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The electron transport and electrical properties in a methanofullerene PCBM are investigated. It is demonstrated that the 

temperature dependent and thickness dependent current density versus voltage characteristics of PCBM devices can be 

accurately described by using the improved mobility model. In addition, the width of the Gaussian density of states  of PCBM 

is significantly smaller than the values usually reported for conjugated polymers. Furthermore, it is shown that the variatio n of 

voltage with boundary carrier density is dependent on the current density. Both the maximum of carrier density and the 

minimum of electric field appear near the interface of devices. 
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1. Introduction 

 

Organic solar cells are a promising system for 

converting solar energy into electricity. These systems are 

an attractive alternative to inorganic solar cells and have a 

wide field  of applicat ions due to their light weight, low 

cost, ease of processing, and mechanical flexibility. 

Conjugated polymer-fullerene bulk-heterojunctions (BHJ) 

seem to be the most promising candidates for full organic 

photovoltaic cells  [1-3]. Such devices consist of an 

interpenetrating donor-acceptor network, sandwiched 

between two electrodes with d ifferent work functions to 

generate an electric field across the organic layer.  One of 

the typical heterojunctions consisting of the conjugated 

polymer poly (2-methoxy -5-(3’,7’-d imethyloctyloxy) 

-p-phenylene vinylene) (OC1C10-PPV) as the hole 

transporting electron donor and the methanofullerene 

[6,6]-phenyl C61-butyric acid methyl ester (PCBM) as the 

electron transporting acceptor [1, 4]. Fo llowing the 

ultrafast electron transfer from the conjugated polymer to  

the fullerene molecu les [5], the separated charges are 

transported via the interpenetrating network to the 

electrodes and provide voltage for in jection into an 

external circuit. 

For the understanding of the optoelectronic properties 

of OC1C10-PPV:PCBM-based bulk heterojunction solar 

cells, it is indispensable to understand the charge transport 

in the individual components. The hole transport in pure 

OC1C10-PPV has been extensively studied due to its 

application in polymer light-emitt ing diodes and 

field-effect t ransistors [6-9]. On the other hand, the 

electron transport in PCBM has also been investigated by 

using the conventional mobility model assuming a 

Poole–Frenkel type field dependence and neglecting the 

carrier density dependence [10-13]. However, recently, it  

was recognized that the mobility 
 
depends on the 

electric field E , carrier density p , and temperature T  

[7, 14, 15]. Based on these results, a full description of the 

mobility, taking into account both the carrier density and 

field dependence, was obtained by Pasveer et al. in the 

form of the extended Gaussian disorder model (EGDM) 

[8]. However, it should be noted that their model, having a 

non-Arrhenius temperature dependence 2/1)ln( T , 

can only well describe the charge transport at low carrier 

densities. In order to better describe the charge transport, 

we proposed an improved model in which the mobility  

depends on the temperature, carrier density, and electric 

field based on both the Arrhenius temperature dependence 

T/1)ln( 
 
and non-Arrhenius temperature dependence 

[16]. It has been demonstrated that the improved model 

can rather well describe the charge transport in organic 

materials [17-19]. 

In this paper, the electron transport and electrical 

properties in methanofullerene [6,6]-phenyl C61-butyric 

acid methyl ester (PCBM) are investigated. Firstly, we 

perform a detailed  analysis of the current density versus 

voltage ( VJ  ) characteristics for PCBM devices by 

using the improved mobility model. Subsequently, we 

calculate and analyze some electrical p roperties for PCBM, 

including the variation of VJ   characteristics with the 

boundary carrier density, and the distribution of carrier 

density and electric field  with the distance from the 

interface. 
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2. Model 

 

The improved model of the dependence of the 

mobility   on the electric field E , carrier density p , 

and temperature T  based on both the Arrhenius 

temperature dependence and non-Arrhenius temperature 

dependence can be described as follows [16]: 
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)(0 T  is the temperature dependent mobility in the limit  

of zero electric field and charge-carrier density, 

TkB/ˆ    is the dimensionless disorder parameter,   
is the width of the Gaussian density of states (DOS), a  is  

the lattice constant, e  is the charge of the carriers , and  

0  is the attempt frequency. 
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Using the above improved model and fo llowing 

coupled equations, the VJ   characteristics and other 

electrical properties of the methanofullerene can be 

exactly calculated by employing a particular uneven 

discretizat ion method introduced in our previous papers 

[20, 21]. 

)())(),(,()( xExExpTexpJ  ,     (6a) 

)(
0

xp
e

dx

dE

r
 ,          (6b) 


L

dxxEV
0

)( ,           (6c) 

where x  is the distance from the in jecting electrode, L  

is the methanofullerene layer th ickness sandwiched 

between two electrodes, 
0  is the vacuum permeability, 

and 
r  is the relative d ielectric constant of the 

methanofullerene.  

 

 

3. Results and discussion 

 

Using the improved mobility model and distinctive 

numerical calcu lation method as described in section 2, we 

now perform a systematic study of the electron transport 

for PCBM. The solution of the coupled equations 

describing the space-charge limited current (SCLC) with  

the improved model and the experimental VJ   

measurements from Ref. [10] fo r PCBM electron-only  

devices with various temperatures and various layer 

thicknesses are displayed in Fig. 1 and Fig. 2, respectively. 

