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Carrier recombination is a central process in bulk heterojunction organic solar cells. Based on the

competition of hopping rates that either implies escape in a broad density of states or recombination

across the interface, we formulate a general theory of recombination flux that distinguishes reaction or

transport limited recombination according to charge density. The Langevin picture is valid only in the

low charge density limit, and a crossover to the reaction controlled regime occurs at higher densities.

We present results from impedance spectroscopy of poly(3-hexylthiophene):methanofullerene solar

cell that exhibit this crossover. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928758]

Organic bulk heterojunction (BHJ) solar cells comprise

a blend of a conjugated polymer (donor) and a fullerene

(acceptor), interpenetrated on the nanometer scale.1 One of

the main loss mechanism limiting the open-circuit photovolt-

age of BHJ solar cells is nongeminate recombination of elec-

trons and holes at the donor-acceptor interface.2 For this

reason, a profound understanding of the underlying physics

behind the recombination process is of great importance3

both for improving the solar cell efficiency and for deve-

loping alternative optoelectronic applications of the orga-

nic blends such as organic light emitting diodes and

photodetectors.

Recombination rates applied to describe the nongemi-

nate recombination in BHJs can be expressed in a general

bimolecular form as R¼Cnp, where n and p are the elec-

tron and hole density, respectively. The recombination

coefficient C contains the physics of the recombination

process and it has been investigated by a combination of ex-

perimental techniques4 as time-resolved charge extraction

(TRCE), transient absorption spectroscopy (TAS), photoin-

duced charge extraction by linearly increasing voltage

(photo-CELIV), transient photovoltage, and impedance

spectroscopy,5,6 but a general picture on its physical inter-

pretation has not yet been established.7 If C is completely

independent of the mobility of the carriers, one deals with

a reaction-limited recombination. Such a mechanism has

first been utilized to describe the recombination in dye-

sensitized solar cells, and then extended to the case of the

BHJs.8 However, the widespread assumption is that the

nongeminate recombination in BHJs is a diffusion-limited

process:9 electron and hole most likely recombine, nonra-

diatively, upon their first encounter at the donor-acceptor

interface. According to the classical Langevin theory, the

prefactor C is then directly proportional to effective mobil-

ity by which electron and hole find each other. It has been

generally observed that the description of carrier lifetimes

in BHJ requires to consider a broad distribution of localized

states.10–12 Recently, trap-assisted recombination model

based on the Shockley-Read-Hall (SRH) recombination

picture has been developed in the field of BHJs.13,14 For

free carriers with mobilities lf
n and lf

p, together with the

assumption of the diffusion-limited nature of recombina-

tion, this approach leads to a recombination rate as13

R � lf
nn f p: (1)

There is, however, no a priori reason that recombination

in BHJs should be diffusion controlled. Despite the experi-

mental evidence in favor of this model, there are also experi-

mental results that give a different density dependence for

the prefactor C than that measured for the mobility.15–17 In

addition, SRH model assumes two classes of carriers in the

system, free and trapped carriers, which are different in na-

ture from each other. But, in disordered systems as BHJ

blends, one cannot establish a distinction between free and

trapped carriers. The disparity of experimental findings sug-

gests that a more complex recombination mechanism occurs

in BHJ blends, which may be eventually reduced to either

density or diffusion controlled phenomenological regimes,

according to microscopic parameters that describe the rich

morphology, energetic landscape, and particularities of the

organic blends.

