photovoltaics, etc.

In disordered materials, due to high charge carrier 
scattering, the classic Hall effect and magnetoresist-

ance measurements cannot be applied for investiga-
tion of charge carrier transport. On the other hand, in 
high conductivity materials the direct measurement 
of charge carrier mobility using the  time-of-flight 
(TOF) method is impossible, because the  dielectric 
relaxation time (τσ) is shorter than the  transit time 
(ttr) of charge carriers through the inter-electrode dis-
tance and the drifting packet of charges is screened 
by equilibrium charges before it arrives at an oppo-
site electrode. Also, after the  pulse of voltage is ap-
plied onto electrodes, the equilibrium charge carriers 
redistribute electric field in the inter-electrode space. 
In order to decrease the ttr the thickness of the layer 
may be reduced, however, this increases the capaci-
tance (C) of the sample, and, as a consequence, limits 
the shortest delay time (tdel) between the pulse of volt-
age and the pulse of light, during which the electric 
field relaxes to the  stationary magnitude. Another 
problem is that for the layers of submicron thickness 
it is difficult to achieve the surface absorption of light, 
which is preferred for the TOF method.

This brief review is about the investigation meth-
ods of charge carrier transport and recombination in 



G. Juška et al. / Lith. J. Phys. 56, 182–189 (2016)183

thin layers of disordered materials, and about some 
interesting results obtained by those methods.

2. Methods and their applications

We have proposed the method of equilibrium charge 
carrier extraction by linearly increasing voltage 
(CELIV) [1, 2] (Fig. 1). The experimental setup and 
circuitry in the CELIV technique is the same as in 
TOF, except that a linearly increasing voltage pulse 
with the  slope A  =  U/tpulse is applied to the  sample 
with blocking contacts.

The bulk conductivity of the structure is

 . (5)

Using the  CELIV method we have investigated 
various amorphous and microcrystalline hydrogen-
ated silicon and π-conjugated polymers as well as 
their bulk heterojunction layers [3–5]. This method 
enables one to determine the reason of conductivity 
dependence on electric field strength and tempera-
ture: whether this dependence is caused by mobil-
ity or density of charge carriers [3]. Also it enables 
one to compare the reasons of charge carrier mobil-
ity dependence on electric field strength: whether it 
is caused by stochastic transport, by micromobility 
dependence on electric field strength, or by release 
probability from trapping levels [6]. This method also 
allows determining – by changing the delay duration 
between the two sequent voltage pulses, according to 
Eq. (4) – the recovery kinetics of equilibrium charge 
carrier density.

On the  basis of CELIV measurement results it 
was demonstrated that in a  weak electric field re-
gion the charge carrier mobility decrease with elec-
tric field measured using TOF is erroneous [7]. 
The  latter is due to the  fact that, after the  pulse of 
voltage is applied onto sample electrodes, the equi-
librium charge carriers redistribute the electric field 
in the inter-electrode space, i. e. with a low electric 
field τσ <<  ttr, thus the necessary condition of the TOF 
method is not fulfilled.

Disadvantages of the CELIV method are the follow-
ing: in disordered materials the charge carrier mobil-
ity usually depends on the electric field strength, but in 
the CELIV method the electric field is increasing with 
time, so the charge carrier mobility, that is calculated 
from the measured tmax, is determined at E = Atmax/d 
with an error [8]; it is not clear what mobility and of 
which charge carriers is determined. If the densities of  
charge carriers are comparable, the current maxima of 
holes and electrons separate when the ratio of charge 
carrier mobility is greater than 3.

An extraction method of photogenerated charge 
carriers (photo-CELIV) enabled us to indepen-
dently measure both the  mobility and density of 
photogenerated charge carriers and their relaxation 
after photoexcitation [9]. This is particularly impor-
tant for investigating the  behaviour of charge carri-
ers in disordered structures, which are characterized 
by stochastic transport of carriers when the  charge 
carrier mobility decreases with increasing the  delay 
after photo-generation. It is demonstrated in Fig.  2 
that this is not caused by the mobility dependence on 

Fig. 1. CELIV setup and time diagram.

For measuring the  parameters of equilibrium 
charge carriers this method does not need photoex-
citation pulses, thus the  measurement equipment is 
less complicated. Also one can avoid large spikes of 
capacitance current, which makes the TOF measure-
ments of small-charge current difficult when the de-
lay time between the rectangular pulse of voltage and 
the exciting pulse of light is short. The extraction cur-
rent transient can be used to obtain the capacitance of 
the structure

εε0/d = j(0)/A. (1)

The drift mobility of charge carriers is

 (2)

when ∆j ≤ j(0), i. e. τσ ≥ ttr, and

 
 when ∆j >>    j(0), i. e. τσ <<  ttr. (3)

The density of equilibrium charge carriers is

. (4)

Uoff

U
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Fig. 2. Photocurrent transients of photo-CELIV at different 
intensity of light pulse and fixed delay time (a), and at dif-
ferent delay time tdel and fixed intensities of light pulse (b) 
in the RRa-PHT layer (coloured online).