It can be seen from the figures that the temperature 

dependent and thickness dependent )(VJ  curves can be 

excellently described in the entire range of applied fields 

only using a single set of parameters, 066.0  eV, 

4.4a  nm, and 15500   m2/Vs. The accurate 

agreement fo r the electric field, carrier density, and 

temperature dependence using a single set of parameters 

confirms that the improved model is suitable to study the 

VJ   characteristics of PCBM-based devices, and 

captures the physical essence of the electron transport in 

PCBM. As for the parameters, it is found that a relatively  

low a  value leads to a relatively low   value and 

gives rise to a good description of the experimental 

)(VJ  curves only in the low-field  and density regime, 

whereas a relatively h igh a  value leads to a relatively  

high   value and g ives rise to good fits main ly in  the 

high-field and density reg ime. The parameter 0  

decreases with decreasing a  and  , and increases with 

increasing a  and  . In addition, it is worth noting that 

the value of the disorder parameter   is significantly  

smaller than usually obtained for conjugated polymers [9, 

17]. From the same analysis as that applied to the hole 

mobility of OC1C10-PPV, 13.0  eV, has been 

reported [9]. The smaller   of PCBM as compared to 

OC1C10-PPV, demonstrates that the degree of energetic 

disorder is significantly smaller in PCBM, which  gives 

rise to a higher charge-carrier mobility. For this point, we 

think that the excellent molecular conformation and 

strongly ordered stacking of the molecules should be the 

origin of the higher charge transport properties in PCBM. 

As a result, the photo-generated electrons in the PCBM are 

much more mobile than the holes in the OC1C10-PPV, 

making OC1C10-PPV:PCBM bulk heterojunction solar 

cells electron-dominated devices. 

As a next step, we further investigate the electrical 

properties in PCBM devices. The numerically  calculated  

variation of VJ   characteristics with the boundary 

carrier density (the carrier density at the interface) )0(p  

for PCBM devices with different thicknes ses at room 

temperature is plotted in Fig. 3.  The figure shows that the 

voltage is an increasing function of the current density, and 

the variation of voltage with  )0(p  is dependent on the 
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current density. The voltage decreases with increas ing 

)0(p  for relat ively small )0(p , and also increases with 

increasing )0(p  for sufficiently large )0(p . However,  

in the midd le reg ion, the )0(pV   curves are fairly flat,  

indicating that the voltage is almost independent of )0(p  

and the VJ   characteristics moves into the Ohmic 

region. In addition, it is clear from the figure that in order 

to reach the same current density J  at the same )0(p , 

the stronger electric field and the corresponding larger 

voltage are needed in 170 nm thickness device than those 

in 90 nm thickness device. As for this point, it can also be 

explained within the framework of the improved mobility  

model, as the mobility in organic materials is density 

dependent, the effective mobility as determined in a thick 

device (with a small average carrier density) is expected to 

be lower than the mobility as determined in a thin device 

(with a larger average carrier density). This is consistent 

with the fact that the thinner devices have the larger 

concentration of background carriers that have diffused in 

from the Ohmic contact. 
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Fig. 1. Temperature dependence of the current density 

versus voltage characteristics of PCBM device with a 

layer thickness of 170 nm. Symbols are experimental data 

from Ref. [10]. Lines  are  the numerically  calculated  

            results from Eqs. (1) – (6) 
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Fig. 2. The current density versus voltage characteristics  

of PCBM devices with thickness of 90 nm and 170 nm at 

room temperature. Symbols are experimental data from 

Ref. [10]. Lines  are  the numerically calculated results  

                from Eqs. (1) – (6) 
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Fig. 3. Theoretical results of voltage versus the boundary 

carrier density of PCBM devices with thickness 90 nm 

and 170  nm  at  room  temperature. Different Lines  

      correspond to different current density values 
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Fig. 4. Numerically calculated distribution of the charge 

carrier density p  and electric field E  as a function 

of the distance x  in  PCBM devices with thickness 90  

           nm and 170 nm at room temperature 

 

 

According to the above analysis of the influence of 

)0(p  on the VJ   characteristics, we find that the 

calculated VJ   characteristics are reasonable only 

when )0(p  in the density range of 10
23
–10

24
. Thus we 

take two values of )0(p , (0.1, 1) 10 
24

 m
-3

, for PCBM 

devices in the calculations. The numerically calculated  

results of the carrier density and electric field as a function 

of the position (the distance from the interface) for PCBM 

devices are plotted in Fig. 4. It  can be seen from the figure 

that the carrier density  xp  is a decreasing function of 

the distance x , whereas the electric field   xE  is an  

increasing function of the distance x . The decrease of the  

carrier density  xp  for relatively  large )0(p  is more  

rapid than that for relatively s mall )0(p . On  the other 

hand, the increase of the electric field  xE  for relat ively  

large )0(p  is more rapid  than that for relat ively s mall  

)0(p . With the distance x  increasing,  xp  rapid ly  
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reaches saturation. The thickness of accumulation layer is  

found to decrease with increasing )0(p . These results 

are consistent with the experimental results of Kiguchiet al. 

[22], and the simulation results of Demeyu and Sven [23]. 

As a result, the in jection of carriers from the electrode into 

the PCBM layer leads to carriers accumulation near the 

interface and a decreasing function  xp . The d istribution 

of  xp  leads to the variation of  xE , and the carriers  

accumulat ion near the interface results in increasing 

function  xE . 

 

 

4. Summary and conclusions 

 

In conclusion, the electron transport and electrical 

properties in PCBM have been characterized. We 

demonstrate that the temperature dependent and thickness 

dependent VJ   characteristics of PCBM devices can 

be accurately described by using the improved mobility  

model only with a single set of parameter. The width of the 

DOS 066.0  eV is significantly smaller than the 

values reported for OC1C10-PPV, indicat ing a low degree 

of energetic disorder and higher carrier mobility in PCBM. 

Moreover, it is shown that the effective mobility  as 

determined in a thick device is lower than that in a thin  

device. The carrier density is found to decrease with 

increasing the distance, whereas the electric field is found 

to increase with increasing the distance. These results open 

the prospect that the improved mobility model is also 

applicable to the electron transport in a methanofullerene. 
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