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Abstract Charge transport and recombination in organic

semiconductors in the presence of temperature have an

important role in device efficiency. In this study, we in-

vestigated the influence of the temperature on the charge

transport and charge carrier generation and recombination

kinetics in bulk heterojunction solar cells based on poly(3-

hexylthiophene) (P3HT) and a methanofullerene derivative

(PCBM). By solving the drift diffusion and Poisson equa-

tions via finite element method, the effects of the tem-

perature on characteristic parameters of the cell have been

studied. Considering the effect of different recombination

models such as Langevin, trap-assisted and geminate re-

combinations, at low temperature of cell a reduction in the

recombination rate observed, and therefore, open-circuit

voltage (Voc) increased by decreasing the temperature.

Langevin recombination is a dominating factor in total

recombination which geminate recombination has very

little impact on the total recombination rate. It was shown

that Voc is mainly governed by the dynamics of the charge

transfer state and it significantly affected by carrier re-

combination profile. Detail study of the exciton profile and

influences on the Voc will allow for a more efficient donor/

acceptor cell design, which can be led to improve photo-

voltaic performance. Calculated J–V characteristics and

temperature dependence of Voc reveal relatively good

agreement between the model’s predictions and published

modeling and experimental reports.

1 Introduction

In recent years, due to unusual mechanical and photo-

physical properties of organic semiconductor materials,

there have been tremendous interests in developing a va-

riety of innovative modern electronic and optoelectronic

devices, such as organic light-emitting diodes (OLED),

organic solar cells (OSC) and organic field effect transis-

tors [1–4]. Efficient and low-cost production, physical

flexibility and non-toxic property of organic semiconduc-

tors make them a good alternative to common inorganic

semiconductors [5–7].On the other hand, because of the

mentioned aspects and also near infrared light absorption

and red–green–blue emission characteristics, organic

semiconductors are much desired candidates in solar cells

and also fluorescent and phosphorescent OLEDs [8–10].

It has been shown that important characteristics of OSC

(OPVs) highly depend on both fabrication methods and also

cell working conditions. In addition to experimental studies,

numerical device modeling methods provide a good un-

derstanding and efficient optimization for designing organic

optoelectronics devices [11–13]. Schematic energy-level

diagrams of the PEDOT:PSS/P3HT:PCBM/Al bulk

heterojunction (BHJ) solar cell with the electrode materials

are shown in Fig. 1. In this figure, highest occupied mole-

cular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) levels, active region and energy diagram in

applied voltage (V) have been depicted. In the study of BHJ

solar cells, device performance strongly depends on charge

transport mechanisms which are affected by terrestrial

conditions such as sunlight illumination, working tem-

perature and also physical parameters such as the thickness

of the active region, fabrication techniques, materials used,

and encapsulation [13, 14]. Of special interest in this context

is the charge transfer (CT) states that determine both the
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transport properties of the material and the exciton disso-

ciation and recombination rates that influence electrolumi-

nescent and photovoltaic efficiencies [15, 16]. Following the

impressive developments in designing efficient organic

photovoltaic cells, internal quantum efficiency of

P3HT:PCBM based OPVs has reached 100 % [2, 3], im-

plying that energy conversion efficiency is most likely

limited by open-circuit voltage (Voc), low fill factor and

insufficient/narrow absorption [17–19]. Voc depends on de-

vice bandgap which is related to the HOMO of electron

donating (donor) and the LUMO of the electron withdraw-

ing (acceptor) materials, temperature, density of states and

charge carrier density. Further, Voc is rather complex due to

the temperature dependence of both hole and electron

charge carrier density, bandgap, etc. Additionally, Voc is

known to be related to the fundamental thermodynamic

parameters such as the statistics of occupancy of transport

and trap states [20]. An exact interpretation of the Voc de-

pendence on temperature may be carried out by numerical

simulation. Thus, to find high-efficiency cell with high Voc,

it is so important to investigate the detailed phenomena of

charge carrier transport, charge carrier generation and re-

combination in polymer:fullerene BHJ solar cells. In addi-

tion, drift-diffusion modeling of OPVs has been

demonstrated to be a powerful tool to explain the influence

of various effects on the device performance, and beside the

experimental results, these simulations can be employed

predictively to define requirements of desired material

properties [21].

