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Abstract 

 

1 | Introduction  

Organic Semiconductor (OSCs) share standard features. All crystals have van-der-Waals bonded, 

whereas the intermolecular interactions are much weaker than the intramolecular bonds. Individual 

molecules are well separated with van-der-Waals distances of 3.8 to 4Å. These materials’ structural 

and mechanical behaviors are remarkably different from inorganic materials due to weak bonding. For 

instance, hardness is usually lower than inorganic materials, and the thermal expansion coefficients 

are more significant [1]. 

OSCs mainly come in two varieties of small molecules and polymers. As the name suggests, small 

molecules are relatively small molecular weight molecules with conjugated carbon atoms, which can 

be prepared as single molecular crystals. The molecules in these crystals are tightly coupled in their -
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systems, resulting in unique transport properties with mobilities of 1-10 . Most molecules can be 

quickly evaporated to form polycrystalline layers. Organic semiconducting polymers are long chains of 

conjugated carbon atoms composed of smaller repeating units called monomers. Modified polymers can 

be self-organized when deposited from solution at room temperature, resulting in a relatively high 

mobility layer that can be used to print circuits at low cost [2], [3]. 

Measurement of the fundamental limits of charge carrier mobilities in OSCs is crucial for developing 

organic electronics. However, devices such as Organic Field Effect Transistors (OFETs), Organic Thin 

Film Transistors (OTFTs), and Organic Light-Emitting Diodes (OLEDs) are already used in 

commercial applications. There still needs to be a complete understanding of these devices’ final 

limitations of performance and stability. Growing ultra-pure, fully ordered molecular crystals requires 

determining the electronic properties of OSCs. The organic crystals show mobilities as high as 

amorphous silicon. Dislocations and grain boundaries, which may limit charge transfer, are essential in 

these crystals [4]. Thermal expansion should be considered when devising crystal growth procedures 

since the (often anisotropic) expansion tensor produces large stress/strain fields in the presence of 

temperature gradients. Charge carrier transport in OSCs has been investigated for over three decades. 

The most crucial charge transport features directly follow from the basic structural features of organic 

glasses. While these glasses are molecular materials, their position and orientation are disordered because 

of weak interactions between molecules. All relevant states are localized, and charge carrier transport 

occurs by the hopping mechanism. Hopping transport is an essential method for disordered materials 

[5]. 

The recent success of OLEDs in display technology further increases the demand for “all-organic” 

electronics. Organic electronic circuits driving organic displays would greatly benefit the manufacturing 

process if they were made of organic materials. The past decade has seen substantial progress in this 

field. Organic molecules with extended π-conjugation have been successfully used as active 

semiconductors in devices like OFETs. 

However, an adequate understanding of the physical principles governing charge transport in organic 

materials still needs to be included. In disordered polymeric organic materials, the hopping transport of 

electrons and holes prevails. Karl et al.’s classical experiments demonstrated a “band-like” transport 

mechanism for both charge carriers in highly ordered, ultra-pure organic single crystals of mm-sized 

dimensions. However, the concept of band-transport successfully used to describe charge transport in 

conventional in OSCs like Si and GaAs is inappropriate for OSC materials. Previous theoretical research 

has demonstrated that the electronic bands in OSCs are essentially flat. For such a situation, the 

conventional description predicts impaired charge carrier mobility – the figure of merit of 

semiconductor materials. Recent advances in the theoretical description of charge transport in organic 

materials have shown that a completely different physical picture is needed to describe charge transport 

in organic materials.  

Most importantly, lattice vibrations should be considered explicitly. Hamiltonians have been established 

for the ordered crystalline systems models, where the interaction between molecules and the lattice 

dynamic is parametrized. In more disordered systems, parametrization is more complez, and these 

methods are less predictive. A precise description of charge transport phenomena requires an atomistic 

simulation for the actual structure (i.e., including thermal vibrations). There are two main approaches to 

this problem. It is possible to extract charge transfer parameters from a molecular dynamics’ 

morphology simulation. These are then further used in hopping models to describe the movement of 

the localized charge from one molecule to the other. The second path propagates the electronic degrees 

of freedom using the time-dependent Schrödinger equation, whereas the cores are propagated classically 

with non-adiabatic simulation schemes [6]. 
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A deeper understanding of OLED, organic solar cells, and nanoscale molecular electronics requires 

knowledge of charge transport in organic materials. Developing organic molecules with high mobilities 

and guiding principles to construct organic molecules with high mobilities is urgently needed. In addition, 

the need for rules with predictive power, allowing for a rational design and synthesis of molecules with 

high charge carrier mobilities, is pressing. A simplistic guiding principle is “best mobility values are obtained 

for planar molecules where π–π-interactions allow an optimal stacking”. This principle is valuable but 

sometimes tricky to apply when explaining that some molecules show the highest mobilities and deviate 

substantially from planar geometries (e.g., rubrene). Therefore, searching for organic molecules with high 

charge carrier mobilities has remained a trial-and-error effort [7]. 

