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ABSTRACT

A computational study on a recombination mechanism in a bulk heterojunction (BHJ)
organic solar cells of P3BHT:PCBM was done. Using the simulation tools SCAPS, the
electrical performances of organic solar cells and the intensity-dependent current
density -voltage (J-V) were simulated and compared with the actual experimental
result. Various light intensity dependent simulations were performed, and the results
found showed that the higher the light intensity, the higher the current in reverse bias,
since more photo-generated charge carriers were available to participate in the current.
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INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells [1] have been investigated extensively
because of its low cost fabrication in large sizes for harvesting energy from sunlight and
in desired shapes [2]. Although efficiency of BHJ organic solar cell have reached to
about 8% of the efficiency approved by National Renewable Energy Laboratory[3].
Efforts to commercialize BHJ cells is a major challenge, first, there is a need to
improve the efficiency of the cell and second, to optimize the photo generation
processes. However, optimization process in the performance of the cell needs the basic
understanding of the physics behind the operation of these devices. Theoretical studies
and simulation will play a major role to optimize BHJ organic solar cell. Understanding
of recombination mechanism in Organic Solar Cells (OSCs) is important to optimize
BHJ OSCs as these cells shows low efficiency. The PV mechanism in OSC cell is still
unclear, even though some research groups confirmed that bimolecular recombination
is the most dominant in loss mechanism[4], but more researchers believed that
monomolecular recombination dictates the performance of OSCs [5-8]. The complexity
of bi-continuous interpenetrating networks in BHJ configuration limits the theoretical
analysis about recombination in OSCs. Experimental studies using transient
luminescence with ultrafast lasers are considered to be the most powerful tool to
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explore recombination dynamics in semiconductor materials. Alas, luminescence
quenching is dominant in OSCs because electrons excited by photon will transfer
quickly from donor materials to acceptors in about 50fs [9]. Because of the difficulty in
understanding recombination mechanism either by analysis in theory or experimental
observations, numerical simulation offers a reasonable alternative to identify
recombination kinetics in OSCs.

The most general strategy today is the so-called bulk heterojunction, which electron
donors such as P3HT and electron acceptors such as PCBM combined to form a
blended layer. In this system, separation of photo-induced excitons is much improved
because electrons are transferred very fast and there exists a large interface between the
2 components [10]. In this paper, we investigate intensity-dependant current-voltage (J-
V) characteristics of on poly(3-hexylthiophene) (P3HT) and[6,6]-phenyl C61-butyric
acid methyl ester (PCBM) bulk heterojunction organic solar cell using the standard
solar cell device simulator developed by University of Gent, new version of SCAPS
[11] and compared with experimental data. We found that they are in good agreement
with experimental results. In the second section, details of theoretical model that we
used to describe recombination of the P3HT:PCBM bulk heterojunction organic solar
cell is presented. In the third section we discuss the implementation of the simulation
of recombination mechanism of the organic solar cells.

THEORETICAL MODEL

The basic principles of BHJ OSCs can be summarized as follows. Strongly bound
excitons are being first in the conjugate polymers after excited by photons due to the
low dielectric constant of organic materials. Afterwards, excitons will spread at the
interface of donor/acceptor and then will get separated into the charge-transfer excitons
(CTEs) whichwill occur either in geminate recombination or separate to free electrons
and holes. After that, the free carriers will get transport of through the secluded phases
and are finally correct by electrodes. Under certain circumstances and simplification,
current-voltage (J-V) characteristics of OSCs will be simulated by models for classical
semiconductor devices. Steady-state electrical behavior of classical semiconductor
devices can be modeled by Poisson equation which is related to charge and
electrostatic potential ¢and continuity equations for electrons and holes as shown in
the following [12]:

Lol - (L) ntad - pl1(1)

Sx&

Bl = -6 + B(2)

Bl 7
B = 4l6 - £,)0)
where describes electrical potential, q is the unit charge, is the dielectric constant of
the semiconductor; n and p are electron and hole density, respectively; Jyp) is the
electron/hole current density; G is the generation rate and R, is the recombination
loss. The equations are non-linear because of the continuity equations consist
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recombination term which is non-linear in n and p. It consists of drift and diffusion
currents, J,p) as can be explained as:

Fu = —anlx)p, [”;—f] +aD, [ (4)
Jo = —aqp(xlp, [“;—f] —qDy [% (%)

where p, is the electron/hole mobility and Dy is the diffusion coefficient .