Our approach consists on a formulation of fundamental

hopping rates of localized electron and holes. In this

approach, all charge carriers move between the localized

sites, more rapidly or slowly, depending on the energy of the

localized state they reside in. In order to determine the prob-

ability of escape of one carrier from a recombination site at

the donor-acceptor interface, we use the standard transport

energy concept, which is a unique energy level, Etr, that

determines the fastest upward hopping events.18 This model

can reproduce both the diffusion- and reaction-limited re-

gime, depending on the carrier density in the system, and fur-

thermore quantitative criteria are established that determine

the dominant recombination regime. A comparison with

experimental results really explains a crossover between two

regimes for the recombination resistance of a poly(3-hex-

ylthiophene):[6,6]-phenyl C61-butyric acid methyl ester

(P3HT:PCBM) BHJ solar cell.a)Electronic mail: ansari.rad@shahroodut.ac.ir
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We study transfer of electrons from a distribution of

localized trap states g(E) to that of holes. Carriers move via

the hopping mechanism between the localized states. The

hopping rate �ij from energy Ei to an empty state Ej is given

by the Miller-Abrahams expression.19 We are interested in

recombination at steady-state open-circuit conditions in which

electrons and holes have relaxed to well-defined, spatially

homogeneous, Fermi-levels Efn and Efp , respectively,20 so

that occupancy of the density of states (DOS) is given by

the Fermi function f ðE;EfnÞ ¼ f1þ exp½ðE� EfnÞ=kBT�g�1
,

where kBT is the thermal energy. Voltage of the cell is related

to the separation of the Fermi-levels as qV ¼ Efn � Efp , where

q is elementary charge.

Let us focus on the dynamics of an electron in the

acceptor phase. As depicted in Fig. 1(a), at the interface

region, we must consider competition of the recombination

with the transport: the electron either jump to the neighbour-

ing traps with the rate
P

j�ij or recombine with a hole, with a

frequency K. The hole is considered to be immobile during a

recombination event. This means that ln > lp, which is gen-

erally true in BHJ devices,21 where ln and lp are the total

electron and hole mobility, respectively. At the interface, the

frequency K is, in fact, in competition with the fastest hop

expressed as �ðEÞ ¼ ��0 exp½ðE� EtrÞ=kBT�. ��0, the effective

attempt-to-jump frequency, will be of great importance to

this model since it gives the time constant of the transport. It

also gives the average downward hopping rate, from the

transport energy Etr into the nearest trap. For the Gaussian

DOS, most relevant to organic blends, Etr lies around the

center of the Gaussian, the acceptor lowest-unoccupied mo-

lecular orbital (LUMO).22,23 Average probability of the

recombination at each step of the hopping can then be

expressed as

C ¼ c
K

� Eð Þ þ K

� �
: (2)

The dimensionless parameter c ¼ jp accounts for the fact

that there will be a probability for the recombination only

when there is both an electron near the interface and a hole

near the interface too. j, the effective space available for the

recombination, is related to the spatial extension of the elec-

tron and hole wavefunctions.

Total recombination rate can be calculated using the

definition R ¼ n=s, where s is the lifetime of the electron

given as s ¼ hti=C.24,25 Here, hti is the average time that

electron spends in a trap. Using the method used in Ref. 23

to calculate these average quantities and by straightforward

algebraic manipulation, we finally get a general expression

for the recombination rate as follows:

R ¼ j p

ðEtr

�1

� Eð ÞK
� Eð Þ þ K

g Eð Þf E;Efnð ÞdE: (3)

As seen in Eq. (3), both the recombination frequency K and

the transport frequency � are determining factors in the total

recombination flux. It must be noted that a similar approach

was used in Ref. 25 to obtain an expression for the recombi-

nation rate. But competition between the transport and

recombination process was not considered in the formula-

tion, leading to a reaction-limited recombination rate. In con-

trast, as we discuss, Eq. (3) provides a general rate that

encompasses the different dynamic regimes. In the follow-

ing, we provide a physical insight into the recombination

mechanism suggested by Eq. (3).

For sufficiently deep energy levels (with respect to the

transport energy) K � �ðEÞ. Physically, this means that

when the electron reaches the interface and gets localized in

a deep state, it will have a small chance to escape, and most

probably finally recombines, after a time t � 1=K; see Fig.