Fig. 3. Mobility (a) and density (b) of extracted charge car-
riers versus the delay time for MDMO–PPV/PCBM blend. 
Density relaxation of charge carriers fitted according to 
the time-dependent Langevin recombination coefficient.

In order to analyse the transport features quantita-
tively, the theory of the photo-CELIV is extended to 
account for the dispersive nature of charge transport 
[10]. In the case of dispersive transport, the motion 
of the  drifting packet of the  photogenerated charge 
slows down with time, resulting in the time-depend-
ent drift mobility: 

μ(t) = Ct–(1–α), (6)

where the dispersive parameter α can be easily deter-
mined from the time of photo-CELIV current maxi-
mum dependence on A:

. (7)

One of the most important features, which limits 
the efficiency of a solar cell, is the recombination of 
charge carriers. In organic materials the short, com-
pared to the  Coulomb radius, hopping distance of 
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In high efficiency organic solar cells the strongly 
reduced Langevin recombination is observed. We 
propose convenient ways for the  determination of 
the  Langevin recombination reduction factor β/βL. 
Using photo-CELIV, while increasing the intensity of 
photo-exciting light, the current of photo-CELIV sat-
urates and from this magnitude the ratio β/βL = j(0)/
Δjsat can be estimated [12].

Despite the merits, there are some disadvantages of 
the  photo-CELIV method. This method can only be 
used to measure the mobility of majority charge carri-
ers, and also, using photo-CELIV errors may occur due 
to the influence of the initial distribution and recombi-
nation of the photogenerated charge carriers [12, 13]. 
In Ref. [12] the ways to avoid these shortcomings are 
discussed: first, one should use an intensity of pulse 

charge carrier density, because the tmax is independent 
of the magnitude of exciting light pulse.
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charge carriers causes the  Langevin-type bimolecu-
lar recombination. The time-dependent relaxation of 
charge carrier mobility is the cause that the investiga-
tion of charge carrier recombination from photocur-
rent transients, after their excitation by a short pulse 
of light, is inaccurate. The experimental results of µ(t) 
and n(t) obtained by photo-CELIV demonstrate that 
the  Langevin recombination coefficient (βL) is time 
dependent (Fig. 3) [11].
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of the  exciting light that the  condition Dj  <  j(0) is 
fulfilled and, when the absorption coefficient value 
is known, one should apply the  correction factor 
in Eq.  (2). Moreover, those techniques do not al-
low separating movement of holes from electrons in 
thin films. Another disadvantage is that the intrinsic 
electric field of the open circuit voltage of OSC must 
be compensated by the external voltage (Uoff), how-
ever, if an intrinsic electric field (Uins) is distributed 
in the  inter-electrode space, after its compensation 
the  injection from the  electrodes is obtained. To 
avoid the latter effect there is a possibility to switch 
off an electric circuit for the  delay time between 
the pulse of light and voltage ramp. However, in this 
case their redistribution also occurs.

The extraction of injected charge carriers (i-CELIV) 
is a method that overcomes the previously mentioned 
disadvantages [14]. The  i-CELIV technique is based 
on independent investigation of hole and electron 
transport in bulk heterojunction OSC [15, 16]. This 
technique requires blocking a layer between the bulk 
heterojunction and one of the electrodes. Charge car-
riers are injected from the  opposite electrode with 
offset, pushed towards the interface and extracted by 
linearly increasing voltage. The  mobility of injected 
charge carriers across the layer is estimated from time 
t1 when the extraction space charge limited current is 
equal to j(0) (see Fig. 4):

A
dt s

µ
π
221 = . (8)

The mobilities and their dependences on electrical 
field, µ ~ Eγ, could be established by changing the rate 
of linearly increasing voltage A according to

2
1–

1 ~ +
+

γ
γ

At . (9)

The main advantages of the extraction of injected 
charge carriers are the following: there is no influence 
of the recombination, the distribution of charge carri-
ers is well defined, and the mobility of both holes and 
electrons can be measured independently.

For estimation of the  mobility along the  trans-
porting layer the OFET current transient method was 
proposed [17, 18] (see Fig. 5):

. (10)

In combination with i-CELIV it allows one to de-
termine the impact of morphology on charge carrier 
mobility. Using this method an amount of charge car-
riers at the insulator/semiconductor interface can be 
estimated as well as its influence on the  estimation 
of mobility. This is a frequent error while estimating 
the mobility from volt-ampere characteristics.

As mentioned above, the  TOF technique could 
be problematic for mobility measurements in cer-
tain cases, however, an integral TOF (RC > ttr) could 
be used for investigation of the  initial mobility 

Fig. 4. The  numerically modelled transient of i-CELIV 
current (dark grey line) and the  same taking into ac-
count the capacitance (light grey line) of a blocking layer 
(t1*/t1 ~ jsat/j(0), see [16]).

