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Abstract 

The electronic structure and the charge carrier dynamics of regioregular poly(3-

hexylthiophen-2,5-diyl) and blends with phenyl-C61-butyric acid methyl ester is studied using 

time resolved microwave conductivity, optical spectroscopy, ultraviolet photoelectron spec-

troscopy and high resolution X-ray absorption spectroscopy. From our data we deduce the 

positions of the valence- and conduction band, the existence of two excitons- as well as the 

co-existence of one dimensional and two dimensional polarons. Consistent with the spectros-

copic data we propose a new model in which scattering of virtual polarons and excitons can 

create free polaronic charge carriers. 
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1. INTRODUCTION 

As an alternative for conventional energy supply, the development of efficient solar cells is a 

very important component in a program of CO2 reduction. Organic solar cell systems promise 

a low cost mass production, combined with the bandwidth of possible organic compounds for 

an efficient light harvesting. An impressive acceleration of the entire organic photovoltaic 

field has seen, but organic photovoltaics still show lower efficiency and shorter lifetime com-
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pared to their fully inorganic counterparts. Further investigations and new insights into fun-

damental processes of organic semiconductors during light absorption are necessary. 

Optical excitations in polymers are essential in understanding the performance of organic so-

lar cells. Organic semiconductors have a high absorption/extinction coefficient, which leads to 

efficient light harvesting in the region of the solar spectrum. The internal quantum efficiency 

requires the formation of excitons upon photo-excitation. These localized charges need to 

become converted into free carriers. It is generally assumed that after exciton creation the 

efficiency depends on the exciton diffusion in the absorber, the exciton dissociation, on the 

charge transport in the blend, and on the charge collection efficiency at the electrodes [1, 2, 

3]. In bulk heterojunction solar cells, the light is mainly absorbed in the conjugated polymer 

[4]. An important limitation is the low mobility in such materials. It is attributed to the short 

lifetime of excitons resulting in small exciton diffusion lengths of about 10nm [5].  Drori et al. 

estimated the decay time of excitons to be within 10ps [6].  

In the conventional picture the generated exciton has to diffuse towards the interface to the 

electron acceptor [7, 8]. At the interface the electron and the hole become spatially separated 

but are still coulomb bonded (geminated pair). Further charge separation is enabled by the 

external electric field of the asymmetric front and back electrodes. Within that picture the 

origin of the charge dissociation is still under discussion. A general problem is the Coulomb 

interaction of the localized exciton. Electric fields in the order of 10
8
V/m are necessary for 

exciton dissociation [5], which are at least one order of magnitude higher than the fields gen-

erated by the work function difference of the asymmetric electrodes [9]. 

 

Polarons and bipolarons are established charge carriers in organic semiconductors. They are 

formed by adding or removing charges from or to the -system and are stabilized by electron-

ic and geometric relaxation along the polymer chain. These states are self-localized by lattice 

relaxation (e-ph coupling) [10, 11]. Polarons cause two energy levels to appear within the 

electronic band gap. Charge transport in organic conductors is explained in terms of polaron 

hopping from site to site and is influenced by order in the polymeric film [2, 12, 13, 14]. The 

corresponding mobility is related to the polaron life times. Li et al. on the other hand found 

the lifetime of free polarons to be between 300-400ns [15].  

 

For above bandgap pump excitation the polaron lifetime was 150µs [6]. Lifetime of localized 

polarons in (MDMO-PPV:PCBM) system can even be as high as 10ms [16]. 
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As model system, we use P3HT (poly(3-hexylthiophene-2,5-diyl)) and blends of P3HT with  

PCBM (Phenyl-C61-butyric acid methyl ester).  P3HT is an ideal p-type semiconductor and a 

widely used conjugated polymer. We investigate the regioregular-P3HT (rr-P3HT) phase with 

high carrier mobility (up to 0.1 cm
2
V

-1
s

-1
) in relation to regiorandom-P3HT (10

-5
 cm

2
V

-1
s

-1
) 

[17, 18]. Also PCBM is a standard electron acceptor material in organic solar cells [19]. 