1(b). This behavior is clearly a signature of the diffusion-

limited recombination. At low voltage, nearly all electrons

are localized in the deep levels, and we can consider the con-

dition K � �ðEÞ to hold for most electrons. In this case,

using the relation ln=n /
Ð
�ðEÞgðEÞf ðE;EfnÞdE,26 our gen-

eral expression for R is simplified as

R / lnnp; (4)

which is a Langevin-like recombination rate. Note that Eq.

(1) can also be written in the form of the above equation,

using the fact that based on the trap-assisted transport model

nln ¼ nf lf
n.27 Despite this mathematically similar form for

the recombination rates, however, in contrast to the assump-

tions behind Eq. (1), in our approach all carriers contribute

to the recombination, not just those, say, in the vicinity of

the transport energy.

We now discuss the opposite case of shallow energy lev-

els in which K � �ðEÞ. Because of the very short residence

time of the carrier localized in a shallow trap, the chance of

being captured by a hole is small and the carrier will escape

from the interface, as shown schematically in Fig. 1(b). At

high charge densities, most carriers are localized in these

shallow states. In this case, the general recombination rate of

Eq. (3) is simplified as

R ¼ K0np; (5)

with K0 ¼ jK. This rate is independent of the transport

speed, because ��0 is absent in the expression. Therefore,

recombination mechanism in this situation is reaction-

limited. Note that to provide more physical insight into the

recombination mechanism, the recombination frequency K

FIG. 1. (a) Scheme of the model used to describe the charge recombination

in BHJs (A: acceptor, D: donor). The most probable jump (�) of the electron

is to a neighbouring trap with energy Etr which lies well above the Fermi-

level Efn . K is the recombination frequency. (b) Illustration showing how the

energy of the trap involved in the recombination process determines the

recombination nature. The carrier most likely recombines (escapes from the

interface) when becoming localized into a deep (shallow) trap.
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was considered independent of the energy of the carriers, in

agreement with experimental results.28 This is similar to the

assumption made in the SRH approach that capture cross

sections are independent of the energy.29 This simplification

can easily be relaxed, for example, by using a Marcus-type

charge transfer rate for the recombination frequency.8,11

Eqs. (4) and (5) show that the general expression obtained

here for the recombination rate can naturally produce both the

Langevin(-like) and the reaction-limited recombination rate.

We remark however that the two regimes simultaneously con-

tribute to recombination flux at large charge densities. The

change of the recombination from the diffusion- to reaction-

limited rate does occur when the density is increased, simply

due to the fact that deep traps will be inaccessible for most

carriers.

An ideal quantity to study the recombination rate is the

recombination resistance, which can be directly observed in

impedance spectroscopy measurement, and is related to the

recombination rate as

rrec ¼
1

qL

dR

dV

� ��1

; (6)

with L being the active layer thickness. Therefore, to provide

experimental evidence for the crossover, we present and dis-

cuss results from the impedance spectroscopy of a typical

P3HT:PCBM BHJ solar cell, with efficiency of 3% at 1 sun.30

Fig. 2 shows the recombination resistance extracted from the

impedance spectroscopy as a function of the voltage V. Each

data point in the figure corresponds to a specific light intensity

and applied voltage. Because of a voltage drop due to series

resistance, applied voltage to the cell differs from the voltage

V that is given by the Fermi-levels separation. Fortunately,

this resistance can also be extracted from the impedance mea-

surement and the result can then be used to correct the voltage

scale,31 as done for the result in Fig. 2, so that voltage V
directly represents separation of Fermi-levels (at low voltage

rrec is still contaminated by the effect of the shunt resistance).

