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Abstract
The use of transport layers (with high carrier mobilities) in organic solar cells result in high charge carrier 
extraction efficiency. In this work, inorganic materials, i.e. ZnO and NiO are utalised as electron and hole transport 
layers. The thicknesses of each layer in the device structure ITO (anode)/NiO/P3HT:PCBM/ZnO/Al (cathode) of an 
OSC are optimised. The effect of potential loss mechanisms on the device performance is also studied in this work. 
Subsequently, the effect of temperature variation on the performance of the device is studied. It is observed as the 
temperature increases from 250 to 400 K, the short-circuit current density (J

SC
) increases, while the fill-factor (FF) 

and open circuit voltage (V
OC

) of the device shows an inverse dependency on temperature. We have used an open-
source computer-based program OghmaNano to perform the calculations in this work.

Keywords: Organic Solar Cells (OSCs), Optimisation, Recombination, Temperature, OghmaNano Software

1	Department of Applied Sciences & Humanities, Jamia Millia Islamia, New Delhi, India. E-mail: iram188891@st.jmi.ac.in
2	Department of Applied Sciences & Humanities, Jamia Millia Islamia, New Delhi, India. E-mail: mpsingh@jmi.ac.in 
3	Department of Applied Sciences & Humanities, Jamia Millia Islamia, New Delhi, India. E-mail: mohd169066@st.jmi.ac.in

Introduction 

In present scenario, it is a need of the hour to have
  a reliable energy harvesting source that is cost 

effective and sustainable [1]. The most prominent 
reliable energy source is solar energy, and it may be 
harvested by the means of solar cells. These cells 
shows high potential to meet our current and future 
energy requirement. The silicon (Si) based solar 
cells dominates the today’s market of solar cells 
mainly due to their excellent stability and high power 
conversion efficiency (PCE) [2,3]. The manufacturing 
of these cells include sophisticated machinery leading 
to increased cost of power per unit. For the past 
few years, different types of solar cells have been 
introduced to replace Si based solar cells, continuous 
research and efforts are being made to bring their 
PCE as high as possible. Recently, the thin-film solar 
cell technology has caught the attention of scientific 
fraternity to contribute towards its development and 
make use of the same to serve the community [4]. The 
semiconducting polymer and small molecule based 
organic solar cell (OSCs) technology is suitable to the 
required demand as it supports ease of fabrication, i.e. 

cost-effective roll to roll processing and flexibility [5]. 
However, unlike Si based solar cells, the OSCs have 
limitation of small PCEs and their poor lifetime has 
triggered the interest to overcome OSCs limitations 
[2]. Among, all the available varieties of OSCs, the 
bulk heterojunction (BHJ) OSCs have the advantage of 
using blend of Donor (D) and Acceptor (A) materials 
with the selective properties which can possibly be 
produced by inexpensive fabrication methods [6]. The 
interconnecting mixture of donor material, i.e. P3HT 
and acceptor material like PCBM, is used as photon 
absorbing active material deposited between anode and 
cathode in BHJ OSCs [6,7]. To forbid the direct contact 
of active material with the electrodes, and to accelerate 
the selective charge carrier collection at the reference 
electrode, the hole and electron transport layers (HTL 
& ETL) are deposited on anode (below active layer) 
and cathode (adjacent to active layer), respectively. 
The thickness optimisation of these ETL and HTL 
layers promote light absorption within the active layer 
[7]. A conducting polymer, PEDOT:PSS is the most 
dominating conducting polymer in the field of OSCs, 
PEDOT:PSS is recognized for its good conductivity 
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and transparency (particularly in the visible wavelength 
range), temperature stability and easy solution-based 
fabrication-process, but due to the acidic tendency of 
PEDOT:PSS, the stability of device is affected [8,9]. 

The metal oxides such as tungsten trioxide (WO3), 
zinc oxide (ZnO), nickel oxide (NiO), molybdenum 
trioxide (MoO3), and titanium dioxide (TiO2), show 
better stability in ambient and may be used as charge 
carrier transport layers based on their band energies, 
in OSCs device structure [10-13]. We have selected a 
positive type hole accepting metal oxide, i.e. NiO as 
HTL which has broad energy gap, high electron affinity 
and good conductivity, while ZnO is selected as ETL 
due to its wide bandgap (3.3 eV), ambient stability, 
low absorption, transparency in the visible range and 
good electron mobility [12-16]. In present study the 
thicknesses of each layer in the stack of an OSC is 
optimised to enhance the PCE of the device. The effect 
of potential loss mechanisms such as geminate and 
non-geminate recombination on the performance of the 
OSC is studied. Furthermore, the device performance 
is evaluated by varying the temperature and its effect 
on the OSC parameters such as power conversion 
efficiency (PCE), fill factor (FF), short circuit current 
density (J

SC
), and open circuit voltage (V

OC
) is detailed 

insight.