 

We use time resolved microwave conductivity (TRMC), which is a unique tool for contactless 

investigation of bulk carrier dynamics. Without the need of electrodes, no charge carriers are 

collected. The TRMC signal is a response on generally free charge carriers, independently on 

their charges. As a standard tool for the characterization of films, we use optical absorption 

spectroscopy (UV-Vis). Electron spectroscopy is used as very sensitive tool for identification 

of excitons and polarons. The excited states of rr-P3HT are investigated by high resolution X-

ray absorption spectroscopy (XAS) at BESSY-II. Based on our spectroscopic data, we present 

a model in which an exciton can decay into a pair of polarons scattered by virtual polarons.  

 

 

2. EXPERIMENTAL 

 

2.1 Materials and sample preparation 

For all investigations, rr-P3HT (ultra pure, 99.995 %, Sigma-Aldrich, Plexcore OS 2100; 

mole weight Mn = 30000-60000) and PCBM (Sigma-Aldrich) is used to spin coat films on 

ITO substrates. Both, the pure rr-P3HT and a rr-P3HT/PCBM blend are solved in chloroform 

giving a film thickness of about 100nm for 1 wt%, corresponding to a calibration of film 

thickness versus condition for spin coating (rotation speed, concentration). The ratio rr-

P3HT/PCBM in the blend is 1:1 in wt%. Also, for the spectroscopic investigations, ultra pure 

rr-P3HT is spin coated onto ITO-substrates, in a film thickness of about 100nm.  

Preparation and transport is carried out under inert Ar/N atmosphere. The measurements of 

charge carrier dynamics are done in ambient conditions, but immediately after opening the 

transport box.  

 

2.2 Measurements 

For measurements of the charge carrier dynamics, we investigate the lifetime of photoinduced 

charge carriers in rr-P3HT and blends of rr-P3HT/PCBM by time resolved microwave con-

ductivity (TRMC). In our setup, microwaves of 30GHz from the source are directed via a cir-
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culator to a waveguide system containing the sample. Illumination is provided through a hole 

in the waveguide by 10ns (FWHM) pulse (2.6x10
16

 photons cm
-2

 pulse
-1

) of a Nd:YAG laser 

at 532nm (2.2eV) [20, 21].  

By using the wavelength of 532nm, the photons are mainly absorbed by the rr-P3HT. This is 

checked by UV-Vis absorption measurements. An optical band gap of 2.1eV could be ex-

tracted for rr-P3HT.  

 

Our rr-P3HT films were also characterized by Atomic Force Microscopy (AFM), X-ray pho-

toelectron spectroscopy (XPS), and ultraviolet photoelectron spectroscopy (UPS). The AFM 

investigation shows homogeneous films with no pinholes. AFM is also used to give an esti-

mation of the film thickness: the film thickness corresponds to 100nm, with a RMS of 10 nm. 

For the spectroscopic measurements the samples were prepared and transported under inert 

Ar/N atmosphere. A possible contamination by oxygen or other parasitic doping elements is 

checked by (sensitive synchrotron) XPS. No oxygen or other parasitic elements were found. 

The stoichiometry of the samples was determined from the C1s and S2p peak intensities, 

which are found to be in excellent agreement with the expected composition of our rr-P3HT 

films (C/S = 10). 

The valence band of rr-P3HT is measured by HeI/HeII radiation. We find the valence band 

maximum at -0.43 eV, the C2p π band between -0.5eV and -2.5eV, the S3p π level at -3.4eV, 

S3p/C2p states between -5 and -12eV, and the C2s/S3s bands between -12eV and -20eV ini-

tial state energy 22, 23 . 

 

X-ray absorption spectroscopy (XAS) is used to investigate the unoccupied states of the rr-

P3HT films. Different information depths are possible in XAS by using the TFY (Total Fluo-

rescence Yield) and TEY (Total Electron Yield). Further, extractions of spectra in CIS (con-

stant initial state) and CFS (constant final state) mode are available by using synchrotron radi-

ation. The data are taken at the U49/2 PGM-2 beam line at BESSY-II and are corrected for 

the incoming photon flux. The photon energy resolution used is higher than 0.1eV. The TEY 

and TFY modes were recorded simultaneously for each sample using the sample current and a 

multi-channel plate detector, respectively. No beam induced changes within exposure times of 

60 min are observed. Self absorption in the TFY mode is checked with the Athena software 

package and corrected by normalizing all spectra to the absorption peak at 284.5eV.  

