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Applying the optical transfer matrix method and the drift-diffusion equations, the efficient light
absorption, exciton generation, and recombination rate in bulk heterojunction (BHJ) organic solar
cells (OSCs) with conventional and inverted configurations are studied. Analysing the influence of
the electric field component of the electromagnetic radiation propagating through the layered structure of BHJ OSCs and using contour plots of normalized modulus squared of the electric field, the
constructive interference points (CIPs) which represent the positions of maximum absorption of
photons and hence generation of excitons within the active layer are investigated for both the conventional and inverted OSCs. Also, the influence of the thicknesses of other layers in both the
inverted and conventional structures is investigated. It is found that except the thickness of MoO3
in the inverted structure the thicknesses of other layers do not have any significant influence on
CIPs. The maximum CIP occurs at an active layer thickness of 190 nm, regardless of the thickness
of the second layer, which is MoO3, Ag, or ITO in the inverted structure and PEDOT:PSS, Al, or
ITO in the conventional structure. The results of 3D plots of the normalized modulus squared of
the electric field reveal that the absorption of photons at the end of the active layer in the inverted
structure is higher than that in the conventional structure for all the effective wavelengths and different active layer thicknesses. It is expected that this study provides a deeper understanding of
exciton generation within the two structures. Published by AIP Publishing.
https://doi.org/10.1063/1.5031062
I. INTRODUCTION

During the last few decades, various types of solar cells
have been invented, and huge research activities have been carried out to improve their power conversion efficiency (PCE).1,2
Organic solar cells (OSCs) have recently attracted the attention
of numerous researchers because of the advantages of their light
weight and low cost of fabrication processes.3,4 However, in
comparison with their inorganic counterpart, OSCs have lower
PCE and stability. Among different types of OSCs, the bulk
heterojunction (BHJ) OSCs appear to be the most optimistic
choice with PCE approaching 12%.5,6 In a BHJ OSC structure,
the donor and acceptor organic materials are blended together
to overcome the mismatch between the absorption depth and
the charge transport scale. Therefore, the excitons that are generated in either donor or acceptor material may reach the
donor-acceptor (D–A) interface more readily for efficient dissociations.7 Figure 1(a) shows a conventional BHJ OSC structure
with substrate (glass)/anode (ITO)/hole transport layer or HTL
(PEDOT:PSS)/active layer (blend of P3HT and PCBM)/cathode (Al) which is found to degrade faster. In order to reduce
the degradation in a conventional BHJ structure, an inverted
device architecture has been proposed as an alternative. In the
inverted BHJ OSCs, the polarity of charge collection is opposite of the conventional architecture. As a result, the modified
a)
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ITO fabricated on the glass substrate faces the sunshine and
acts as the cathode, and the higher work function with less airsensitive electrode such as Ag is used as anode as shown in
Fig. 1(b).8–11 In this inverted structure, PEDOT:PSS is replaced
by an ultrathin layer of Al to reduce the degradation problem.10
The process of converting solar energy into electricity in
an OSC is achieved through four processes: (1) photon
absorption and exciton generation; (2) diffusion of excitons
to the D-A interface; (3) dissociation of excitons and charge
separation at the D-A interface; and (4) charge carriers collection by the electrodes.7 Upon illumination of a BHJ OSC,
photons of energy larger than or equal to the band gap of the
blended materials get absorbed and each absorbed photon
excites an electron from the HOMO to LUMO by leaving a
hole in the HOMO. Thus, absorption of a photon in an
organic solid excites an electron hole pair, which instantaneously becomes an exciton due to stronger Coulomb interaction caused by the low dielectric constant of the organic
materials.12 The formation of excitons by the absorption of
photons is unfavourable for the operation of OSCs because
one needs free electrons and holes not bound in excitons.
Therefore, these excitons need to be dissociated into free
electrons and holes, which can only occur at the D-A interface. Therefore, excitons are required to diffuse to the D-A
interface. After generation of excitons in the donor and their
diffusion to the D-A interface, the electrons get transferred
from the LUMO of donor to the LUMO of acceptor being at
a lower energy. Likewise, when the excitons excited in the
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FIG. 1. Schematic structure of a BHJ
OSC with (a) the conventional structure
glass/ITO/PEDOT:PSS/P3HT:
PCBM/Al and (b) inverted structure
glass/ITO/Al/P3HT:PCBM/MoO3/Ag.