Fit of the recombination resistance data by Eq. (3) is also

shown in the figure. Gaussian DOS was used in the fitting, in

form of gðEÞ ¼ N=
ffiffiffiffiffiffiffiffiffiffi
2pr2
p

exp½�ðE� LUMOÞ2=2r2� for the

electrons, and one centered at donor highest-occupied molec-

ular orbital (HOMO) for the holes. Here, N is the total density

of localized states and r is the width. Etr was considered to be

pinned at LUMO, which is true in the range of the carrier den-

sity studied here (n=N � 0:02).22 As seen in Fig. 2, the theory

can reproduce the experiment well, in the region that the shunt

resistance does not affect rrec. For comparison, the curve with

the slope given by a pure diffusion-limited mechanism is also

depicted in the figure. The curve deviates from the experimen-

tal data at high voltage that, based on our model, is because of

change in the recombination mechanism at high carrier

density.

Let us finally briefly discuss how the picture of recombi-

nation provided here can interpret experimental trends con-

cerning the bimolecular recombination coefficient, the

prefactor C in R¼Cnp, in BHJs. (i) Change in the recombi-

nation mechanism implies that the recombination coefficient

is not necessarily given by the mobility. Therefore, a differ-

ent density dependence, than that measured for the mobility,

may be obtained for the coefficient C, as indeed observed in

BHJs.15,16 (ii) Diffusion-to-reaction limited crossover occurs

smoothly, so that at the intermediate carrier density the sys-

tem is, in fact, in a mixed regime of the recombination.

Carriers localized in the shallow energy levels have the most

contribution to the total mobility, but recombine as reaction-

limited. In the other words, their contribution to the mobility

does not enter into the diffusion-limited part of the recombi-

nation rate. This can explain the so-called reduced bimolecu-

lar recombination rate, upon which the prefactor C is usually

observed to be one to three orders of magnitude lower

than one predicted by the Langevin recombination mecha-

nism. Using the parameters obtained from the fitting in

Fig. 2, we calculate the prefactor C as a function of the den-

sity. Fig. 3 shows the result. Result of the calculation using

the same parameters but with K !1 (diffusion-limited

conditions) is also presented. As seen, a reduction factor of

<10�2 is obtained from the comparison. This justifies that

the origin of the reduced bimolecular recombination rate can

be deviation of the recombination mechanism from a purely

Langevin-like recombination process. Carrier density gradi-

ent across the cell has also been proposed to be responsible

for the effect.32,33

In conclusion, we have presented a unified description

for the nongeminate recombination in the energy disordered

blends that produces naturally both the diffusion- and

reaction-limited regime. Our formulation predicts a cross-

over between these two regimes by change in the carrier den-

sity, as a consequence of the increasing role of shallow

localized states in the recombination process. We discussed

how this can explain experimental results obtained for a typi-

cal P3HT:PCBM solar cell. The picture provided here gives

insights into the mechanism of the electron-hole recombina-

tion in the energy-disordered materials. This knowledge

helps finding ways to improve the solar cell efficiency, as it

FIG. 2. Recombination resistance vs. voltage obtained at room temperature

from impedance spectroscopy, measured using two different conditions:

(1) at three different illumination intensities (corresponding to the open-

circuit voltage shown) and applied bias and (2) at open-circuit conditions

(varying the illumination intensity). Voltage corresponds to the internal

Fermi level splitting that results after removing the series resistance poten-

tial drop. Solid line shows fit to Eq. (3) with N¼ 0.007 nm�3, r ¼ 0:11 eV,

LUMO–HOMO¼ 1.1 eV, j¼ 0:28 nm3, K ¼ 10�3 THz, and �� 0 ¼ 102 THz.

Dashed line shows the curve with the slope resulted from the pure

diffusion-limited rate.
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provides insight for the interpretation of the measurements in

BHJs. Our finding suggests that the recombination mecha-

nism at the normal operating conditions of the solar cell is,

in practice, reaction limited. We therefore think in order to

improve the open-circuit photovoltage of P3HT:PCBM solar

cells, the efforts should be focused on the specific chemical

features of the charge-transfer process at the interface

between the acceptor molecules and the donor polymer, and

not on the carrier mobility.
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