 

3. RESULTS 
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3.1 TRMC measurements 

The figure 1 shows the TRMC signals of a pure rr-P3HT film and a 1:1 blend of PCBM:rr-

P3HT. This comparison demonstrates that these data are quite similar, both show a fast initial 

rise until the signal decays again. However, the intensity of the TRMC-signal is different: the 

amplitude of the pure rr-P3HT-film is approximately doubled, in relation to the TRMC signal 

of the blended system. This is a consequence of the preferred absorption and excitation of the 

rr-P3HT, related to the fullerene. In the 1:1 blend, the amplitude should be reduced by half, as 

measured. In consequence, we have to conclude, that the TRMC signal is primary governed 

by an excitation decay of the polymer chain itself. 

 

The data in the log-log plot show for both, the pure rr-P3HT and the blend an almost similar 

dependence on time close to a t
−β

 power law. For the actually measured 1:1 blend of rr-

P3HT/PCBM, solved in chloroform, we obtain a β value of 0.53. The decay time, expressed 

as full duration half maximum (FDHM) is 1.78x10
-7

s in this case. For the pure rr-P3HT, a β 

value of 0.51 is measured. The decay time, as FDHM is 3.12x10
-7

s.   

This observation is important for our further discussions.  For the two samples for one order 

of magnitude in time (1x10
-7

s to 1x10
-6

s), the exponent β remains unchanged. This means that 

the TRMC signal is strongly related to only a single decay channel which means that only one 

type of charge carrier exists. It must be the same type of carriers for the pure rr-P3HT and also 

for the blend rr-P3HT/PCBM. Taken into account the time domain of the measurement, from 

0.01 to 1µs, the signal must be related to the decay of polarons, the charge carriers with the 

longest lifetime in a conducting polymer. 
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Fig. 1 log-log-plot of TRMC measurements of a rr-P3HT, compared to a 1:1 (wt%)-blend of 

rr-P3HT/PCBM, with a film thickness of 100nm. The laser intensity is similar, with an excita-

tion by a 532 nm (2.2eV), 10 ns pulse, and 2.6x10
16

 photons cm
-2

 pulse
-1

.   

 

3.2 XAS analysis and 2D-resPES 

Figure 2 shows a combined UPS-and a C1s XAS spectrum at around 285eV photo-excitation. 

The energy of occupied and unoccupied states is given in reference to the Fermi level of the 

system. The XAS spectra are taken in TFY and TEY mode. The energy for the charged VBM  

is derived from the band onset. The CBM is revealed by our resPES investigation, shown lat-

er.  

Compared to a combined UPS- and inverse photoelectron spectroscopy (IPES) investigation 

of P3HT films, published by Deibel et al. [24], additional features inside the bandgap become 

visible. These signals are assigned as P0, P1 and E1 and give an excellent example for the 

complementarity of different methods: The cited UPS-IPES investigation uses electrons of 

9.5eV [25], the XAS investigation uses photons of around 285eV. The effective cross section 

for XAS is higher than for the IPES excitation, according to ( XAS/ IPES)
4
=(285/9.5)

4
. The 

features P0 and P1 are of polaronic nature and mark the positive charge transfer states for rr-

P3HT. The polaronic state split at the interface into P0 and P1 for well-ordered rr-P3HT, due 
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to the formation of 2D-polarons, for bulk properties, only 1D polarons are important [17, 26]. 

The energetic value for the 1D polarons is also assigned in figure 2.  

The feature E1 is identified to be of excitonic nature. With respect to the Fermi energy, the 

value for E1 is located at 0.9eV. The corresponding value with respect to the VB is 1.3eV, 

respectively. A further excitonic state, assigned as E2 has to be attributed to the spin singlet 

exciton, as the optical excitation from the singlet ground state. As a direct excitation from the 

singlet ground state, the spin character of the feature E2 is conserved, due to the spin selection 

rule. This signal is revealed by the UV-Vis-investigation and by our resPES investigation, 

shown later. A more detailed discussion of the excitonic states is published elsewhere [26], 

here we concentrate on the dynamics of excitonic states in rr-P3HT in general.    
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Fig. 2 Combined UPS-and C1s-XAS spectra of a rr-P3HT film, with respect to the Fermi lev-

el. The VBM and CBM are assigned as arrows, the features E1 and E2 are of excitonic, P0, 1 

and P2, 3 are of polaronic nature, as described in text.  