Several issues need to be dealt with to simulate BHJ OSCs using the model above due
to their privileges properties. Firstly, is the spatially averaged dielectric constant of
donor/acceptor blend and depends on the weight to donor-acceptor ratio of the
materials. Secondly, effective carrier mobility (p. in acceptor and pj in donor) in BHJ
configuration is different with value in their pristine phase, which is closely related with
nano-morphology of disordered BHJ OSCs [13]. Thirdly, it was verified by experiment
that the open circuit voltage(Voc) is mainly defined by the difference between the
highest occupied molecular orbital of the donor( Ef;) and the lowest unoccupied
molecular orbital of the acceptor( Efy) [14]. The effective band gap (E,) in the
simulation was expressed as  E; = Efpy — EZ.. Even though Einstein relation

E = possibly does not apply well in disordered materials [15], but it still can be

assumed in the simulation for improvement without leading to substantial deviations.

The coupled differential equations were solved numerically by using Gummel iteration
[16]. After the equations were solved successfully, characteristic of OSC (J-V) can
fitted to experimental data by choosing suitable parameters, specially the loss
recombination, R,p). The comparisonresults of simulation with experimental data will
estimate the enactive the loss recombination in OSCs.

To model J-V characteristics of P3HT:PCBM organic solar cell, PSHT:PCBM blend
has been considered to be the effective medium semiconductor layer by electron
mobility similar to electron mobility of PCBM and hole mobility and similar to hole
mobility of P3HT respectively. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels match the HOMO of P3HT and
LUMO of PCBMrespectively. The schematic energy level diagram of the P3HT:
PCBM organic solar cell and the effective medium model are shown in Figure 1.
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Figurel:(a) Schematic energy level diagrams of the PEDOT:PSS/ P3HT:PCBM/AI
solar cell before the materials are brought into intimate contact; (b) the effective
medium model which the intimate blend of an n-type material and a p-type material is
represented by one single ‘effective’ material with ‘average’ properties

RESULTS AND DISCUSSIONS

The relationship between photocurrent density J,, OSCs and the illumination intensity
can be expressed as  [yn . Jp is obtained by subtracting the dark current from 1-V

curves at distinct light intensities.

Hence, stringent numerical simulation conducted was based on equations (1) to (5) to
study photocurrent illumination intensity dependant. The simulation parameters of
intensity dependant photocurrent [ ®can be established in Table 1 and the
simulation result is shown in figure 1 for recombination mechanism of P3HT:PCBM
organic solar cell. The illumination intensity investigated here is around 1 sun
intensity lop, changed from 0.2], to 1.2I, with step of 0.2I,, as loss mechanism under
common operation condition (1 sun intensity) is extreme important in optimum OSCs.
As shown in figure 2, characteristics of OSCs I-V curve was simulated under different
illumination intensity at fixed recombination rate. The curve is in comparable to
experimental results as reported by Liming Liu [17 ]. The results show that the higher
the light intensity, the higher the current in reverse bias is since more photo-generated
charge carriers are available to participate in the current.

Intensity dependence J-V curves was selected to study the loss recombination of BHJ
OSCs because simulation on 1 set of experiment data (illumination intensity
dependence J-V curves) cangive us reliable data to be compared with data from single
experiment which can be easily simulated by manipulated suitable parameters.
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Tablel. Parameters used in the simulation with SCAPS on intensity-dependent
photocurrent

Property Symbol Value
Band gap E, 1.05 [eV]
Electron affinity X 3.95 [eV]
Thickness of active layer L 100 [nm]
Dielectric permittivity (relative) & 3
Effective density of state Ne, Ny 1x10%° [em™]
Electron mobility o 1.0x10™* [em*V''s™]
Hole mobility Ly 1.0x10*[em*V's™]

Recombination mechanism of P3HT:PCBM organic solar cell is show in figure 2. The
illumination intensity investigated here is around 1 sun intensity Iy, changed from 0.21,
to 1.2Ip with step of 0.2y, as loss mechanism under common operation condition (1 sun
intensity) is extreme important in optimum OSCs. From figure 2, we observed that the
current density is proportional to the applied voltage of OSCs. The higher illumination
intensity will gives rises of current density of carriers. However, this J-V curve will
saturated after 0.6 V. By comparison with results reported by Liming Liu [14], our
calculation show good agreement with them. Intensity dependence J-V curves was
selected to study the loss recombination of BHJ OSCs because simulation on 1 set of
experiment data (illumination intensity dependence J-V curves) can give us reliable
data to be compared with data from single experiment which can be easily simulated by

manipulated suitable parameters.
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Figure 2: SCAPS simulation of the I-V curves of a Al/LiF/P3HT : PCBM
/ITO/PEDOT-PSS solar cell, for varying illumination intensity
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CONCLUSION

In summary, recombination mechanism in P3HT:PCBM organic solar cell have been
investigated by simulation intensity depandant J-V curve and comparison between
experimental and simulation of J-V curve characteristicsunder different illumination
intensities found that monomolecular recombination mechanism dominates in BHJ
OSCs. Further investigation of the physical mechanism of the monomolecular
recombination mechanism will lead to better understanding of the internal physical
operation of organic solar cell more thoroughly and hence improving the performance.
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