acceptor reach the D-A interface, the holes get transferred to
the HOMO of the donor material being at a lower energy.
Such excitons formed at the D-A interface, with electrons in
the acceptor and holes in donor, are called the charge transfer
excitons (CT excitons). The dissociation mechanism of CT
excitons takes place in two steps at the D-A interface. First
the CT excitons are formed as described above, which
releases the excess energy as molecular vibrations, and second if this molecular vibrational energy is larger or equal to
the exciton binding energy and impacts back to the CT excitons, it can dissociate these into electrons and holes.12–15
The formation of CT excitons occurs at a time scale of about
45 fs, allowing efficient exciton dissociation at the heterojunction.16 For the generation of photocurrent, these dissociated free charge carriers should be transported away rapidly
from the D-A interface to their respective electrodes before
recombining again.17 In the fourth process, the dissociated
free charge carriers created at the interface are drawn to their
respective electrodes by the electric field generated by the
difference in the work functions of the anode and cathode.
However, often these free electron–hole pairs recombine
non-radiatively through geminate or non-geminate recombination and cannot reach their electrodes to contribute to the
photocurrent. Thus, the non-radiative recombination is one
of the key losses of charge carriers in BHJ OSCs. A geminate recombination occurs between an electron-hole pair,
which is created by the single same photon, and a nongeminate recombination occurs between the electron and
hole that are not originated from the same single photon.
Also, there are two types of non-geminate recombinations:
(1) bimolecular recombination which is applied to the
recombination between two free charge carriers, and (2)
trap-assisted recombination which is the recombination
between one trapped and one free charge carrier.14
Many research activities have been carried out to study
the conventional and inverted structures. Zhao et al.2 have
optimized an inverted BHJ OSC of structure glass/ITO/Ca/
P3HT:PCBM/MoO3/Ag. Kam et al.10 have used optical
admittance and transient analysis to compare the conventional and inverted structures. They have shown that inverted
structures have higher efficiency than the conventional one.
However, not many research have been carried out on studying the profiles of constructive interference and recombination within the active layer in both the conventional and
inverted structures. In this paper, applying the optical transfer matrix method (OTMM) and drift diffusion equations on

a conventional BHJ OSC of structure glass/ITO/PEDOT:
PSS/P3HT:PCBM/Al and an inverted BHJ OSC of structure
glass/ITO/Al/P3HT:PCBM/MoO3/Ag, their optoelectronic
properties are compared and studied in detail. Using contour
plots of the normalized modulus squared of the electric field
jEjn j2 as a function of wavelength and position x in the active
layer, the constructive interference points (CIPs) or peaks of
photon absorption within the active layer of both coneventional and inverted OSCs are investigated in detail. Also, the
influence of the thicknesses of different layers of the inverted
structure such as MoO3, Ag, and ITO and conventional structure such as PEDOT:PSS, Al, and ITO on the CIPs in the
active layer is invetigated. The 3D plots of the normalized
modulus squared of the electric field are applied to study the
influence of MoO3/Ag electrode on the optical properties of
the active layer for different active layer thicknesses. Also,
the J–V characteristics and rates of Langevin and tail state
recombinations in the active layers of conventional and
inverted structures are investigated. It is expected that this
study provides a deeper understanding of the optoelectronic
properties of both conventional and inverted structures for
designing high efficiency BHJ OSCs.
II. METHODS OF SIMULATION

In this section, two methods are used. First is the optical
transfer matrix method (OTMM) to study the optical properties and second is the drift-diffusion model to study the electronic properties.
A. Optical transfer matrix method

In any layered structure devices, like OSCs, the light
absorption is significantly affected by the optical interference
if the thickness of each layer is comparable with the wavelength of light. Therefore, in order to consider reflection,
refraction, and interference effects, OTMM is used here for
simulating the light propagation through the OSC’s layers.
Let us consider that light is incident from the left side on a
multilayered structure as shown in Fig. 2.
The total electric field Ej ðxÞ entering in the jth layer at a
distance x from both left and right hand directions (see Fig.
2) can be written as19–21

E j ðx Þ ¼ E þ
j ð xÞ þ Ej ðxÞ :

(1)

The energy absorbed at position x in the jth layer in a layered
structure is proportional to the product of the square of the
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FIG. 2. Schematic diagram of a multilayer structure, in which light is incident from the left side. Here (m þ 1) layer is the substrate layer, I0 is the intensity of

incident radiation, and Eþ
j and Ej are the magnitudes of electric field components in the electromagnetic radiation incident and reflected in the jth layer from
the left and right directions, respectively. Here, the variable x denotes the position within the active layer measured from the left interface.


2
modulus of the electric field Ej ðxÞ , which directly represents the number of absorbed photons Qj ðxÞ at point x and is
given by18–20

2
1
Qj ðxÞ ¼ ce0 aj gj Ej ðxÞ ;
(2)
2
   2 
gj  þ 
00
Qj ðxÞ ¼ aj
t  I0 exp ðaj xÞ þ qj 2 exp ðaj ð2dj  xÞÞ
g0 j