 

A resonant PES (2D resPES) diagram of rr-P3HT is shown in figure 3. Such a diagram is a 

two dimensional plot of different photoemission energy distribution curves (EDC) at a given 

photon energy. The photon energy is plotted as the x-axis and the binding energy is plotted as 

y-axis. The intensity of the signal is given as a contour. The diagram is not only a collection 

of EDC, but also displays the Auger, CIS and CFS/XAS data simultaneously. The difference 

between the CFS and CIS data is that CFS data are taken at a constant kinetic energy while 

the CIS data are taken at constant binding energy. The CIS mode characterizes the intensity 

modulation of an individual valence band state that occurs upon excitation of an electron into 

the empty conduction band.  
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The 2D resPES plot shows the resonances E1 and E2 at 285.4eV and 287.6eV with high in-

tensity and an area with low intensity beyond the resonance energy. The resonances show 

very low fine structure and details neither from the initial states, which occur before the re-

sonances, nor from final states, which would occur beyond the resonance energy. It is possible 

to exclude the decay channels into Auger processes. For an Auger decay, the participating 

electrons need an overlap in their wave functions, in order to transfer the energy after the fill-

ing the core level. This indicates localizes states, for both, the E1 and the E2 resonance.  
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Fig. 3 2D resPES diagram of rr-P3HT on ITO.  The photon energy is plotted as the x-axis, 

and the binding energy is plotted as y-axis. The intensity of the signal is given as a contour. 

Indicated are the two CIS cuts of figure 4 with an initial state energy of -1.6eV and -6.0eV, 

corresponding to the C2p-  and C2p-  bands, respectively. Also, the C1s XPS line excited 

by second order light is marked, appearing in the lower initial state energy region.  

 

 

 

In figure 4, we present cuts taken at constant initial state energy (CIS) and constant kinetic 

energy (CFS). In all modes, the sharp resonance E1 with a main peak at 285.4eV photon 

energy is present. Smaller contributions with lower energies are related to the polaronic states 
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P0 and P1. Here we concentrate on the additional features E1, E2 and the identification of the 

conduction band minimum (CB).  

For a photon energy of 287.2eV, a second feature E2 is observed, as a sharp resonance, clear-

ly revealed in the CIS-cuts. For the C2p-  bands, the CIS spectrum with low binding energies 

of -1.6eV (related to the Fermi level), the amount of the E2 contribution is very small. Prob-

ing deeper valence levels with higher binding energies of -6eV (the C2p bands) the 

second feature becomes much stronger. Taken into account a possible occupation of excited 

states with accompanied events like spectator Auger decay, this second resonance has to be 

assigned to the electron, directly excited from VB to the CB, or the *-exciton.  

The CFS cut with a constant kinetic energy of 263eV shows an additional component with an 

energy difference of 0.4eV in relation to the signal E2, as a feature at 287.6eV. Here, the level 

of the unpopulated CB, respectively the CB- * becomes visible. The broad peak structure at 

around 292eV is related to the *-band.  
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Fig. 4: XAS spectra in constant initial state mode (CIS), for different binding energies and in 

constant final state mode (CFS), for different kinetic energies. The corresponding resPES plot 

is given in figure 3. The dashed part of the C2p-  band is the C1s XPS line excited by second 

order light appearing in the lower initial state energy region of the 2D resPES spectra. 

 

 

In Figure 5 we present the results of our spectroscopic investigation as an energy level dia-

gram of rr-P3HT. The optical (by UV-VIS) and electronic (XAS) transitions are given. E1 

and E2 are excitonic levels, P1 and P2 are the (1D) polaronic levels. We determine the fol-

lowing values of the full width at half maximum (FWHM): for E1/E2 0.7eV and 1.4eV, and 

for P1/P2 0.4 and 0.5eV, respectively. The energy of these levels relative to the valence band 

maximum is: P1=0.8eV, P2=1.9eV, E1=1.3eV and E2= 3.1eV. The relative energy separation 
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between the excitonic feature E1 and the polaronic levels is small: 0.5eV for P1 and 0.6eV for 

P2. Taking into account, that these levels are the 1D polarons, a further splitting of the energy 

levels due to the formation of 2D polarons leads to smaller differences between the excitonic 

level E1 and the polaronic levels.  
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Fig. 5: Energy level diagram of the rr-P3HT. The optical band gap of 2.1eV (UV-VIS mea-

surement) and electronic band gap of 3.5eV (XAS measurement) are indicated. E1 / E2 are 

excitonic levels and P1 / P2 are polaronic levels. The energy of these levels relative to the 

valence band maximum is: P1=0.8eV, P2=1.9eV, E1=1.3eV and E2= 3.1eV. The number in 

the boxes indicates the corresponding spectral widths in eV. 