Device simulation using OghmaNano 
software 

Fig. 1. (a) The schematic of the designed organic solar cell, 
(b) Energy band diagram of the materials

The schematic of the simulated device and the energy 
states diagram are presented in the Fig. 1(a) and Fig. 
1(b), respectively. We have used an open source, opto-
electronic device simulation software OghmaNano 
supports drift and diffusion transport model for 
charge carriers, evaluate charge carrier recombination 

and trapping [17]. The OghmaNano software offers 
a material database and is compatible to add new 
materials with different properties to it. The parameters 
of the material can be controlled within the program, 
and maximum of 10 layers can be simulated at once. 

The program examine the electrical behaviour of the 
simulated device by solving equations (1) numerically 
to obtain the potential distribution (φ) with the device 
[17-18].

   ε0 εr
 φ = q (n

f
 − p

f
 + n

t
 − p

t
) ...(1)

Where q is the electron charge, ε0 
is the free space 

permittivity while the permittivity of the material used 
as active layer is ε

r
. The quantities n

f
 /

 
p

f
 represents 

the free carrier concentration of electron/hole, while 
the trapped concentration is denoted with n

t 
/
 
p

t
 for 

electron/hole [17]. The continuity equations, described 
by the equations (2) and (3) are solved to obtain the 
concentrations of free carriers (i.e. electrons and holes) 

 J
n
 = q (R

e
 – G) ...(2)

 J
p
 = q (R

h
 – G)	  ...(3)

in terms of net recombination (R
e/h

) and free electrons/
holes generation rates (G). Finally, to obtain the 
total electron current (J

n
) and hole current (J

p
), drift-

diffusion equation, i.e. equations (4) and (5) are solved. 

J
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f
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e
∙(∂E

LUMO
/∂x) + (∂n
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n
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]	 ...(5)

Here D
n
(D

p
) are diffusion coefficients of electrons 

(holes), μ
e
/μ

h
 is the mobility of electrons/holes. 

The Shockley-Read-Hall recombination model is 
followed for charge carrier trapping and recombination 
[17,18]. The required density of states parameters in 
the program are listed in Table 1. The Fig. 2 depicts 
simulated device structure in OghmaNano simulation 
window.

Fig. 2. The simulated device snap-shot of 
OghmaNano simulation window
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Table 1. The density of states parameters

Simulation Parameters for Active layer

Parameters Values Units

Trap density (electron) 3.8×1026 (m-3/eV)
Hole trap density 1.45×1025 (m-3/eV)
Mobility (electron) 2.48×10-7 (m2/V/s)
Mobility (hole) 2.48×10-7 (m2/V/s)
Tail slope for electron 0.04 (eV)
Tail slope for hole 0.06 (eV)
Free electron density of states 1.28×1027 (/m3)
Free hole density of states 2.86×1025 (/m3)
Material relative permittivity 3.8 –
Total traps number 20 (bands)
Electron affinity 3.8 (eV)
Energy gap 1.1 (eV)
Trapped electron to free electron 2.5×10-20 (/m2)
Trapped hole to free hole 4.86×10-22 (/m3)
Trapped electron to free hole 1.32×10-22 (/m2)
Trapped hole to free electron 4.67×10-26 (/m2)

Results and discussion

The investigation of active layer (P3HT:PCBM), 
transport layers and electrodes thicknesses is of immense 
importance for electron/hole generation, transportation 
and collection within the OSC device and its effect on 
parameters of OSC. We made a variation from 60 to 
300 nm in the active layer thickness in order to find 
its optimum value. The obtained current voltage (J-V) 
characteristics and the corresponding OSC parameters 
at different values of active layer thicknesses are plotted 
in Fig. 3 and 4, respectively. The open circuit voltage 
(V

OC
) is energy levels (active material) dependent, 

in Fig. 4. The maximum value of V
OC 

is obtained as 

0.59 V at 170 nm of the active layer thickness. The 
current density (J

SC
) is mainly depends on the exciton 

(loosely bounded electron hole pair) generation upon 
the absorption of incident light in active layer. 

It has observed in the results, a thin active layer leads to 
less photon absorption resulting in lower J

SC
. The path 

length travelled by the free charge carriers increases 
as the thickness of the active layer increases which 
results in lower charge carrier collection efficiency and 
hence the current density of the device reduces. The 
maximum value of J

SC
 is obtained as 187.10 A/m2 at the 

thickness of 170 nm. The increase in the active layer 
thickness also leads to high series resistance resulting 
in the degradation of fill factor (FF), shown in Fig. 3. 
Consequently, thickness of active layer is optimised 
as 170 nm, resulting in maximum PCE of 7.28%. The 
value of FF is obtained as 65.86% at the optimised 
thickness of active layer.