4pgj
00
00
(3)
þ 2qj exp ðaj dj Þcos
ðdj  xÞ þ dj ;
k
where c is the speed of light, e0 is the permittivity of free
space, aj ¼ 4pjj =k is the absorption coefficient, k is the
wavelength of light, jj is the extinction coefficient of the jth
layer, gj is the refractive index of the jth layer, g0 is the
refractive index of ambient, tþ
j is the internal transfer coefficient which relates the incident plane wave to the internal
electric field propagating toward the positive x direction, I0
is the intensity of the incident light, and q00j and d00j are the
magnitude and angle of the complex reflection coefficient,
respectively, in the jth layer.19
Using Eq. (3), the free charge carrier generation rate
Gj ðx; kÞ, resulting from the absorption of light of wavelength
(k) and dissociation of excitons, in the jth layer can be written as
 
k
Qj ðxÞ;
(4)
Gj ðx; kÞ ¼ P
hc
where P is the dissociation probability and h is the Planck’s
constant.18 In BHJ OSCs, the excitons should diffuse to the
D-A interface to dissociate into free charge carriers.
However, some of the excitons may recombine (geminate
recombination) before arriving the D-A interface. The probability of dissociation of excitons at the D-A interface can be
written as21
Kjdiss
P¼
;
Kjdiss þ Kjf

(5)

where Kjdiss is the total dissociation rate of excitons and
Kjf ¼ rZ0 is the geminate recombination in the jth layer, where
Z is the reactivity parameter and r0 is the initial separation
between bound electron and hole in an exciton. As binding
energy of singlet excitons (0.059 eV) is much less than that
of triplet excitons (0.759 eV), the singlet excitons have

higher chance to be dissociated.22 As discussed in Ref. 13,
both singlet and triplet excitons may be excited if the spinorbit interaction is adequate and also some singlets may
become triplets through the intersystem crossing. It is therefore important to consider the dissociation of both singlet
and triplet excitons in BHJ OSCs. The rate of dissociation of
singlet excitons (Kjsdiss ) and that of triplet excitons (Kjtdiss )
are derived in Ref. 15, which are obtained here as Kjsdiss
¼ 1:78  1014 s1 and Kjtdiss ¼ 1:5  108 s1, which gives
Kjdiss ¼ Kjsdiss þ Kjtdiss  1:78  1014 s1 for the active layer
blend P3HT:PCBM, and the rate of geminate recombination
is Kjf ¼ 3:3  105 s1 . Using these in Eq. (5), we get P  1.
In order to calculate the total charge carrier generation rate
at point x in the jth layer, Eq. (3) should be integrated over the
limits of effective wavelengths, which is considered to be from
k1 ¼ 350 (nm) to k2 ¼ 850 (nm) in this simulation. The charge
carrier generation rate Gj ðxÞ thus obtained is given by
G j ðx Þ ¼

ð k2

Gj ðx; kÞdk ;

(6)

k1

G j ð xÞ ¼


ð k2      
gj  þ 2
k
ð
Þ
t
P
I
k
aj
exp ðaj xÞ
  0
g0 j
hc
k1
þ q00j 2 exp ðaj ð2dj  xÞÞ


4pgj
00
00
þ 2qj exp ðaj dj Þcos
ðdj  xÞ þ dj dk :
k
(7)

It is to be noted that in calculating Gj ðxÞ from Eqs. (6) and
(7), the values of spectral irradiance I0 ðkÞ at AM1.5G are
extracted manually from Fig. 7 of Ref. 23 at each wavelength and used in the numerical evaluation of Eq. (7).

B. Drift-diffusion model

In order to simulate the current-voltage (J–V) characteristics of OSCs and determine the rates of recombination through
Langevin and exponential tail state processes in the active
layer, we need to solve the following Poisson’s equation:

@2
q
uðxÞ ¼ nj ð xÞ  pj ð xÞ ;
@x2
e

(8)

and continuity equations for electrons and holes,23–26 respectively, as
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@nj ðxÞ
@2
@uðxÞ
@2
þ
D
l
u
x

nj ðxÞ
ð
Þ
n
n
@x
@x
@x2
@x2
(9)
¼ Gj ðxÞ þ Rj ðxÞ;

nj ðxÞ ln

@pj ðxÞ
@2
@uðxÞ
@2
l
u
x

p j ðx Þ

D
ð
Þ
p
p
@x
@x2
@x2
@x
¼ Gj ðxÞ  Rj ðxÞ;
(10)

pj ðxÞ lp

where u is the electric potential, q is elementary charge,
nj ðxÞ and pj ðxÞ are the electron and hole concentrations,
respectively, ln ðlp Þ is electron (hole) mobility, Dn ðDp Þ is
electron (hole) diffusion coefficient, Gj ðxÞ is the generation
rate, obtained from Eq. (7) and Rj ðxÞ is the recombination
rate in the jth layer. For solving Eqs. (9) and (10), we need to
know the recombination rate Rj ðxÞ, which has contributions
from both free and trapped charge carriers. For the rate of
recombination of free charge carriers, we have used the
Langevin recombination process, and the rate RjL ðxÞ at the
position x in the jth layer is given by27,28