 

 

 

 

 

4. DISCUSSION 

The time resolved microwave conductivity is a technique which probes free carriers without 

the need of any electrical contacts. It is applied for studies of inorganic semiconductors usual-

ly [27]. Here we apply it for organic semiconductors which in general have a much lower mo-

bility. In addition, there is much less experience with relaxation and recombination mechan-

ism, also the type of the free charge carriers needs to be discussed in detail.   
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The main result of our TRMC data is the observation of an almost identical decay behavior 

for pure rr-P3HT and the 1:1 blend of rr-P3HT with PCBM. For both, an exponential power 

law is measured, with almost the same values for the exponent β during the complete mea-

surement (β=0.51 for pure rr-P3HT, and β=0.53 for the blend). Further, we can deduce from 

the decay time that there is only one type of recombination mechanism. This leads us to con-

clude that in both systems we do have only one type of carriers. A decay rate of t
−β

 for 

P3HT/PCBM blends is explained in terms of the relaxation of carriers in a Gaussian density 

of states (DOS) [28].  

A second observation is that the TRMC intensity for the pure rr-P3HT is exactly twice that of 

the 1:1 blend. We conclude that the signal is determined by the light absorption and genera-

tion of charge carriers in rr-P3HT. The decay of the carriers, their transport to the PCBM is 

obviously not the rate determining step. Also, there is no influence of a charge transfer state at 

the interface or at grain boundaries. These very important conclusions are clearly confirmed 

by the amplitude of the TRMC signal.  

Further, it is important to state that we do observe just a single decay time. From this observa-

tion we have to conclude that the exciton diffusion and dissociation is not contained in our 

data. Such a process would have an additional channel with a different decay time. We argue 

that the time domain of exciton formation and decay should be much faster than the time scale 

probed in our experiment.   

These findings lead us to conclude that polarons are the free carriers in the rr-P3HT films and 

also in the blend. Polarons are known for their long life time which is in accordance to the 

beta values derived from figure 2, polarons are the charge carriers with the longest lifetime in 

a conducting polymer. From our data analysis we find a polaron life time of around 0.3µs in 

rr-P3HT, a value which is in good agreement with earlier studies [15]. The formation of free 

polarons in well-ordered rr-P3HT is also confirmed by near-IR femtosecond transient absorp-

tion spectroscopy, for regiorandom P3HT, no evidence for polarons was observed [29]. 

The excitons are probed by our resPES data as shown in figure 3 and 4. We find two excitonic 

states E1 and E2 which are identified by their resonances at 285.5eV and at 287.2eV, respec-

tively. These resonances are attributed to excitons as they appear below the CBM at 287.6eV 

and also as they do not show any photoemission or Auger decay channel in figure 3. The na-

ture of the two excitonic states will be discussed in another publication [26]. 

The polarons in rr-P3HT are identified in our spectroscopic data and are best seen in the CFS 

data shown in figure 2 and 4. Here the weak but pronounced shoulders of the first absorption 

band at around 285eV are assigned as transitions from the C1s level into polaronic states. The 



 

 

13 

differences of the electronic structure of regioregular and regiorandom type P3HT are investi-

gated in detail by our group [26]. Due to the excellent data quality, it was possible to distin-

guish between intra-chain one dimensional (1D)-polarons and inter-lamellae two-dimensional 

(2D)-polarons.  

In the well-ordered rr-P3HT films we identified 2D polarons as a special type of polarons due 

to the formation of the quasi-crystalline lamellae structure. The 2D polarons are characterized 

by four levels inside the band-gap [26] and involve a covalent interaction between neighbor-

ing lamellae of adjacent 1D polarons [17]. For intrinsic rr-P3HT films we found that the unin-

tended doping levels in our films (12%) consist of about 4% of 1D polarons and of about 8% 

of 2D polarons [26], respectively. In the following discussion of our model we do not diffe-

rentiate between the two polaron types as the proposed model works with both of them.  