Fig. 4. Effect of thickness variation of active layer on 
OSC parameters

The transport layers (ETL and HTL) thicknesses are 
varied from 1 to 100 nm. The OSC parameters as a 
function of thickness variation of hole selective layer 
or HTL (NiO) is depicted in Fig. 5 and Fig. 6 shows 
the J-V curves at different values of the HTL thickness. 
The J

SC
 increases up to 5 nm of HTL thickness due 

to reduced reflection. The light transmittance is 
limited by the further increase in HTL thickness and 
series resistance increase with the increase in HTL 
thickness which reduces J

SC 
and degrades the FF. So, 

the optimised thickness of HTL is considered as 5 nm, 
leading to a PCE of 7.35%. The value of V

oc
 is obtained 

as 0.59 V while the values of J
SC

 and FF are attained as 
188.76 A/m2 and 65.88%, respectively with the HTL 
thickness of 5 nm.

Fig. 3. Effect of active layer thickness on 
J-V characteristics
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Fig. 5. Effect of thickness variation of HTL on 
OSC parameters

Fig. 6. Effect of HTL thickness on J-V characteristics

The Fig. 7 shows the effect of ETL (ZnO) thickness 
variation upon the J-V characteristics of the device. 
The ETL also known as electron selective layer, act 
as a barrier to stop the direct contact of active layer 
and cathode. The effect of ETL (ZnO) thickness has 
also been examined on the parameters of the OSC and 
plotted in Fig. 8. It is observed as the thickness of ETL 
increases no significant change occurs in the V

OC and 
FF. However, the J

SC 
increases up to 50 nm of ETL 

thickness, leading to increase in the PCE as can be 
observed in the Fig. 8. The advancement in J

SC
 and PCE 

on an increase in ELT thickness up to 50 nm attributed 
to the decrease reflection loses of the device. Whereas 
the reflection increases significantly beyond the 50 nm 
of ETL lowering the fraction of absorbed light within 
the active layer, causing a decrease in J

SC
 as well as in 

PCE. Moreover the increase in ETL thickness beyond 
50 nm significantly increases the recombination of free 
charge carriers adding further decay to J

SC
. Hence the 

thickness of ETL is optimised as 50 nm resulting in a 
maximum PCE of 7.30%. 

Fig. 7. Effect of ETL thickness on J-V characteristics.

Fig. 8. Effect of ETL thickness on OSC parameters

In order to examine the effect of electrodes (anode and 
cathode) thicknesses on the device, their thicknesses are 
changed from 1 nm to 100 nm. The OSC parameters 
are shown in Fig. 9 for the change in anode thickness, 
and impact of anode thickness on J-V characteristics is 
depicted in the Fig. 10.

 Fig. 9. Effect of anode thickness on OSC parameters
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Fig. 10. Effect of anode thickness on J-V characteristics

Fig. 11. The effect of cathode thickness on OSC parameters

Fig. 12. Effect of cathode thickness on J-V characteristics

The effect of cathode thickness variation on J-V 
characteristics are represented in Fig. 11 and the 
corresponding OSC parameters are plotted in Fig. 12. 

The anode (ITO) is the top most layer in the device 
structure hence it must be thin enough to enhance light 
transmission towards the active layer. After examining 
OSC parameters as shown in the Fig. 9 the optimised 
value of its thickness is obtained as 5 nm, resulting 

a PCE of 7.91%. The cathode (Al) reflects back the 
portion of light to the active layer, this slightly enhances 
J

SC
 initially. The optimal thickness of cathode is found 

to be 15 nm. After the optimisation cathode thickness 
the values of Voc, J

SC
 and FF are as 0.59 V, 204.86 A/m2 

and 65.16% respectively, with 7.93% of PCE. 

Now for the device with the optimised layer thicknesses, 
we investigated the effect of recombination (geminate 
& non-geminate) on the device performance. The 
impact of geminate recombination on OSC parameters 
are shown in Fig. 13 and J-V characteristics are 
represented in the Fig. 14.

Fig. 13. Effect of geminate recombination on 
OSC parameters

Fig. 14. Effect of geminate recombination on 
J-V characteristics

The geminate recombination takes place before 
the charge separation for the same photo generated 
exciton. If the dissociation of bound electron-hole 
could not proceed, they will relax into ground state, 
recombining together. The separation of bounded 
excitons is measured in terms of photon efficiency, 
where 100% (or 1) photon efficiency means that each 
photo generated exciton successfully separate into 
the free electron hole pairs. The variation in OSC 
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parameters due to geminate recombination at low and 
higher photon efficiencies are plotted in Fig. 13. The 
results show that at 40% photon efficiency, the PCE is 
attained as 2.42%. which implies that 60% of photon 
generated excitons are not being separated at charge 
transfer state (CTS), enabling geminate recombination. 
Whereas at higher photon efficiencies, J

SC
 and PCE 

becomes high due to lower geminate recombination, 
as more excitons dissociate at the CTS. At 90% photon 
efficiency, PCE is obtained as 7.16%. 