qðln þ lp Þ 
nj ðxÞpj ðxÞ  ni 2 ;
RjL ðxÞ ¼
(11)
e

RjCBT ðxÞ ¼

ð Ec
Ev

RjVBT ðxÞ ¼

ð Ec
Ev



Ntc
E  Ec
exp
KB Tc0
KB Tc0



Ntv
Ev  E
exp
KB Tv0
KB Tv0

b0n



bþ
n

where ni ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qE
Nc Nv exp  2KBgT

is the intrinsic charge car-

rier concentration with Nc ðNv Þ being the effective density
of charge carriers at the conduction (valence) band edges
of bulk heterojunction OSCs, KB is the Boltzmann constant, T is the temperature, and Eg is the effective bandgap,
which is defined as the energy difference between LUMO
of the acceptor and HOMO of the donor. The values of
Nc , Nv , T, and Eg used in the calculation are given in
Table III. For the recombination of charge carriers trapped
in the tail states, we have followed Kirchartz et al.,27 and
the rate Rjtail ðxÞ at the position x in the jth layer is
obtained as
Rjtail ðxÞ ¼ RjCBT ðxÞ þ RjVBT ðxÞ;

where RjCBT ðxÞ is the rate of recombination via conductionband (CB) tail states and RjVBT ðxÞ is the rate of recombination via valence-band (VB) tail states in the jth layer. These
rates are given by27,29,30

0
2
b
p bn nj ð xÞpj ð xÞ  ni




  dE;
E  Ec
Ev  E

þ bp pj ðxÞ þ Nv exp
nj ðxÞ þ Nc exp
KB T
KB T





2
b0p bþ
n nj ðxÞpj ðxÞ  ni



 dE;
E  Ec
Ev  E
0
þ bp pj ðxÞ þ Nv exp
nj ðxÞ þ Nc exp
KB T
KB T

where Ntc (Ntv ) is the density of trapped states, Tc0 (Tv0 Þ is
the characteristic temperature, and Ec (Ev Þ is the energy level
of conduction (valence) tail states. bþ
n is the capture rate
coefficient in the VB tail and represents the capture of an
electron from the CB by a trapped hole in the valence tail
states, b0p is the capture rate coefficient for a hole in the VB
by an unoccupied VB tail state, b
p is the capture rate coefficient in the CB tail states for a hole created in the VB, and
b0n is the capture rate coefficient for an electron in the CB by
an unoccupied CB tail state. Substituting Eqs. (13) and (14)
in Eq. (12), we can get the total recombination rate involving
the tail states.
In order to solve the system of partial differential equations [Eqs. (8)–(10)], we have followed Scharfetter and
Gummel method,31,32 which considers an exponential variation of the carrier concentrations between two grid points.
After, discretizing the Poisson’s and continuity equations,
u, nj , and pj can be determined by using the Gummel
method.33 For solving the above equations in the conventional structure of OSCs, we have used the following
boundary conditions for the charge carrier concentrations
and electric potentials

(12)



(13)

(14)



Eg
;
nj ðx ¼ 0Þ ¼ Nc exp 
KB T

(15)

nj ðx ¼ LÞ ¼ Nc ;

(16)

pj ðx ¼ 0Þ ¼ Nv ;


Eg
;
pj ðx ¼ LÞ ¼ Nv exp 
KB T

(17)

uðLÞ  uð0Þ ¼

Eg
 V;
q

(18)
(19)

where V is the applied voltage. However, for the inverted
structure, the boundary conditions can be written as
nj ðx ¼ 0Þ ¼ Nc ;


Eg
;
nj ðx ¼ LÞ ¼ Nc exp 
KB T


Eg
;
pj ðx ¼ 0Þ ¼ Nv exp 
KB T
pj ðx ¼ LÞ ¼ Nv ;

(20)
(21)

(22)
(23)
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(24)

III. RESULTS AND DISCUSSIONS

A numerical simulation of the optoelectronic properties
of the conventional and inverted BHJ OSCs is presented
here. Using OTMM, the number of absorbed photons in the
active layer can be calculated from Eq. (3). An absorbed
photon is expected to excite an exciton in the organic active
layer; therefore, for simulating the photovoltaic performance
of a BHJ OSC, it is important to assess how many excitons
get dissociated into free charge carriers. As discussed above,
according to Eq. (5), the dissociation probability P  1; and
therefore, we have assumed that all excitons generated in the
active layer get dissociated into free charge carriers in BHJ
OSCs with P3HT:PCBM as the organic active layer. Thus,
the charge carrier generation rate due to the dissociation of
excitons in Eq. (4) becomes equal to the exciton generation
rate.
A. Electric field