The virtual polaron model combines the experimental findings of the coexistence of excitons 

and polarons to address the exciton dissociation by polarons. The model is independent of the 

nature or number of excitonic states inside the band gap of the polymer. The excitonic state 

can either be E1 or E2 and will therefor simply be written as E further on.  In the introduction 

we have already addressed the issue that there is a general interest in understanding how the 

charges from an excited localized excitonic state can be transferred into mobile charges. Here 

the key problem is that the Coulomb interaction between the electron and the hole in the VB 

is very strong and hinders both, the valence hole state and the excitonic electron state to be-

come mobile charge carriers. 

We propose a novel mechanism for the on-chain generation of free polaronic charge carriers. 

This mechanism starts with photo-generated excitonic states. Besides of some un-intentional 

doping we can argue that neutral polaronic states do exist on the polymer chains. Such states 

consist of a pair of electrons in polaronic energy levels and their charge is compensated by 

two hole states in the valence band. A schematic of the related energy levels is given in figure 

6.  Such neutral polarons are not stable which means that they will rather decay in a short time 

after formation into regular valence band states. For our model we assume that these neutral 

polarons exist for a finite life time which is long enough to interact with the excited excitonic 

state. We name these as virtual polarons, hence. 

In Figure 6, we show the energy levels and occupation of these levels for the positive polaron 

(P
+
), the negative polaron (P

-
), the virtual polaron (P

0
virt.) and for the exciton (E). The polarons 

P
+
 and P

-
 are 1D polarons. In our discussions we do not include the 2D polarons levels but we 

argue that the existence of split polaron states would enhance the transition rate for the exci-

ton decay significantly. 
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Fig. 6: Energy levels and occupation of these levels for the positive polaron (P
+
), negative 

polaron (P
-
), virtual polaron (P

0
virt.) and an exciton (E). The dashed cigars indicate the degree 

of localization/delocalization. 

 

The main interaction mechanism of virtual polarons with the excited exciton is in the reduc-

tion of the Coulomb energy of the exciton by a dielectric screening of the virtual polarons 

P
0

virt. This means that in the exciton the hole which is localized on the same molecular unit as 

the electron is, can be replaced by a polaronic hole state. This has the advantage of being de-

localized over some 10 molecular units. In terms the initial Coulomb interaction of the exciton 

is lowered dramatically by a reduced Coulomb energy ΔECoulomb. 

Consequently, the electron of the initial exciton has a chance to escape into a more deloca-

lized state also. This can be expressed by the following equation: 

E + PVirt

0 ® E + PVirt

0( )
*

E + PVirt

0( )
*

® P+ + P-

 

The star denotes the intermediate state during the scattering process in which a reduced Cou-

lomb energy applies for the exciton E. Here the polarons P
+
 and P

-
 represent the on chain po-

laronic states for the positive and the negative charge. Charge neutrality is preserved in this 

process as both exciton and virtual polaron are neutral species while the positive and negative 

polarons carry a charge of +1 and -1, respectively. 

Figure 7 gives a schematic of our model. In the first step, light absorption generates a loca-

lized exciton, here the exciton E. In a second step, a delocalized virtual polaron P
0

virt appears 

and interacts with the exciton E. The dielectric coupling between E and P
0

virt leads to a new 

binding energy of the exciton, respectively for the excited electron. In a last step, the exciton 
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dissociates into a positive and negative polaron. Thereby we have the generation of a positive 

charged polaron P
+
 for the excitonic hole state and of a negative charged P

-
 polaron for the 

excitonic electron. The charge neutrality is preserved as the sum over all charges is zero be-

fore and after the exciton dissociation. 

 

+ +
P+

+ + ++ +
P-

E P0

virt.+

VBM

CBM

 

 

Figure 7: Schematic presentation of the virtual polaron model. The exciton E interacts with 

the virtual polaron P
0

virt. A lowered binding energy of the exciton is generated due to the di-

electric coupling between E and P
0

virt. The exciton dissociates into a positive and negative 

polaron, located on the polymer chain.  

 

In a simplified calculation of the spatial extensions and the binding energies we determine the 

effective exciton radius /00 ar  with a0 as Bohr radius (5.3x10
-11

m) and the effective 

binding energy (with respect to the Vacuum) /6.13)8/()8/( 00

2

00

2 aereEb . 