This paper briefly overviews organic photovoltaic devices and charge transfers through the active layers. 

Then the photo-induced charge carrier extraction is introduced by linearly increasing voltage (photo-

Charge Extraction via Linearly Increasing Voltage (CELIV)) technique to give comprehensive indications 

of charge carrier mobility, density, and recombination in organic photovoltaics. The photo-CELIV 

characterization is shown using extraction current transients to understand degradation mechanisms 

through observation of the trapping of charge carriers and bimolecular recombination. In addition, some 

examples of deployment and interpretation of the results are given. It is hoped that this brief introduction 

serves as a stepping stone into more in-depth papers and books and encourages more extensive use of 

photo-CELIV technology, which can be employed with whole devices. 

2 | Calculation and Model 

CELIV is a powerful method allowing charge transport and recombination to be studied in various 

semiconductors. This complimentary technique allows studying materials when other techniques, such as 

Time of Flight (ToF), are inapplicable [8]. 

The advantages are: 1) strongly dispersive transport in disordered semiconductors can be probed, whereas 

featureless exponential decay is observed in ToF, 2) extraction time tmax is still visible in strongly dispersive 

transport (in ToF, the position of the kink is not clear even in the log-log scale), 3) films with high intrinsic 

conductivity can be studied, whereas, in ToF, only films with low conductivity can be measured, and 4) 

recombination processes can be studied [9], [10]. 

The equation to calculate charge carrier mobility with surface photo-generated small charge was derived: 

Organic electronic devices, such as solar cells and light-emitting diodes, are typically very thin, hundreds 

of nanometers. Therefore, charge carriers are photo-generated in the volume of the films based on the 

Beer-Lambert law. In addition, charge carrier distribution due to doping is typically homogeneous 

throughout the film [11]. 

The case of high conductivity, carrier extraction: 

A correction factor to estimate the carrier mobility for intermediate film conductivities again in case of 

carrier extraction from the film was published later as determined from numerical calculations [12]. 

 (1) 

  (2) 

  (3) 
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where  is the mobility of the OSC, d is layer thickness, A is layer area, is transit time, and is 

conductivity. 

Further, Deibel and Bange showed that the correction factor should be slightly different, which would 

change the results much less than the experimental error. CELIV transients and the extraction time 

depend on carrier bimolecular recombination and carrier concentration, which should be considered 

and accounted for in mobility calculations [13], [14]. This work was further extended to account for all 

possible experimental parameters, namely light absorption profile, charge carrier concentration, and 

bimolecular recombination. Calculating the charge carrier mobility in the CELIV experiment is 

discussed below, accounting for all these experimental conditions.  

A typical CELIV setup is like ToF, except when ToF can be (though usually is not) measured with large 

load resistances (integral mode ToF). CELIV can only be done in differential mode when the load 

resistance is low (RC < ttr) [15]. 

 

Fig. 1. Schematic experimental setup and typical CELIV transients. 

A triangle-shaped increasing voltage pulse is applied, and the current response is measured as a voltage 

change in the load resistance of the oscilloscope. 

 

Fig. 2. Schematic illustration of the CELIV method: a) process of the charge 

extraction; b) scheme of the voltage input; c) the current output. 

 




(4) 
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Two types of CELIV experiments can be done: [16]. 

I. Extraction of equilibrium generated (because of doping) carriers. 

II. Extraction of photo-generated carriers, photo-CELIV, which is used for undoped films, when no 

thermally generated (equilibrium) carriers exist. 

Typically, Photo-CELIV is used to measure the charge carrier mobility in OSCs since they are large band 

gaps (2 eV or so) and few thermally generated carriers are present for extraction in the dark [17], [18]. 

The essence of this technique to measure the charge carrier mobility is very simple. The charge carrier 

mobility is defined as carrier drift velocity v in each electric field E: 

From classical mechanics, the constant speed of a moving object is defined as the time required to travel 

the distance d: 

In our case, the distance is the film thickness, and time is the transit time: 

The transit time is required to extract the small number of charge carriers (less than CU) from the surface 

through the film. While an applied electric field pulls carriers, the current is observed in the external circuit 

and recorded in the oscilloscope. When all pages reach the opposite electrode, the extraction current drops 

to zero, and the extraction time is recorded from which carrier mobility is calculated. However, in CELIV, 

the electric field is non-constant, carrier generation might not be at the surface, and the time at the 

maximum extraction current is taken for mobility calculations, which require complex analysis. Similarly, 

as in ToF, the mobility of both electrons and holes can be measured from CELIV. Due to Beer-Lambert 

law, an essential requirement is to fulfill the surface carrier generation, which can be conducted by making 

film thickness much larger than the photogeneration profile (d >> αd). As shown in Fig. 3, the extraction 

of electrons or holes through the film can be selected by applying forward or reverse bias, or, if forward 

bias injects shows too heavy injection, the illumination from different electrodes can be done keeping the 

same applied bias [19]–[21]. 

 

Fig. 3. Schematic measuring the mobility of electrons and holes. 