In order to study the photon absorption in the active
layer j given in Eq. (3),one needs
2 to study the distribution of
the total electric field Ej ðxÞ within the active layer. The
normalized modulus squared of the electric field jEjn j2 given
in Eqs. (1) and (2) as a function of the wavelength and position x in the active layer is plotted as contours in Figs.
3(a)–3(c) and 4(a)–4(c) for both the conventional and
inverted structures for three selected active layer thicknesses
of 70 nm, 150 nm,
2 and 250 nm, respectively. According to
Eq. (1), Ej ðxÞ consists of incident Eþ
j ðxÞ and reflected
E
ðxÞ
electric
field
components
in
the
active
layer as a result
j
it involves the interference of these two components. The
CIPs within the active layer represent the positions of maximum generation of photons within the active layer and calculated from the maximum values of Gj ðxÞ obtained from Eq.
(7). The number of CIPs that can occur within the active
layer depends on the thickness of the active layer as shown
in the contour plots in Figs. 3(a)–3(c) for the conventional
OSC of structure ITO (40 nm)/PEDOT:PSS (40 nm)/
P3HT:PCBM/Al (100 nm) for the active layer thicknesses of
(a) 70 nm, (b) 150 nm, and (c) 250 nm and in Figs. 4(a)–4(c)
for the inverted OSC of structure ITO (40 nm)/Al (1.2 nm)/
P3HT:PCBM/MoO3 (5 nm)/Ag (100 nm) for the active layer
thicknesses of (a) 70 nm, (b) 150 nm, and (c) 250 nm. In
Figs. 3(a) and 4(a), for the active layer thickness of 70 nm,
we find only one CIP which represents the position of the
maximum absorption of photons. In Figs. 3(b) and 4(b), for
the active layer thickness of 150 nm, we notice the emergence of a second CIP and hence another position of absorption of photons. Finally in Figs. 3(c) and 4(c), for the active
layer thickness 250 nm, two clear peaks of photon absorption
appear and the second peak is weaker than the first one. Also
it may be noted that as the transmission of glass for the radiation wavelength below 350 nm and the absorption of
P3HT:PCBM above 850 nm are negligible, the absorption

FIG. 3. Contour plot of the normalized modulus squared of the electric field
jEjn j2 as a function of wavelength and position x in the active layer for the conventional OSC of structure ITO (40 nm)/PEDOT:PSS (40 nm)/P3HT:PCBM/Al
(100 nm) for the active layer thicknesses of (a) 70 nm, (b) 150 nm, and (c) 250 nm.
The absorption of the solar spectrum is considered in the range of 350–850 nm.

from 350 nm to 850 nm wavelength range is considered in
this paper.34
We have also shown jEjn j2 in a 3D plot in Fig. 5 as a
function of both the wavelength and position x in the active
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FIG. 5. The dependence of the normalized modulus squared of the electric
field jEjn j2 in the active layer on the wavelength and position x for both the
conventional and inverted structures of active layer thicknesses of (a) 70 nm,
(b) 150 nm, and (c) 250 nm. The absorption of the solar spectrum is considered in the range of 350–850 nm.
FIG. 4. Contour plot of the normalized modulus squared of the electric field
jEjn j2 as a function of wavelength and position x in the active layer for the
inverted OSC of structure ITO (40 nm)/Al (1.2 nm)/P3HT:PCBM/MoO3
(5 nm)/Ag (100 nm) for the active layer thicknesses of (a) 70 nm, (b) 150 nm
and (c) 250 nm. The absorption of the solar spectrum is considered in the
range of 350–850 nm.

layer for the three different active layer thicknesses as considered in Figs. 3 and 4. According to Fig. 5, for all the
wavelengths, the absorption of photons at the end of the
active layer in the inverted structure is higher than that in the

conventional structure, which may be attributed to the reflectance from the rear electrode MoO3/Ag in the inverted
structure.
B. Exciton generation rate

We have calculated the generation rate Gj (x) as a function
of the position x (see Fig. 2) within the active layer of three
selected thicknesses of 70 nm, 150 nm, and 250 nm from Eq. (7)
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for both the conventional OSC of structure ITO (40 nm)/
PEDOT:PSS (40 nm)/P3HT:PCBM/Al (100 nm) and inverted
OSC of structure ITO (40 nm)/Al (1.2 nm)/P3HT:PCBM/MoO3
(5 nm)/Ag (100 nm) and plotted it as a function of x in Figs.
6(a), 6(b), and 6(c), respectively. The total generationÐ rate in the
d
active layer can be obtained by integrating Gj ¼ 0 j Gj ðxÞ dx
numerically, and Gj thus obtained is listed in Table I for both
the conventional and inverted structures.
According to the data in Table I, the total exciton generation rate in the inverted structure is found to be slightly

FIG. 6. Distribution exciton generation rate in the active layer for different
thicknesses: (a) 70 nm, (b) 150 nm, and (c) 250 nm. The absorption of the
solar spectrum is considered in the range of 350–850 nm.