Here  is the relative dielectric constant, 0 the dielectric constant of the vacuum, µ the rela-

tive effective mass of electrons and holes, respectively, and e is the elementary charge.  First, 

we give the estimation for the exciton: The effective radius of the excitonic e-h pair is given 

by nmar 18.0/00 , if we use a value of ε=εExciton=3.4 as relative dielectric constant of 

P3HT [22]. This is consistent with the picture that the absorption of light proceeds within one 

thiophene ring of the rr-P3HT and the exciton is localized within one monomer unit (0.4nm 

[29]). Consequently only molecular energy levels are involved during excitation and we have 

to use an effective mass of µ=1.  The effective binding energy of the exciton then is 

eVEb 4/6.13 . Within our simple model this agreement with the observed value (bind-
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ing energy of the exciton with respect to the vacuum energy) of E1b=2.1eV / E2b=0.3eV (fig-

ure 5) is rather good [26].  

Next we consider the neutral polaron. It is important to recall that all polaronic states have a 

delocalized wave function which extends over about 10 monomeric units on the polymer 

strand. This holds also for the neutral polaron. Consequently, if it interacts with the exciton 

the localized excitonic hole wave function state can be replaced by the more extended pola-

ronic wave function. Now the radius of the new complex is extended and according to the 

Rydberg formula this is accompanied by a large change in the local dielectric constant. There-

fore this high value of the local dielectric constant of the virtual polaron can couple with the 

exciton and causes a lowering of its binding energy. If we assume a delocalization of the pola-

ron radius over 10 monomer units of rr-P3HT for the virtual polaron, the estimated corres-

ponding dielectric constant is increased by almost by one order of magnitude (ε=EVirt.Pol.=38). 

We still assume an effective mass of 1 as the polaronic states usually are considered to as de-

fect states which have no noticeable dispersion in energy / k-space.   

Or, in another expression, using the assumption, that delocalization is scaled with n molecular 

units with diameter aMonomer, the effective radius r0 is expressed as 

r0 = n× aMonomer / 2 = n× a0eExciton / m. The corresponding binding energy, respectively the 

Coulomb interaction is lowered, according to )/1))(2/8/(()8/( 0

2

00

2 naereE Monomerb , or 

approximately  

Eb = ECoulomb(e = eVirt.Pol . ) = Eb

Exciton(e = eVirt.Pol . ) =
Eb

Exciton(e = eExc. )

n

 

as the exciton is localized within one monomer unit. Consequently, an interaction of the exci-

ton with the virtual polaron means that for a calculation of the exciton binding energy we 

have to use a value of 38 for the dielectric constant and we find a dramatically reduced value 

of 0.36eV for the exciton binding energy, hence. 

This is the key for the exciton dissociation as the electron state can easily reach a delocalized 

n-type polaron while the remaining excitonic hole state may decay in a polaronic state. This is 

an exciton dielectric screening effect induced by a virtual polaron. In consequence, the posi-

tive and negative charge of the exciton becomes spatially extended by interaction with a vir-

tual polaron. Two mobile polarons on the chain are created instead of a bound pair (geminate 

pair) at an interface.  

In the literature there are other models to explain the exciton dissociation. These models give 

different explanations how a transfer of Coulomb bond charges into free carriers (free pola-
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rons in the case of a polymer) is possible. In our work we focus on that very important issue 

and in the model we give a novel approach by introducing virtual polarons.  

In all other models the migration of the exciton towards the acceptor (polymer) / donor (fulle-

rene) interface is incorporated as a necessary step for exciton dissociation [5, 9, 30, 31] and 

they need a structural hindrance for exciton dissociation (interface, grain boundary). In those 

models, the charge is already separated on the donator/acceptor, but still Coulomb bonded.  

There is one model, which discusses local electric fields created by ferro-electric constituents 

within the films, as a further possibility for exciton dissociation [32 . In another model it has 

been proposed, that excess photon energy after exciton dissociation is used to separate the 

bond pair at the donor-acceptor interface [30]. This excess energy directly after charge trans-

fer leads to an initial separation distance of the electron and hole [5].  Yet another description 

starts with the heterojunction of oligomer/fullerene bilayers, where vacuum level shifts at the 

interface are determined experimentally. A model for exciton dissociation 15  emphasizes 

the importance of a dipolar layer at the interface, due to different electro-negativities of donor 

and acceptor materials. The partial charges of the dipole, existing prior to photo-excitation can 

now act as a barrier against interfacial geminate pair recombination. As a result, an efficient 

dissociation is possible at relatively moderate external fields. The important role of an interfa-

cial dipole for the reduction of the driving force for charge carrier dissociation is also given 

5 .  