 

 (5) 

 (6) 

  (7) 
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3 | Results and Discussion 

The disadvantage of this experiment is that typically thick films, like micrometers or more, are required. 

The typical thickness of organic electronic devices is much less, meaning that typically the faster carrier 

mobility can only be measured from CELIV in operational devices [22], [23]. 

The numerical calculations were used to simulate the experimental conditions and derive the correction 

factor to account for by the universal equation to calculate the mobility of photo-generated charge 

carriers in all possible empirical cases: 

 Light absorption profile. 

 Carrier concentration. 

 Langevin-type bimolecular recombination.  

While no analytical solution for the correction factor presently exists, the following graph can be 

conveniently used to correctly calculate the charge carrier mobility in systems with Langevin bimolecular 

charge carrier recombination (typically, most materials with carrier mobility < 1 cm2/V/s). 

Fig. 4. Calculating charge carrier mobility with Langevin bimolecular 

charge carrier recombination. 

The Δj will saturate to the capacitive displacement current step j0, therefore Δj/j0=1 at high light 

intensities (Fig. 4). 

The easiest way to calculate the charge carrier mobility is in boundary cases: either in very thin or thick 

films at low carrier concentration (minor charge mode). Fig. 4 shows that the correction factor becomes 

either K=2 for surface photogeneration and 2/3 for volume generation, precisely as derived in the past. 

 By inserting the field dependence of mobility, we get the field-dependent transport equation [24], [25]: 

 

 

 

In this formulation, the room temperature transient time is considered, the result of which is shown in 

Fig. 5. 

 

 

(8) 

http://www.imakescience.com/celiv/pictures/correctionFactor.png
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Fig. 5. Current density in simulating the transport of carriers along the organic layer. 

We have used a simple model with a single trap level characterized by a carrier lifetime [25], [26]. 

One of the most significant advantages of CELIV is the ability to measure the concentration of photo-

generated charge carriers at various delay times or light intensities. The presence of bimolecular carrier 

recombination and at what light intensity it starts to dominate can be estimated from Fig. 6 shown below 

when Δj deviates from linear dependence. Unfortunately, only a very rough estimate of concentration can 

be made. 

Fig. 6. Carrier lifetime and recombination measurement, the Δj will 

saturate to the capacitive displacement current step j0; therefore, 

Δj/j0=1 at high light intensities. 

Fig. 6 represents the transient response in a single trap, while the carriers’ lifetime is about 5-10 

nanoseconds. Lifetimes should be larger than or equal to the delay time because the holes are transported 

across the layer before they get trapped. The steady-state current decreases as the lifetime are reduced 

because of reducing the number of carriers contributing to conduction by trapping. 

Fig. 7. Voltage behavior simulation of transport of carriers along the organic 

layer in intervals of 10 nanoseconds. 

 

𝜕

𝜕

𝜕

𝜕 𝜏
(9) 

http://www.imakescience.com/celiv/pictures/recombination.png
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The pulse voltage response is shown in Fig. 7 along the organic layer with ToF configuration by 

increasing the thickness of the layers so that the pulse voltage decays and shows a linear profile before 

it reaches the collector electrode. 

Significant progress has been achieved in developing novel materials and new device engineering in the 

last decade. Arylene diimide families have shown high promise as helpful building blocks for fabricating 

next-generation electronic and optoelectronic devices to understand their transistor characteristics at the 

molecular scale to practical applications from medicine to high-end security systems. These organic 

compounds are being developed for improved resistance to thermal and environmental stresses, which 

is one of the significant challenges in the field. Several other combinations based on fullerene (C60) and 

chemically modified thiophenes are also being explored and developed for use in many devices 

encompassing interdisciplinary research areas. These devices are expected to pave the way for next-

generation electronics with energy-efficient security systems, sensors, photonics, and spintronic 

memories due to their low cost and ease of synthesis and processing. This chapter briefly reviewed the 

different types of organic devices, their fabrication processes, and their recent applications by citing 

examples of oligomers and polymers. 

4 | Conclusions 

The calculation results show that saturation of extracted charge (Δj) is linearly proportional to carrier 

concentration at low concentrations, whereas, at high concentrations, it saturates due to bimolecular 

carrier recombination. When Langevin recombination mechanisms are present, the Δj will saturate to 

the capacitive displacement current step j0; therefore, Δj/j0=1 at high light intensities. Experimentally 

this saturation can be observed by changing the delay time tdel or laser intensity both control the carrier 

concentration when the extraction pulse is applied. The saturation of extracted charge decreases from 

its maximum value only when tdel is increased like tmax because the bimolecular carrier lifetime is much 

faster than transit time at high carrier concentrations giving the saturation of extracted charge in 

Langevin recombination. When tdel = ttr, the extracted order will be approx= CU. The results 

demonstrated that only a time scale > ttr could be probed using CELIV when measuring carrier 

concentration decay with time. It is not the limitation of the CELIV technique, it is the nature of drift-

governed carrier extraction from the films. Similar results would be observed in whatever electrical 

extraction method (for instance, using charge extraction with square-pulsed voltage).  
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