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Abstract

Organic photovoltaic (OPV) device morphology heterogeneity gives rise to local performance 

variations.  The net result is a power conversion rate less than half that of its silicon counterpart.  Better 

understanding of the role of morphological role, film growth manipulation, and transport properties are 

vital factors in moving OPV's out of the lab and into the consumer market.  This project examines time 

scaling with system size for three methods of calculating potential and current at all points in a resistor-

only network as a precursor to a full OPV simulation.

I. INTRODUCTION

Organic photovoltaic devices (OPV's) represent a potential cost-effective alternative to the silicon solar 

cell.  A popular assembly for organic photovoltaic devices is a conjugated polymer (electron donor) and 

a fullerene (electron acceptor) blend.  The two are combined in a solution, which is printed or spin-cast 

upon a thin, flexible film.1

Electron donor/acceptor segregation is driven by the tendency of the material with lowest 

surface energy to migrate to the solution surface.2  As the solution dries, the channels created by 

migration remain—sometimes falling short of surface contact—interrupting transport paths to the 

electrode (Fig. 1).  Photon absorption in OPV's produces a bound electron-hole pair, or exciton, which 



must be separated into its constituent charge carriers.  Dissociation occurs at heterojunctions; once 

separated, the charges travel through 

the semiconductors for collection at 

electrodes.

 Power conversion efficiency 

reduction from channel failure to reach 

the surface is only one challenge.2  Due 

to the low dielectric constant of OPV's, 

the Coulombic force felt by a 

dissociated pair may cause 

recombination, even after charge 

transfer across the interface.3  Lastly, lab-made polymer cells are too small for practical use; increasing 

size is requisite for moving from lab to factory production.

Understanding the dynamic interaction between optoelectronic properties and OPV morphology 

is essential to optimizing performance.  Only when power conversion reaches 10% and lifetime is 

extended to 10,000 hours will polymer cells become a viable energy market competitor.  To date, they 

have less than 6% efficiency and suffer rapid photochemical degradation.2

 The ultimate goal of this project is to simulate an OPV with a theoretical model and gain 

insight to cell performance.  As a first step towards this goal, we examine two-dimensional networks 

with resistors, which mimic the complex morphology shown in Fig. 1.  We compare several different 

algorithms for simulating such a network in order to identify the best candidate for three-dimensional 

simulations on organic photovoltaics (OPV).  Simulations of OPV's must also include the effects of the 

junctions, which can not be modeled by resistors.

Figure 1: Polymer photovoltaic cell with heterogeneous morphology. 
Charge carriers must navigate their way through the film for collection at 
the electrode.  Credit:  National Institute of Standards and Technology



II. METHOD

In this section we describe the three different algorithms that we use: the direct method, the 

transfer method, and the iterative method.  All simulations were done on a Dell Precision 390 with 

MATLAB version 7.9.  

A. Model

As discussed in the introduction, ultimately we would like to simulate an organic heterojunction 

solar cell.    Each of the colored regions in Fig. 1 will be described by a resistor network to produce the 

correct conductivity, and the boundary between the regions will be described by diodes.  Since the 

diodes are non-linear circuit elements, as a first step we focus on systems with just resistors and study 

the computational time to solve for the voltages in the resistor network.  Our particular resistor network 

is on a square lattice of size N sites by N sites.  Hence, the total number of sites is N2.   The basic 

equation we solve is Kirchoff's point rule.  If the lattice spacing is a, then the point rule for a particular 

site in our lattice (x,y) takes the form

0 = Iin = Ga (V(x,y+a) – V(x,y)) + Gb (V(x,y-a) – V(x,y))  (1)  

                                  + Gc (V(x+a,y) – V(x,y)) + Gd (V(x-a,y) – V(x,y)),

where G is a conductance, which is the inverse of the resistance.  The value of Ga, Gb, … will depend 

on the particular site (x,y).  At the top and bottom of our two-dimensional sample, the voltage is fixed. 

There is thus one equation for each internal site, leaving N2 equations with N2 unknowns, V(x,y).

B. Direct Method

The most straightforward method to solve these equations is to set up a large matrix equation in 

MATLAB and solve for the N2 unknowns.  We used a code written by Prof. Hershfield and an REU 

student last summer, Shamica Green,4 to test the speed of this method.  Since this is only a test, we use 

here and with the subsequent methods randomly chosen values for the conductances, G, of 1 and 2.  



C. Transfer Method

  To try to improve on the speed of the direct method, we tried a new approach, which we called 

the transfer method.  If one knows the currents and voltages at one end of the sample, then one can row 

by row determine the current and voltages at the next row.  Unfortunately, one does not a priori know 

the current at the ends of the sample – only the voltages.  Thus, this method treats the current at one 

end of the sample as a variable and goes through the sample one row at a time until reaching the other 

end of the sample.   At that point we know the voltage at the end and can solve for the initial currents.

After writing the code with Prof. Hershfield, the first step to test  the code was to analytically 

solve the series and parallel cases, then compare the results to that of the MATLAB code.   My 

MATLAB script computations were in exact agreement with expected values in 3x3, 4x4, and 5x5 

cases.  For larger systems, this new transfer method code was next checked against the direct method 

code.  Again, for the small cases the agreement was exact to within numerical accuracy.

D. Iterative Method

The last method we tried is based on a standard technique to solve the differential equations like 

Laplace's equation.5  With this method one makes an initial guess for the voltages V(x,y) in the sample. 