Once all the photo generated excitons are separated 
into free electron hole pairs there is a high chance that 
these moving (freely) pairs may recombine together 
which is known as the non-geminate recombination of 
free carriers. To examine the effect of non-geminate 
recombination on the performance of the device we 
have varied the recombination coefficient (R) form 
1×10-10 to 1×10-25 m3/s and the obtained OSC parameters 
as represented in the Fig. 15 while the correspondingly 
obtained J-V characteristics are shown in Fig. 16.

Fig. 15. Effect of non-geminate recombination on 
OSC parameters

Fig. 16. Effect of non-geminate recombination on 
J-V characteristics.

It has observed with the increase in R the OSC 
parameters remains unaffected up to 1×10-20 m3/s of R. 
The further increase in R leads to more enhanced non-

geminate recombination, resulting the degradation in 
all the OSC parameters. The best value of PCE (7.93%) 
is achieved with the R values of 1×10-20 m3/s. 

To examine the effect of temperature (T), it is varied 
from 250K to 400 K and the resulted parameters of the 
OSC are plotted in the Fig. 17. The results show that 
the parameters of OSC specially J

SC
, FF and PCE are 

severely affected as the temperature increases. It can 
also be seen in the Fig. 17 the change in temperature 
from 250K to 400K decreases V

OC drastically from 
0.59 to 0.44 Volts. The values of fill factor degrades 
from 62% to 59% and PCE declines and 7.93% to 
5.23%. The increment in short circuit current density 
(J

SC
), from 204.33 to 206.03 A/m2 with the increase in 

temperature from 250K to 400K is mainly attributed to 
the enhanced thermally generated carrier concertation. 
Moreover above the 400K, all the OSC parameters 
severely degrades.

Fig. 17. Effect of temperature on OSC parameters

Since the increment rate of J
SC

 is minor than the 
degradation rate of V

OC
 and hence the PCE and the fill 

factor are reduced. The good performance of device 
is found to be at 300K as higher temperature leads to 
poor device performance. The optimum values of OSC 
parameters at the optimised values of the corresponding 
layer thicknesses are listed in the Table 2 at 300K.
Table 2. The OSC parameters obtained with the optimised 

layer thicknesses at 300K

Electrical parameter values at optimised thicknesses

Layer
Thickness 

(nm)
V

OC
 

(V)
J

SC 
(A/m2) FF (%) PCE (%)

Active 170 0.591 187.104 64.85 7.28
HTL 5 0.591 188.76 65.88 7.35
ETL 50 0.593 200.91 65.27 7.78
Anode 5 0.594 118.75 65.19 7.91
Cathode 15 0.594 204.86 65.16 7.93
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Conclusion

The organic solar cell with the active layer P3HT: 
PCBM has been analysed by a computer based 
program, i.e. OghmaNano. After closely monitoring 
the variation in OSC parameters as a function of each 
layer thicknesses the thicknesses of all the layers within 
the structure of the designed device is been optimised. 
The resulted optimised values of active layer, ETL, 
HTL, cathode and anode are found to be 170, 50, 5, 15, 
and 5 nm, respectively. The optimisation has resulted 
a maximum PCE of 7.93%. The device performance 
is also been analysed for the effect of recombination 
(i.e., geminate & non-geminate). The best PCE of the 
device is found at 1×10–20 m3/s value of R. Moreover, 
the parameters of the OSC are studied at different 
values of the temperature. It is concluded that the PCE 
degrades with rise in temperature. The PCE of 7.93% 
is obtained at 300 K. The result obtained in our work is 
compared with the existing work in literature and listed 
in Table 3.

Table 3. The comparison of our work with results 
obtained in literature

Structure of Device 
V

OC
 

(V)
J

SC 

(A/m2)
FF 
(%)

PCE 
(%)

Ref.

ITO/NiO/
P3HT:PCBM/ZnO/Al

0.59 204.8 65.16 7.93 This 
work

ITO/PEDOT:PSS/
P3HT:PCBM/Ca/Al

0.62 98.0 59.51 3.62 [19]

ITO/PEDOT:PSS/
P3HT:PCBM/TiO2/Al

0.61 129.5 67.91 5.35 [6]

ITO/PEDOT:PSS/
P3HT:PCBM/Al

0.52 74.7 46.0 1.78 [21]

ITO/ZnO/P3HT: 
PCBM/MoO3/Ag

0.60 131.9 65.0 5.23 [22]
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