In this paper, we investigated the influence of the tem-

perature on the charge carrier transport and recombination

processes in polymer:fullerene BHJ solar cell device. In

our study, we have chosen a temperature range from -10

to 50 �C which is the typical terrestrial temperature range

of the earth. In particular, in this model, by solving self-

consistent drift diffusion and Poisson equations via finite

element method (FEM) and also considering the boundary

condition, solar cell characteristics such as carriers density,

recombination rates and Voc in different temperature at

optimum device thickness (100 nm) have been calculated.

In OPVs, charge recombination processes are those in

which spatially separated charges combine to form local-

ized excited states [22]. Considering the effect of different

recombination models such as bimolecular or Langevin

recombination, Shockley–Read–Hall (SRH) recombination

or trap-assisted and geminate recombinations, Voc is mainly

governed by the dynamics of the CT state and it sig-

nificantly affected by recombination profile. In the present

study, we look closely at temperature effects on exciton

generation and recombination and temperature influences

on Voc that these effects play an important role in perfor-

mance of the OSC device. Simulated current–voltage (J–

V) characteristics and temperature dependence of Voc re-

veal relatively good agreement between the model’s pre-

dictions and published modeling and experimental reports

[18, 19].

2 Models and methods

In any types of solar cells, Voc is depended on the bandgap,

Eg, which in the case of the OPVs moreover it is related to

the Eg ¼ ELUMOðAÞ � EHOMOðDÞ [23], and also it is de-

pendent upon a number of physical parameters, such as

sunlight illumination intensity, working temperature, the

quality of the anode and cathode contacts, charge carrier

mobilities, exciton generation and recombination rates. So,

it is so important to study the detailed recombination pro-

cesses for understanding of origin and nature of Voc.

Generally, there are three types of recombinations that

cause losses in bulk heterojunction solar cells:

2.1 Bimolecular or Langevin recombination

Bimolecular or Langevin recombination, R0, with the re-

combination constant b and the intrinsic charge carrier

density ni that governed by electron (n) and hole (p) den-

sity is given by the following equation:

R0 ¼ bðnp� n2i Þ; ð1Þ

which Langevin theory gives a description of b as a

function of mobilities of electron and hole, ln and lp,
respectively:

Fig. 1 Schematic diagrams of the P3HT:PCBM BHJs OSC
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b ¼ q
ðln þ lpÞ

ee0
; ð2Þ

In this equation, ee0 is the permittivity of the active layer

material, q is the elementary charge and ln and lp are elec-
tron and hole mobility, respectively. For the pristine mate-

rials, charge carriers both belong to the same material and

could move in all directions, while the recombination occurs

in a point near to the charge carrier having lowmobility [24].

On the other hand, in the organic BHJ solar cells, the electron

and hole belong to two different matters and the recombi-

nation happens in the interface between two different mat-

ters. A charge carrier having more mobility reaches the

interface sooner, but it should wait a little more until the

charge carrier with low mobility reaches the interface.

Hence, in the blendmatter, the charge carrier that having low

mobility determines the recombination conditions. In our

simulation, we assume that carriers’ mobility is equal.

2.2 Geminate recombination or recombination

via CT state

Free charge carrier generation in this type of recombination

is explained using the geminate recombination theory

presented by Onsager [25, 26]. This theory was later de-

veloped by Braun considering the hole–electron pair as a

precursor to the free charge carriers with limited lifetimes

[26]. In this type of recombination, the bound electron–

hole pair with binding energy EB is regarded as an inter-

mediate state where the recombination and dissociation of

charge carriers are performed through this intermediate

phase.