J. Appl. Phys. 124, 083103 (2018)
TABLE I. Total exciton generation rate Gj for different thicknesses and
structures.
Structure
Conventional
Inverted
Conventional
Inverted
Conventional
Inverted

Thickness (nm)

Gj ðm2 s1 Þ

70
70
150
150
250
250

1.45  1022
1.94  1022
2.04  1022
2.16  1022
2.61  1022
2.71  1022

higher than that in the conventional structure. However, the
difference between the total exciton generation rate in the
inverted and conventional structures reduces when the active
layer thickness increases. Thus, one may need a thinner
active layer to generate more excitons in the inverted structure than in the conventional structure. In other words, one
may require be to use the less active material in the inverted
structure for generating more excitons than in the conventional structure. It is also obvious from Fig. 6 that the peak
values of the generation rate in the inverted structure are
found to be higher than those in the conventional structure
for the all three thicknesses of the active layer. A higher generation rate implies higher absorption of photons and that
means the absorption gets enhanced in the inverted structure,
which may be attributed to the better reflectance from the
rear electrode MoO3/Ag in the inverted structure, in comparison with Al in the conventional structure. This agrees with
the results obtained by Zhao et al.2 who have investigated
that the variation in the MoO3 layer thickness varies the
absorption in the active layer in the inverted structure: Glass/
ITO/Ca/P3HT:PCBM/MoO3/Ag.
It may be noted that in Fig. 6 the position of CIPs
changes with the three selected thicknesses of the active
layer. This variation in the generation rate is consistent with
that in the jEjn j2 shown in Figs. 3–5, which is expected
because

 according to Eq. (4), Gj ðxÞ is proportional to
Ej ðxÞ2 . In Figs. 6(a) and 6(c) for thicknesses 70 nm and
250 nm, CIPs occur within the first half of the active layer,
which is far from the cathode in the conventional structure
and far from the anode in the inverted structure. At these
thicknesses of the active layer, the most generated free electrons in the conventional structure and most free holes in the
inverted structure will have to travel longer distances in
order to reach their respective electrodes. This may lead to
higher chance of non-radiative recombination during their
transport. Likewise, the generation rates shown in Fig. 6(b)
for the active layer thickness of 150 nm reveal that CIPs
occur in the second half of the active layer for both the conventional and inverted structures, which is far from the
anode in the conventional and from the cathode in the
inverted structure. In this situation, holes in the conventional
and electrons in the inverted structure will have to move longer distances, which will also increase the chances of their
non-radiative recombination before reaching their respective
electrodes. In view of the above discussions based on the
results shown in Figs. 6(a)–6(c), it is desirable to have CIPs
in the centre of the active layer, which is shown in Fig. 7.
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FIG. 7. Distribution of exciton generation rate in the active layer for conventional and inverted structures with thicknesses 120 nm and 80 nm, respectively, showing CIPs exactly in the middle of the active layer. The
absorption of the solar spectrum is considered in the range of 350–850 nm.

According to Fig. 7, for CIPs in the middle of the active
layer one needs the active layer of thickness of 80 nm for the
inverted structure and 120 nm for the conventional structure.
This also implies that light absorption in inverted OSCs is
more efficient. Compared to the cells with a conventional
structure, the inverted OSCs with a thinner active layer have
a higher internal electric field and are adopted for efficient
cell operation. Our calculation agrees with the recent experiment results in showing that the high performing inverted
BHJ OSCs is enabled by a greater internal electric field in
the cell, allowing the suppression of bimolecular recombination and enhancement of charge extraction probability.35
However, generation of maximum charge carriers in the
centre of the active layer may lead to lower recombination and
hence higher power conversion efficiency only if both the
charge carriers, electrons and holes, have the same mobility. If
the electron mobility is not equal to the hole mobility, which is
usually the case in most materials, then a CIP in the centre of
active layer may not reveal the optimal photovoltaic performance. For example, in the active layer materials which have
higher electron mobility, one should have CIP near the anode
and in material of larger hole mobility, the peak generation
should be near the cathode. This analysis is quite consistent
with the study of Zou et al.35 who have investigated the conventional and inverted OSCs with the thickness of 90 nm, and
they concluded that in the inverted structure, because the peak
of the exciton generation is located farther away from the cathode, a higher blending ratio of fullerene is required to provide
higher electron mobility in the BHJ for achieving good device
performance. Therefore, based on the thickness of active layer
and the location of peak of exciton generation rate, the ratio of
fullerene can be varied for reducing the recombination rate.
So far, we have investigated only the influence of the
thicknesses of active layer on the CIPs; however, it may be
desirable to study the influence of the thickness of other layers
as well in both structures. For this reason, we have plotted
CIPs as a function of both the active layer thickness and the
thicknesses of HTL (MoO3), in Fig. 8(a), electrodes Ag in
Fig. 8(b), and ITO in Fig. 8(c) for the inverted BHJ OSC.

FIG. 8. Constructive interference points (CIPs) as a function of active layer
thickness and (a) MoO3, (b) Ag, and (c) ITO thicknesses for inverted BHJ
OSCs of structure ITO/Al/P3HT:PCBM/MoO3/Ag.