In a further model Deibel et al. [9] performed kinetic Monte Carlo simulations of exciton dis-

sociation in donor–acceptor blends, considering delocalized charge carriers within conjugated 

polymer chain segments. Increased conjugation length results in higher local charge carrier 

mobility. Due to the higher delocalization of the positive charge within the conjugated seg-

ment the initial electron-hole distance is increased. This is leading to a reduced mutual cou-

lomb attraction of the polaron-pair after the charge transfer. The hole needs fewer hops and 

can also escape the reduced coulomb attraction more easily. With conjugation length between 

4 and 10 monomer units the high simulated dissociation yields could be achieved at fields 

below 10
7
 V/m. 

Nevertheless, the investigation of Deibel et al. [9], using MC simulation based on the Onsag-

er-Braun theory for the dissociation probability, comes to analogue results for geminate pairs 

situated on different (donor-acceptor) materials across their interface. Also a polymer conju-

gation length of 4-10 monomer units is set as parameter for the model and the simulation of 

exciton dissociation, necessary for the reduced Coulomb attraction and for the high polaron-

pair separation yield. A dissociation yield of 60-90% is found for moderate fields of below 
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10
7
V/m, explained in terms of the reduced Coulomb interaction for the delocalized polaron. 

Insofar, our model could be an addition to this approach, with the introduction of a new me-

chanism of exciton dissociation via a virtual polaron. Here, delocalized 2D-polarons - existing 

in crystalline polymers - should further alleviate the dissociation process of the excitons due 

to the decreasing energy splitting and the higher number of energetic levels. 

 

In our model, in contrast, the generation of delocalized charges due to the interaction with 

virtual polarons is an intrinsic property of the polymer rr-P3HT. No interfaces or potential 

steps are necessary for the generation of polarons. We introduce a neutral and virtual polaron 

as a new cause for exciton dissociation, replacing the former need for interface and grain 

boundaries. The virtual polarons helps to reduce the mutual coulomb attraction due to differ-

ences in the local dielectric constant. By the interaction of the exciton with a delocalized vir-

tual polaron, the charges are already separated on the polymer strands without the need of 

exciton diffusion or transport to an interface. The charge transport to the donor in the blend is 

facilitated, hence.  

 

Our model of exciton dissociation differs from other models reported in literature so far. The 

model is simple and needs a few estimations on the relative dielectric constant of polymers, 

the effective mass, or the delocalization of the polarons, in a range, which is realistic for or-

ganic materials in general. Of course, the model is not quantified; neither in terms of the delo-

calization length for the polarons nor in terms of scattering rates i.e. the coupling strength 

between virtual polarons and excitons. Further, the effect on the solar cell efficiency still 

awaits experimental confirmation. 

 

A possible application of our model in terms of an optimized organic solar cell could be in the 

demand for more virtual polarons. As explained above, according to the model, the exciton is 

dissociated in the presence of a virtual polaron. Prerequisite for polaron, respectively virtual 

polaron generation is the crystalline order or the regio-regularity of the polymer. In conclu-

sion, in well-ordered systems the probability for exciton dissociation should be increased due 

to a higher concentration of virtual polarons. Only for well-ordered systems, a delocalization 

of the charge over several monomer units is possible.  

 

 

5. SUMMARY  
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From optical spectroscopy, ultraviolet photoelectron spectroscopy and X-ray absorption spec-

troscopy we derive the positions of the valence- and conduction band and the existence of 

different excitonic states inside the band gap. The TMRC charge carrier dynamics shows an 

almost identical decay behavior for pure rr-P3HT and the 1:1 blend of rr-P3HT with PCBM. 

This indicates just a single decay mechanism and we attribute the signal to polarons being the 

free and mobile carriers. 

Based on our data, we propose a possible mechanism for the on chain generation of free pola-

ronic charge carriers. These are generated by scattering of excitonic states and virtual pola-

rons. This is a novel mechanism for the dissociation of excitonic states to create free polaronic 

charge carriers.  

In terms of solar cell application, the demand for an improved order of the polymer is now 

explained not only in terms of charge carrier mobility, but also with respect to the exciton 

dissociation efficiency. We used rr-P3HT and PCBM as a model system, because of the good 

processability of these materials by spin coating from solution. The new model is fundamental 

for organic semiconductors, a generalization to other organic materials is possible. The im-

provement of the exciton dissociation yield by virtual polarons could be a new paradigm for 

the optimization of organic solar cells.  
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