EB is considered as an intermediate state where the

recombination and dissociation of charge carriers are trig-

gered through this intermediate state. It is possible for the

electron–hole pair to return to the initial state or dissociated

to the free charge carriers. This charge carrier dissociation

is a competition between the separation rate, kdiss, and the

recombination of charge carriers that is conducted through

an intermediate phase or the CT state. In Braun’s model,

the electron–hole dissociation probability is given as the

following equation:

pðx; T ;FÞ ¼ kdissðx; T;FÞ
kdissðx; T;FÞ þ kfðTÞ

; ð3Þ

Here, x is the distance between the electron and hole, F is

the power of the field and T is the temperature. The decay

rate of the bound electron–hole pair to the ground state, kf ,

is used as a fit parameter. As polymer systems are subject

to disorder, it is reasonable to assume that the electron–

hole pair distance is not constant throughout the system

[15, 27], where kdiss follows the following equation:

kdissðx; T ;FÞ ¼ bexp
�EB

KBT

� �
f ðE;E0Þ; ð4Þ

As a result, Eq. 3 should be integrated over a distribution

of separation distances

Pðx; T ;FÞ ¼
Z 1

0

pðx;T ;FÞf ða; xÞdx; ð5Þ

where f ða; xÞ is a normalized distribution function given by

[28]

f ða; xÞ ¼ 4ffiffiffi
p

p
a3

x2expð�x2=a2Þ; ð6Þ

This leads to a modification of free charge carrier recom-

bination terms by P, which describes the probability of the

dissociation of a CT state, and consequently geminate re-

combination determined as [21, 27],

Rgeminate ¼ Rlangð1� PÞ; ð7Þ

2.3 Trap-assisted recombination

Another mechanism resulting a loss in the OSC is the

indirect recombination. To calculate the type of recombi-

nation, we take into account the trap-assisted Shockley–

Read–Hall with the trap density Nt and the capture coef-

ficient Ct [29, 30].

RSRH ¼ CtNt

np� n2i
nþ pþ nd þ p0

; ð8Þ

which nd and p0 are characteristic charge carrier densities.

For the sake of simplicity, we assume a temperature-in-

dependent effective bandgap.

2.4 The model

The electrical behavior of OPVs can be estimated by a

numerical model based on simultaneous solving coupled

self-consistent current continuity and Poisson equations.

Poisson equation is:

d

dx
EðxÞ ¼ q

ere0
pðxÞ � nðxÞð Þ; ð9Þ

where E is applied electric field. This equation correlates

the electrons and holes mobilities to spatial variations of

the electric field. The current density continuity equations

for electrons and holes are:

JnðxÞ ¼ lnnðxÞEðxÞ þ Dn

d

dx
nðxÞ

JpðxÞ ¼ lppðxÞEðxÞ � Dp

d

dx
pðxÞ;

ð10Þ
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In these equations, Jn, Jp, Dn and Dp are electron current

density, hole current density, and diffusion coefficients of

electrons and holes, respectively. The charge concentration

continuity equations for electrons and holes are:

d

dt
nðxÞ ¼ 1

q

d

dx
JnðxÞ þ GðxÞ � RðxÞ

d

dt
pðxÞ ¼ 1

q

d

dx
JpðxÞ þ GðxÞ � RðxÞ;

ð11Þ

where G is the generation rate of free charge carrier result

in the separation of exciton and R is total recombination

rate of charge carriers that it is sum of three Langevin, SRH

and geminate recombinations [30]. Meaning the total pro-

duced charge carriers are recombined inside the bulk, and

hence, we ignore the current gradient. In our study, we

solve these equations via FEM by applying the boundary

conditions and 100 nm active layer thickness. Finally, by

calculating the charge continuity equations, it is possible to

calculate Jsc, Voc, FF, cell efficiency and J–V characteris-

tics in different doping concentration. The calculation of

the g has been done using the equation:

g ¼ JscVocFF

Pin

; ð12Þ

where Pin is the incident light power. The FF measures the

quality of the solar cell as a power source and is defined as

the ratio between the maximum power delivered to an

external circuit and the potential power according to:

FF ¼ JmaxVmax

JscVoc

; ð13Þ

where Jmax and Vmax are the values of the voltage and

current density for maximizing their product of the JV

curve in the fourth quadrant, where the device operates as

an electrical power source. Assuming Gaussian DOS of

both the HOMO and LUMO levels, Voc is defined as the

quasi-Fermi level splitting the solar cell can reach under

illumination without load:

qVoc �Eg � kBT ln
q

NcNv

ðpnÞ
� �

; ð14Þ

This equation shows that the key expression to understand

the dependence of Voc on recombination is given by n and

p, which exact interpretation of the Voc dependence on

temperature may be calculated self-consistently in the nu-

merical simulation. The temperature dependence of Eq. 14

might be rather complex. In addition to the explicit de-

pendencies on T , n and p also vary with temperature.

Charge carrier densities in the cell will be determined by

the generation–recombination of kinetic balance under

constant illumination. Thus, in this work we investigate

effects of temperature on carrier density, carrier recombi-

nation and Voc via numerical simulation.

3 Results and discussion

The most exciting trend is that all the curves are at different

temperatures, and active region thickness has been chosen

100 nm. It has been demonstrated that absorption of the

blend remains constant between 80 and 320 K [18]. For

this reason, we assume that Jsc is constant that in our cal-

culations it has been shown that generation rate is constant

which these results are in good agreement with ex-

perimental results in other literature [18]. In fact, Jsc is

constant as temperature is reduced to a certain critical

temperature (TC) for particular intensities. TC in 1.5 AM

sunlight illumination is about 230 K, and above this TC,

same as our study, it demonstrates that the generation rate

is constant [18]. All parameters used in our numerical

simulation are given in Table. 1.

Figure 2a, b shows the Langevin, SRH, geminate and

total recombination rate profile in -10 �C and 50 �C in

terms of distance from anode. As shown in the figure,

near the contacts, recombination rates are too low. Since

the charge carrier densities near the contacts are low,

recombination of carriers is weak and hence the recom-

bination lifetime of the charge carriers is relatively long.

In fact, due to the high field strength, the charge carriers

needed time to exit from the active layer region is too

small, and therefore only few charge carriers are lost due

to the recombination. In both Fig. 2a, b, bimolecular or

Langevin recombination is a dominating factor and

geminate recombination is very little impact on the total

recombination rate. In the case of a higher temperatures,

Fig. 2b, the minority charge carriers tend to move toward

the middle of the device to reach their densities close to

the contact, and as shown in the figure, the recombination

maximum is found in the center of the device. But by

decreasing the temperatures (Fig.2a), charge carrier den-

sity decreases and also charge carrier transport is slower

than the recombination process and charge carriers

Table 1 Parameters that used in numerical simulation

Parameter Symbol Value

Active layer thickness P3HT:PCBM 100 nm

Temperature T Vary C

Bandgap Eg 1:8 eV

Electron mobility le 2� 10�5 cm2=Vs

Hole mobility lh 2� 10�4 cm2=Vs

Recombination constant b 1:95� 10�12 -

Dielectric constant eðe0Þ 3:36� 10�11 F/cm

Effective density of states Nc;Nv 1:4� 1018 cm�3

Doping levels nd; p0 1019 cm�3

Incident sunlight power Pin 840 Wm�2
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recombine mainly close to the contacts where they are

created by absorbing the light.