According to Fig. 8(a), for high active layer thicknesses, the
CIPs are nearly independent of the MoO3 thickness when the
active layer thickness is larger than 240 nm but they depend
on the thickness of MoO3 significantly when the active layer
thickness is less than 220 nm. Considering that the exciton
generation should be highest in the middle of the active layer,
as discussed above, the results of Fig. 8(a) suggest that if the
thickness of MoO3 layer is 5 nm, then the peak of exciton generation will occur at the centre of a 70 nm thick active layer.
The results shown in Fig. 8(b) illustrate that if the thickness of Ag electrode is more than 40 nm it may not influence
CIPs significantly. According to Fig. 8(c), CIPs are independent of the thickness of ITO at all active layer thicknesses
considered here. It may therefore be concluded that only for
the thickness of MoO3, the hole transport layer has much
stronger influence on the CIPs in the inverted BHJ OSCs.
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In order to investigate the influence of the thickness of
different layers on the position of CIPs in the active layer of
the conventional structure, we have plotted the CIPs as a
function of the thickness of active layer and that of
PEDOT:PSS in Fig. 9(a), thickness of Al electrode in Fig.
9(b), and ITO in Fig. 9(c). According to Fig. 9(a), except at a
thickness of <30 nm of PEDOT:PSS and <120 nm of the
active layer where the influence is very small, CIP is independent of the thickness of PEDOT:PSS at all active layer
thicknesses. Likewise, as shown in Fig. 9(b), for Al electrode
thicknesses more than 30 nm, CIPs are independent of the
thickness of the Al electrode at all active layer thicknesses.
The results shown in Fig. 9(c) are similar to those of Fig.
8(c) and CIPs are independent of ITO thickness.
It may be of interest to point out that according to Figs.
8(a)–8(c) for the inverted and Figs. 9(a)–9(c) for the conventional structure, the maximum of CIP occurs at an active

J. Appl. Phys. 124, 083103 (2018)

layer thickness of around 190 nm regardless of the thickness
of the second layer, which is MoO3, Ag, or ITO in the
inverted structure and PEDOT:PSS, Al, or ITO in the conventional structure. This implies that at 190 nm thickness,
the CIP is located at a position closest to the anode electrode
in the inverted structure and cathode in the conventional
structure. That means, at this thickness of the active layer in
the inverted structure, most of the generated holes can reach
the anode electrode easily but the electrons will have to
move to the cathode electrode which will be farther away
and hence may recombine before reaching the cathode.
Likewise, in the conventional structure, most of the electrons
will move easily to the nearby cathode but holes will have to
move farther away to the anode and will be subjected to
recombination.
If other thicknesses remain unchanged, it is shown in
Fig. 7 that the CIP occurs in the middle of the active layer if
this thickness is 80 nm in the inverted and 120 nm in the conventional structure. According to Figs. 8 and 9, except for
MoO3 in the inverted structure, the CIP still occurs in the
middle for the active layer thickness of 80 nm in the inverted
and 120 nm in the conventional structure, and variations in
thicknesses of other layers have no influence. In Fig. 7, the
MoO3 layer is 5 nm thick which gives CIP in the middle.
However, if one increases this to be more than 5 nm, then
according to Fig. 8(a), the thickness of the active layer will
have to be less than 80 nm.
C. Charge carrier recombination rates

FIG. 9. Constructive interference points (CIPs) as a function of active layer
thickness and (a) PEDOT:PSS, (b) Al, and (c) ITO thicknesses for conventional BHJ OSCs of structure ITO/PEDOT:PSS/P3HT:PCBM/Al.

Solving Poisson’s and continuity equations [Eqs.
(8)–(10)], the Langevin and tail state recombination rates in
the active layer for both the conventional and inverted structures at the open circuit voltage (Voc ) condition for three different active layer thicknesses considered in Fig. (6) are
calculated and plotted in Figs. 10(a)–10(c). The results
shown in Fig. 10 illustrate that the rate of Langevin recombination is higher than the tail state recombination for different
active layer thicknesses in both structures. This agrees with
the results obtained by Cowan et al.36 who have shown that
bimolecular recombination dominates for applied voltages
rate in
near Voc . We have calculated the total recombination
Ðd
theÐ active layer by integrating RjL ¼ 0 j RjL ðxÞ dx and Rjt
d
¼ 0 j Rjt ðxÞ dx numerically for the conventional and inverted
structures, and the results are shown in Table II.
As expected, Fig. 10 shows that as the thickness of the
active layer increases, both tail state and Langevin recombination increase in both conventional and inverted structures.
According to the results given in Table II for the total recombination rates, both the total Langevin and tail state recombination rates are slightly higher in the inverted structure than
those in the conventional structure for the three selected
active layers, which may be attributed to the higher exciton
generation rate in the active layer of inverted structure than
that of the conventional structure. As at Voc condition there
is no current extraction, all the generated charge carriers
recombine.37 Therefore, the total recombination should be
equal to the charge carrier generation rate, and this is satisfied by comparing the total recombination rates of different
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TABLE II. Total tail state and Langevin recombination rates for different
thicknesses and structures.
Structure
Conventional
Inverted
Conventional
Inverted
Conventional
Inverted