Fig. 5. The structure of an organic field effect transistor (a), 
the  voltage pulse applied between the  source and drain 
USD (b), and the numerically modelled corresponding cur-
rent transient (c).
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(immediately after the photogeneration) of charge car-
riers during their thermalisation [19] and recombina-
tion. Since the quantum efficiency of photogenerated 
charge carriers is strongly field- and wavelength-de-
pendent, but very weakly dependent on temperature, 
we can separate the initial transport distance of pho-
toexcited charge carriers (lf(E)) from the  distance of 
their thermalisation. We found the initial drift distance 
to be temperature- and wavelength-independent, but 
strongly dependent on electrical field.

An integral TOF could also be used as a convenient 
method for the determination of the reduction factor 
of Langevin recombination. The  charge carrier res-
ervoir is created by strongly absorbed high intensity 
light pulse and by measuring extraction time te and an 
amount of extracted charge Q [see Fig. 6]. The Lan-
gevin recombination reduction factor could be esti-
mated as β/βL = CUttr/Qte [20].

For the  estimation of bimolecular recombination 
coefficient the double-injection (DI) current transient 
technique was proposed [21–23]. It allows direct deter-
mination of the bimolecular recombination coefficient 
or the  reduction factor of Langevin recombination 
(see Fig.  7). The  experimental setup for DI transient 
measurements is the  same as in the  TOF technique, 
except that no light is required for DI since charge 
carriers are injected from electrodes. The square volt-
age pulse in the  forward bias with the  amplitude U 
is applied to the sample, electrons and holes are injected 
into the film, and the response current is recorded by 
the oscilloscope. A simple analytical derived formula 
was proposed for the calculation of the ratio of the bi-
molecular recombination coefficient and Langevin co-
efficient [23]:

, (11)

where js is saturation current, jSCLC is space charge lim-
ited current (Fig. 7).

Using Eq. (11) it is possible to measure the electric 
field and temperature dependence of the  bimolecu-
lar recombination coefficient directly from DI tran-
sients without using data fitting and without setting 
up transport–recombination models. Therefore, this 
technique is a very powerful tool to study the charge 
carrier transport, recombination, and deep trapping 
in organic semiconductors.

One of main areas of application of thin organic 
layers is organic solar cells. As mentioned above, one 

Fig. 6. Numerically modelled integral TOF current tran-
sients (RC = 10 ttr) at different intensities of light and dif-
ferent reduction factors of Langevin recombination (col-
oured online).

Fig. 7. Numerically modelled transients of double injec-
tion currents into a dielectric in cases of the Langevin 
and reduced bimolecular recombination. The derivative 
of current in the case of reduced recombination is also 
shown.
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of the most important factors, which limits the effi-
ciency of a solar cell, is the recombination of charge 
carriers. In RR-PHT (regioregular poly(3-hexyl-
thiophene))/PCBM (1-(3-methoxycarbonyl)propyl-
1phenyl-[6,6]-methanofullerene) bulk heterojunc-
tion structures (efficiency of those solar cells exceeds 
10%), the bimolecular recombination coefficient has 
been experimentally estimated to be 103–104 times 
lower than the Langevin recombination coefficient. 
All experiments (integral TOF, DI, photo-CELIV) 
confirmed that it is caused by the 2D Langevin re-
combination process [24, 25] when after annealing 
a lamellar structure is formed in RR-PHT.

Other possible application of the  amorphous 
materials is X-ray medical imaging detectors [26]. 
The  development of such detectors requires a  com-
prehensive analysis of the  key performance para-
meters, which are largely governed by transport and 
recombination mechanisms. Polycrystalline lead 
oxide (PbO) has a long and successful history of ap-
plication in Plumbicons for X-ray medical imaging, 
however, studies of transport and recombination of 
charge carriers has never been performed in the poly-
crystalline PbO, despite a continuous interest in this 
promising material. Here, the  transport of mobile 
charge carriers (holes) and the  recombination are 
evaluated using the photo-CELIV method. We show 
that the transport of holes is predetermined by coor-
dinate dispersion in poly-PbO [10].
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KRŪVININKŲ PERNAŠA IR REKOMBINACIJA NETVARKIOSIOSE MEDŽIAGOSE
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Santrauka

Šioje apžvalgoje pateikti krūvininkų pernašos ir 
rekombinacijos netvarkiosiose medžiagose tyrimo me-
todai ir gauti rezultatai. Pusiausvyrinių krūvininkų eks-
trakcijos tiesiškai didėjančia įtampa metodas (CELIV) 
patogus matuojant krūvininkų judrį, tankį ir tūrinį lai-
dumą. Fotogeneruotų krūvininkų ekstrakcijos metodas 
(photo-CELIV) įgalina atskirai matuoti krūvininkų ju-
drio ir tankio relaksaciją po fotosužadinimo. Injektuo-

tų krūvininkų ekstrakcijos metodas (i-CELIV) patogus 
nustatant elektronų ir skylių judrius tūrinėse heterosan-
dūrose atskirai. Krūvininkų rekombinacijai tirti taip pat 
pasiūlyti integrinis lėkio trukmės ir dvigubos injekcijos 
srovės kinetikos metodai. Tiriant amorfinio ir mikrokris-
talinio silicio, švino oksido ir π-konjuguotų polimerų bei 
jų tūrinių heterosandūrų elektrines savybes šiais meto-
dais, gauti svarbūs rezultatai.
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