Next, one iterates this initial guess by solving for V(x,y) in Eq. (1) using the guessed values initially for 

V(x,y+a), V(x,y-a), V(x+a,y), and V(x-a,y).  Since Eq. (1) is a linear equation, it is easy to solve for the 

new V(x,y).  The procedure is continued using the updated V(x,y) as the initial guess.  The program 

continues until successive results for the voltage matrix, V(x,y), differ by less than a chosen accuracy. 

For this paper we use an accuracy of one part in 105, i.e., the fractional difference between successive 

iterations is less than 10-5.  For our initial guess we used a linear voltage drop between the two ends of 

the sample.



III. RESULTS AND DISCUSSION

To compare the three algorithms, I called a set of parameters that specified boundary conditions, 

generated a random two-valued matrix to mimic the morphology of a donor-acceptor blend, and 

checked for convergence to the sixth decimal place.  I then applied the direct, transfer, and iterative 

methods successively.  Each code contained an embedded function to record computation time.  I then 

incrementally increased the size of the network to determine the behavior of time length growth and to 

determine how large a system could be tested before exhausting computing power.

First, I checked simple 3x3 parallel and series cases by hand to determine expected output 

values for voltages and currents across the grid.  The iterative, direct, and transfer methods agreed with 

each other and theoretical values.  As a control, I checked that a given program could solve the exact 

same network repeatedly in multiple tests, ensuring that the time needed did not vary run to run.

A. Direct Method

The data for simulations in the direct method under the above conditions are shown in Fig. 2. 

This approach accomplishes the task for which it was designed, but a network of 100x100 sites takes in 

excess of 90 minutes to solve.  Thus, if one wants to try many different morphologies or use the code in 

a larger program including diodes at the interface, one is limited to system sizes of  several thousand 

sites, which for a three-dimensional system would be approximately 10 x 10 x 10 in size.  The direct 

approach is not a strong candidate for 3-D models, as the size is quite small.  Fig. 1(b) shows that time 

to run the simulation scales as the third power of the number of sites, (N2)3. 



B. Transfer Method

The transfer program was attractive because it deals with only part of the conductance matrix at 

any given time, requiring minimal computational power and producing output quickly.  Small cases are 

solved up to 10 times faster with transfer method than by others.  This is shown in Fig. 3(a), which 

shows the simulation time as a function of system size for the transfer method. However, current and 

potential values for cells as small as 15x15 sites show discrepancies between the iterative and direct 

methods in the fourth decimal place.  At 17x17, inconsistencies move to the first decimal place, and at 

20x20, the ones column differs.  At 25x25, transfer solutions are no longer in the realm of acceptable 

values.  This is shown in Fig. 3(b) where the fractional difference in the results in the direct method and 

the iterative method are plotted as a function of system size for several different runs.  There are 

fluctuations between the runs, but the transfer method is clearly becoming numerically unstable with 

increasing system size.

Figure 2: Time of simulation vs. number of sites for the direct method.  (a) The time needed 
for the code to run increases rapidly as the number of sites is increased.    (b) By making a 
log-log plot the power law is found to be the Number of Sites to the third power (red line).



Upon closer examination of the results, we found that there are large fluctuations in the 

potential, V(x,y), in the transverse direction.  The eigenvalues of the transfer matrix we use in the this 

algorithm become larger and larger for these modes as the system size is increased.  Consequently, even 

a small numerical error propagates into large fluctuations.  Assigning very low conductance values to 

the network’s horizontal resistors smooths the oscillations in current.  This is not a reasonable solution, 

given relatively low control during film growth development, but does confirm our hypothesis as to the 

origin of the numerical instability.

Figure 3: Time of simulation vs. number of sites for the transfer method.  With one 
outlier point for 100 sites, the time increases with site number.  More significant is that 
method becomes unstable for several hundred sites.



C. Iterative Method

The results for the iterative method are shown in Fig. 5.  In Fig. 5(a) one can see that one is able 

to treat large system sizes with this method.  A system with a third of a million sites takes less than 10 

minutes to complete.  Also, as shown in Fig. 5(b) the computational time scales linearly with the 

system size so even larger systems are viable.

Figure 4: Error in transfer method vs. number of sites in the system.  The error is 
computed by taking the absolute value of the difference in the results for the potential 
for the transfer minus those for the iterative method explained in the next section. 
Since the iterative and direct methods agree to approximately 10-5, the transfer method 
is becoming unreliable and unstable between 100 and 1000 sites.



Figure 5: Simulation time vs. number of sites for iterative method.  The simulation 
was run until successive voltage arrays differ less than one part in 10-5.  (a) With this 
chosen accuracy the iterative method is able to handle large systems in a reasonable 
time.  (b) A log-log plot shows that the time scales roughly with the number of sites 
(red line).

Figure 6: Comparison of simulation time for all three methods.  The time for the direct 
simulation method grows rapidly, making it prohibitive for large systems.  The data for 
the transfer method on this plot is near the origin because it was not stable for even 
moderate system sizes.  The iterative method is a strong candidate for being able to 
simulate large systems.



IV. CONCLUSION

In this project we have compared three different algorithms to solve for the voltages in a 

random resistor network with an ultimate goal of simulating the kinds of bulk heterojunctions used in 

organic photovoltaics.  The results for the computational time for all three algorithms are shown in Fig. 

6.  The iterative algorithm is the strongest candidate for expansion to a 3-D solar cell network with 

inclusion of diodes to represent interfaces.  
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