For a good comparison with how temperature affects the

recombination profile, variation of the slope of recombi-

nation in terms of the different temperature can be shown

in Fig. 3. This figure clearly shows that by increasing

temperature, how recombination in middle of the cell in-

creases and in 50 �C reached to maximum value. Thus, at

high temperatures, carriers recombine before reaching to

the contacts. When an electron–hole pair is formed by

absorbing light, electrons have three destinations; first, they

accumulate in cathode, second, they are recombined with

the hole, and third, they go to anode and accumulate in

there. Electrons could recombine with the holes produced

by light as well as holes coming from anode with high

work function. Figure 4a, b demonstrates the distribution

density profile of electrons, holes and generation and re-

combination rate in two different temperatures ( -10 and

50 �C) in terms of distance from anode. As shown in the

figure, low loss of charge carriers close to the contacts is a

consequence of the high field strength, which ensures good

charge extraction, resulting in low carrier densities at de-

vice structure, because the density of charge carriers will

decrease with decreasing the temperature, and this results

in the reduction in recombination; thus, this effect makes

the efficiency of the system to rise. As shown in Fig. 4, at

high-temperature condition (50 �C), more charge carriers

transfer to the entire of the device in comparison with the

case of -10 �C, so this accumulation of charge carriers will

cause increase recombination inside the bulk in 50 �C, and
it is expected that it will thereby reducing the system ef-

ficiency. As the temperature decreases, the density of

charge carriers inside the sample will decrease. Therefore,

the density of electrons and holes is higher near the elec-

trodes than in other places inside the bulk. This issue is

clearly shown in Fig. 4.

Figure 5 shows the J–V characteristics for polymer:-

fullerene OPV in different temperatures. As denoted, Jsc is

constant as TC higher than 230 K, so in the case of our

study which temperature chosen above 263 K, with a good

assumption we can use constant Jsc in our calculation [18].

As shown in the figure, by increasing the temperature, Voc

decreases. In fact, the maximum attainable Voc achieved at

0 K for a donor–acceptor combination [31, 32]. Under il-

lumination, Voc is related to the splitting of quasi-Fermi

levels, which depend on the charge carrier densities in the

LUMO and HOMO density of states [33]. In a steady state,

G and R are in equilibrium, which set the charge carrier

densities [33, 34]. One expressing Voc governed by free

charge carrier concentrations and lifetimes that are related

to and the other correlating the CT-state energy with Voc in

theory and experiment [35, 36]. Figure 6 shows the
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Fig. 2 Langevin, SRH, geminate and total recombination rate profile in (a) -10 �C and (b) 50 �C in terms of distance from anode

0 20 40 60 80 100

10
22

thickness (nm)

R
at

e 
(c

m
−

3 s−
1 )

T=−10o C

T=   0o C

T= 10o C

T= 20o C

T= 30o C

T= 40o C

T= 50o C

Fig. 3 Total recombination rate profile in different temperatures in

terms of distance from anode

Influence of the temperature on the charge transport and recombination profile in organic... 1527

123



variation of Voc with respect to temperature. As shown in

the figure, variation of the Voc versus temperature is a

linear relation, so as the temperature increases, Voc de-

creased linearly.

4 Conclusion

In this study, we have studied the temperature-dependent

characteristics of polymer:fullerene-based organic BHJ

solar cells. By considering the different recombination

models such as Langevin, SRH or trap-assisted and gemi-

nate recombinations, the effects of the temperature on cell

characteristic parameters have been studied. It was shown

that minority charge carriers tend to move toward the

middle of the device to reach their densities close to the

contact and the maximum recombination rate is found in the

center of the device at higher temperatures. Although in

lower temperature charge carriers continue to recombine

together entire the cell, recombination profile has very

different form and charge carriers recombine mainly close

to the contacts where they are generated. From the results, it

was fund that Voc is mainly governed by the dynamics of the

CT state and it significantly affected by Langevin recom-

bination profile. Results clearly show a reduced recombi-

nation in the high-efficiency solar cells occurred by

decreasing the temperature in polymer:fullerene mixtures.

Calculated J–V characteristics and temperature dependence
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of Voc reveal relatively good agreement between the mod-

el’s predictions and published modeling and experimental

reports.
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