Thickness (nm)

RjL ðm2 s1 Þ

Rjt ðm2 s1 Þ

70
70
150
150
250
250

1.14 1022
1.58 1022
1.69 1022
1.75 1022
2.04 1022
2.14 1022

3.06 1021
3.56 1021
3.43 1021
4.05 1021
5.63 1021
5.62 1021

TABLE III. Input parameters used for simulation in this paper.
Parameter
Eg (eV)
Z (cm s1 )
r0 (nm)
Nc , Nv ðm3 Þ
ln ðm2 V1 s1 Þ
lp ðm2 V1 s1 Þ
Ntc , Ntv (cm3 Þ
3 1
b0n ; bþ
n (cm s Þ
3 1
b0p , b
(cm
s Þ
p
Tc0 ¼ Tv0 ðKÞ
T ðKÞ

Value

References

1
0.05
1.5
1:65  1026
3:5  108
109
7 1016
2.5 1010
5 1010
500
300

19
18
18
18
18
18
30
30
30
30
30

Table III. Solving Poisson’s and continuity equations, the
total photocurrent J ¼ Jn þJp and applied voltage V defined
in Eqs. (19) and (24) are obtained. The J–V characteristics
are thus calculated and plotted in Fig. 11 for both the conventional and inverted OSCs at the spectral irradiance AM
1.5. For comparison, we have also plotted the J–V characteristics measured experimentally in Fig. 11 for both the structures. As it can be seen from Fig. 11, our calculated results
agree very well with the experimental results. According to
Fig. 11, from the simulation we obtained Voc ¼ 0:59 V,

FIG. 10. The distribution of the Langevin and exponential tail state recombination at the open circuit voltage condition in the active layer for both the
conventional and inverted structures for three different active layer thicknesses: (a) 70 nm, (b) 150 nm, and (c) 250 nm.

active layer thicknesses in this section and the total exciton
generation rate in Sec. III B.
D. Power conversion efficiency

The drift-diffusion equations presented in Sec. II B
are solved by considering both Langevin and exponential
tail state recombination and the input parameters listed in

FIG. 11. J-V characteristics of an inverted OSC with the structure ITO
(40 nm)/Al (1.2 nm)/P3HT:PCBM (200 nm)/MoO3 (5 nm)/Ag (100 nm), and
a conventional OSC of structure ITO (40 nm)/PEDOT:PSS (40 nm)/
P3HT:PCBM (200 nm)/Al (100 nm). Experimental curves of the corresponding structures are also plotted for comparison.
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Jsc ¼ 102:5 Am2 , and FF ¼ 0:66, which give PCE ¼ 4:0%
for the inverted structure and for the conventional structure,
we get Voc ¼ 0:58 V, Jsc ¼ 99:2 Am2 , FF ¼ 0:61; and
PCE ¼ 3:5%: Thus, according to our simulation the inverted
structure gives a PCE about 14% higher than the conventional structure with the same active layer thicknesses for
both structures. This agrees reasonably well with 13%
increase in the efficiency of the inverted structure measured
experimentally.10
IV. CONCLUSIONS

In this work, a comprehensive study of the exciton generation and recombination rates is carried out by simulation in the
conventional and inverted BHJ OSCs structures. Analysing the
influence of electric field component of the electromagnetic radiation propagating through the layered structure of BHJ OSC by
using the optical transfer matrix method, the charge carrier generation dependence on the active blended layer thickness of
donor and acceptor is studied in detail. The results show that for
active layer thicknesses of 120 nm for conventional and 80 nm
for inverted structures, the peak of exciton generation rate takes
place at the middle of active layer which implies that the free
electrons or holes (depends on the thickness and structure) must
travel equal distances to their respective electrodes, which may
reduce their recombination. Also, the influence of the thicknesses of other layers in the inverted structure such as MoO3,
Ag, and ITO and PEDOT:PSS, Al, and ITO in the conventional
structure on the constructive interference points (CIPs) in the
active layers is invetigated. It is found that except for the thickness of MoO3 layer in the inverted structure, the thickness of
other layers has only very small influence on CIPs. From this
view point and based on the assumption that the magnitude of
electron and hole mobilities is the same, it is concluded that if
the thickness of the active layer in the inverted structure is about
70 nm and that of MoO3 is about 5 nm, CIPs may occur in the
centre of the active layer. By varying the thickness of other
layers, the maximum CIP occurs at an active layer thickness of
190 nm for both conventional and inverted structures, regardless
of the thickness of the second layer, which is MoO3, Ag, or ITO
in the inverted structure and PEDOT:PSS, Al, or ITO in the conventional structure. Using the 3D plots of normalized modulus
squared of the electric field, it is found that the absorption of
photons at the end of the active layer in the inverted structure is
higher than that in the conventional structure for all the effective
wavelengths. In agreement with the experiments, the power conversion efficiency of inverted structure is found to be higher
than that of the conventional structure.
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